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data were quantified using mass spectrometry. The primary
outcome was transition to psychosis over the study follow-up
period. Logistic regression models were internally validated,
and optimism-corrected performance metrics derived with a
bootstrap procedure. In the overall sample of CHR parti-
cipants (age: 18.5, SD: 3.9; 51.9% male), 20.4% (n = 154)
developed psychosis within 4.4 years. The a priori-specified
model showed poor risk-prediction accuracy for the devel-
opment of psychosis (C-statistic: 0.51 [95% CI: 0.50, 0.59],
calibration slope: 0.45). At a group level, Complement C8B,
C4B, C5, and leucine-rich a-2 glycoprotein 1 (LRG1) were
associated with transition to psychosis but did not surpass
correction for multiple comparisons. This study did not con-
firm the findings from a previous proteomic prediction model
of transition from CHR to psychosis. Certain complement
proteins may be weakly associated with transition at a group
level. Previous findings, derived from small samples, should
be interpreted with caution.

Key words: psychosis/prediction/proteome/complement/c
oagulation/model/high risk/immune

Introduction

There is mounting evidence for the effectiveness of early
intervention in psychosis.!> Psychosis risk-enriched popu-
lations have been identified, using prodromal symptom-
based approaches (eg, individuals at clinical high risk
[CHR])’ and systems-based approaches (eg, child and
adolescent mental health service use or hospital presen-
tation for self-harm*?). Several studies have attempted to
predict psychosis at an individual level in CHR popula-
tions,® aiming to further improve detection and early in-
tervention approaches. Other studies have highlighted
poor functioning among individuals with CHR symp-
toms regardless of transition to psychosis’ and developed
prediction models for future functioning.®!°

Accumulating evidence suggests that dysregulation in
peripheral proteins is evident prior to the onset of psy-
chosis.!'"!3 Specifically, it has been proposed that changes
in the complement and coagulation pathways, which are
known to be involved in defense against pathogen infec-
tion and injury, may confer vulnerability to psychosis.'
Levels of proteins involved in these pathways have also
been shown to associate with outcomes after a first ep-
isode of psychosis.’* Alpha-2-macroglobulin (A2M; a
broad-spectrum proteinase inhibitor of thrombin, Factor
Xa, and plasmin which is structurally related to comple-
ment components 3 and 4'%!7) has been reported as being
differentially expressed in the blood of individuals across
the psychosis spectrum.'3¥20 Tn a previous study,'
A2M in particular was identified as a promising predictor
of transition to psychosis.

A recent systematic review?' found that while several
different prognostic models have been developed to pre-
dict psychosis among individuals with CHR symptoms
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using proteomic, lipidomic, or genetic data,'>'*?>2* there
has been limited replication of findings or external vali-
dation of models, which has been recognized as an impor-
tant limitation in the field.?"*>?¢ Using a large multi-study
population, we aimed to clarify the potential of plasma
proteins, quantified using proteomic methods, to predict
transition to psychosis among individuals at CHR. We
hypothesized that an a priori-specified prediction model
would have a strong predictive ability for psychosis risk.
As secondary aims, we investigated exploratory prote-
omic models of psychosis risk and longitudinal associ-
ations of individual proteins with transition to psychosis.
Furthermore, we developed proteomic prediction models
and investigated longitudinal associations with func-
tioning as a secondary outcome.

Methods

This study is reported according to the TRIPOD guide-
lines for transparent reporting of studies on prediction
models for individual prognosis or diagnosis.?”’

Participants

Participants involved in this investigation were part
of 3 multisite studies, the North American Prodrome
Longitudinal Study (NAPLS) 2,% a later wave of the same
study with a new, independent cohort; NAPLS3% and the
NEURAPRO study; a multicenter randomized controlled
trial of omega-3 polyunsaturated fatty acids vs placebo in
young people at ultra-high risk of psychotic disorders.*
Together, 754 individuals at high risk of psychosis who
provided plasma samples at baseline and had follow-up
outcome data available were included in this investigation.
A brief description of each sample is provided below.

NAPLS2 and NAPLS3. NAPLS2 and NAPLS3 are
multisite studies from North America and include pro-
spective cohort data on individuals at CHR for psychosis
across 8 and 9 sites, respectively.?*? NAPLS2 participants
were recruited between 2008 and 2013. NAPLS3 partici-
pants were recruited between 2015 and 2018. Individuals
with CHR symptoms were referred from health care
providers, educators, or social service agencies or self-
referred as a result of community outreach.?® Individuals,
aged between 12 and 30 years, were screened for suita-
bility and then assessed with the Structured Interview for
Psychosis-risk Syndromes (SIPS)*!32 to determine if they
met Criteria of Psychosis-Risk Syndromes. Baseline and
follow-up (6-, 12-, 18-, and 24-month) interviews were
conducted to assess various clinical outcomes, including
transition to psychosis. CHR participants who provided
a blood sample and either transitioned to psychosis or
did not transition to psychosis and were followed for a
minimum of 2 years were included in this investigation
(NAPLS2 n =222, NAPLS3 n = 261). Characteristics of
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participants who did and did not provide a blood sample
are detailed in supplementary table 1. Blood samples
used for the purpose of this investigation were drawn at
baseline into EDTA plasma tubes. Processing time varied
with an interquartile range of 40-79 min. Samples were
stored in aliquots at —80°C. NAPLS2 and NAPLS3 sam-
ples underwent 2 and 1 freeze-thaw cycles, respectively,
prior to analysis.

NEURAPRO. The NEURAPRO study was an inter-
national multisite randomized, double-blind, placebo-
controlled trial (ACTRN: 12608000475347) examining
the efficacy of omega-3 polyunsaturated fatty acids to
prevent transition to psychosis in participants at CHR
of psychosis.’® The NEURAPRO trial ran in 10 in-
ternational sites across Australia, Austria, Germany,
Denmark, Netherlands, Switzerland, China, and
Singapore in established early psychosis centers, from
2010 to 2014. Participants, aged 13-40 who were referred
to these treatment centers, were approached for partici-
pation in the trial if they met at-risk criteria (herein re-
ferred to as CHR). CHR criteria were assessed using the
Comprehensive Assessment of At-Risk Mental State
(CAARMSYS).?*3 Follow-up interviews were conducted
at 6, 12, and 24 months. CHR participants who pro-
vided a blood sample were included in this investigation
(n = 271). Blood samples used for the purpose of this in-
vestigation were drawn at baseline. Blood samples were
drawn into EDTA plasma tubes and processed within
90 min. Samples were stored in aliquots at —80°C and
underwent 2 freeze-thaw cycles prior to analysis.

Mass Spectrometry and Bioinformatics

Detailed description of the sample preparation and mass
spectrometry (MS) methods used in this investigation are
described previously.** Sample processing and MS analysis
were performed blind to transition status, after the out-
comes were determined in both studies. Briefly, samples
were randomized following a block randomization design®
(prepared by a separate researcher) that preserved the tran-
sition rate and the proportion of samples from each study
across the randomization sequence. Plasma samples were
prepared for MS using PreOmics kits (PreOmics GmbH,
Munich, Germany). Samples were then transferred to
Evosep tips (Evosep, Odense, Denmark) and eluted.
Samples were analyzed in a Bruker timsTof Pro mass
spectrometer (Bruker, Massachusetts, United States) con-
nected to an Evosep One liquid chromatography system
that injected the samples. Internal standards were included
at regular intervals between samples. Further details can
be found in Supplementary Methods.

MaxQuant* was used to analyze the raw MS files and
derive label-free quantification (LFQ) values. Proteins
that were quantified in more than 70% of samples were
brought forward for analysis.

Proteomic Prediction of Transition to Psychosis

Outcomes

The primary outcome was transition to psychosis. For
NAPLS2/NAPLS3, the median time from baseline to psy-
chosis transition was 7.5 months, ranging from 1 week to
4.4 years. For NEURAPRO, the median time from base-
line to psychosis transition was 7 months, ranging from
2.5 weeks to 4.3 years. The secondary outcome was func-
tioning at 24 months follow-up as measured in each of the
studies (Global Assessment of Functioning in NAPLS2/3;
Social and Occupational Functioning Assessment Scale in
NEURAPRO). These scales are not directly comparable
as the Global Assessment of Functioning scale incorpor-
ates symptom severity, while the Social and Occupational
Functioning Assessment Scale measures social and occu-
pational functioning independent of symptoms. Further
details can be found in Supplementary Materials.

Ethics

Ethics committee approval was obtained for the
NEURAPRO, NAPLS2, and NAPLS3 studies at each
individual site.”®3° Ethics approval for the plasma bi-
omarker analysis in this study was obtained from the
Royal College of Surgeons in Ireland Research Ethics
Committee (REC No. 202211009).

Data analysis

Missing Protein Data and Pre-processing. LFQ values for
each protein were log, transformed. Missing LFQ values
were treated as left-censored missing data (missing not-
at-random; assumed to be below the limit of detection).
Using a left-censored imputation approach, missing values
were replaced with values drawn from a normal distribu-
tion centered at the first percentile of a protein’s overall
distribution. The normal distribution centered at the first
percentile had its own variation in a ratio of 0.5 times the
standard deviation of values for a protein. Values for each
protein were subsequently standardized and winsorized at
4 standard deviations above and below the mean.

Model Predictor Selection. Using pmsampsize in R,Y it
was estimated that given the overall sample size, including
no more than 11 predictors in the models with binary out-
comes would minimize overfitting. Two a priori-specified
models were developed: a model predicting transition in the
overall sample and a model predicting Global Assessment
of Functioning in NAPLS2/NAPLS3. Ten predictors
were prespecified for inclusion in the models based on re-
sults from a previous study!*: A2M, Ig mu chain C region
(IGHM), Complement component C6 (C6), Clusterin
(CLU), Plasminogen (PLG), Carboxypeptidase N sub-
unit 2 (CPN2), Vitamin K-dependent protein S (PROSI1),
Vitamin D-binding protein (GC), Complement Cls
subcomponent (C1S), and Transthyretin (TTR). These
proteins were chosen by considering their contribution

Page 3 of 10

20z Alenuer gz uo Jasn younz yayjolqiqienuaz / younz Ateiar Ausieaun Aq +8€8/52/¥81 PEAS/INAUIS/E60L 0 L/I0P/[01E-80UBAPE/UNS|INGEIUIYdOZIYDS/WOo"dNo-ojWapese//:sdy Wwoly papeojumoq



J. F. Byrne et al

to the original and replication analyses in Mongan et al."?
and how reliably the proteins were measured in the current
study (assessed by their coefficient of variation [CV] and
their percentage missing values prior to imputation; see
supplementary table 2). For the model predicting follow-up
Global Assessment of Functioning score, the 10 proteins
were included as predictors as well as an additional pre-
dictor, baseline Global Assessment of Functioning score.
For the exploratory model predicting transition, all 99 pro-
teins quantified by MS were included as predictors in the
model. Continuous predictors were modeled as linear, and
no interaction terms were included in the models.

Model Development and Internal Validation. For the a
priori-specified models, logistic, and linear regression
models with bootstrapped shrinkage of coefficients were
implemented for outcomes of transition and Global
Assessment of Functioning, respectively. A logistic re-
gression model with elastic net penalization was imple-
mented for the exploratory prediction of transition.

The primary performance metrics for models with a
binary outcome were the C-statistic and the calibration
slope. The performance of the models predicting tran-
sition were examined in the overall sample. Given that
this study incorporates several separate samples, addi-
tional sample-stratified investigations were conducted.
The primary performance metrics for models with con-
tinuous outcomes were R? (proportion of variance in the
dependent variable explained) and mean squared error.

The a priori-specified models were internally val-
idated by using 1000 bootstrap resamples to derive
optimism-corrected performance metrics.®® A nested
cross-validation procedure was used for the exploratory
model development and internal validation. There were
8 outer cross-validation folds, derived from study sites,
which were used for model evaluation. Further details are
found in Supplementary Methods.

Proteomic Associations. We examined the differential ex-
pression of CHR samples fromindividuals who transitioned
to psychosis from those who did not, using logistic regres-
sion adjusting for age, sex, and study. This was conducted

on the overall sample and within each cohort separately.
We examined associations between protein levels and func-
tioning at 24 months follow-up, as measured in each of
the studies, using linear regression adjusting for age and
sex. Additional cohort-stratified analyses were carried out,
further adjusting for body mass index (BMI) where avail-
able (in NAPLS3 and NEUARPRO). Corrections for mul-
tiple comparisons were applied to associations with binary
and continuous outcomes using the Benjamini-Hochberg
method with a 5% false discovery rate (FDR).

Enzyme-linked Immunosorbent Assay (ELISA)
Validation. Our previous investigation indicated that
A2M was differentially expressed at baseline between
those who transitioned to psychosis and those who did
not and had the largest single contribution to the predic-
tion of transition."” Using the results from the previous
investigation we calculated the sample size required to
replicate these findings in the current study with 90%
power. Thus, for a subsample of participants (n = 142),
we measured plasma A2M concentrations using ELISA
(a separate protein measurement technique) and investi-
gated the association of ELISA A2M levels with tran-
sition. Further details on the ELISA procedure can be
found in Supplementary Methods.

In a subsample of NAPLS2 participants (n = 81), mul-
tiplex immunoassay data (Myriad Rules-Based Medicine,
Human Discovery Map assay) were available from a pre-
vious study.® To validate the MS data, we calculated the
Spearman’s rank correlation between A2M measured
with MS and with the Human Discovery Map assay.

Results

Participant Characteristics

Participant characteristics are detailed in tables 1-3. The
overall psychosis transition percentage in this investi-
gation was 20.4% (n = 154). Differences in participant
characteristics by study are detailed in supplementary
results.

There were no significant differences between partici-
pants who developed psychosis and those who did not in

Table 1. Overall and Cohort-Specific Participant Characteristics Shared Between Included Studies

Full Sample (n = 754)

NEURAPRO (n = 271)

NAPLS2 (n = 222) NAPLS3 (1 = 261)

Age (X SD) Overall 18.5(3.9)
CHR-NT 18.5(3.9)
CHR-T 18.7(4.2)

Sex (% male) Overall 51.9 (n=391)
CHR-NT 51.3 (n = 308)
CHR-T 53.9 (n=83)

BMI (X SD) Overall 24.2(5.7)
CHR-NT 242 (5.7)
CHR-T 24.0 (6.0)

19.0 (4.4) 17.9 (3.3) 18.6 (3.8)
18.9 (4.3) 17.8 (3.2) 18.5(3.7)
19.5 (5.3) 18.1 (3.6) 19.0 (4.0)
439 (n=119) 57.7 (n = 128) 55.2 (n = 144)
4.1 (n = 104) 57.1 (n = 89) 55.3 (n = 115)
429 (n=15) 59.1 (n = 39) 54.7 (n = 29)
23.9(5.4) — 24.4(6.0)
23.9(5.2) — 24.6(6.1)
24.1(6.9) - 24.0 (5.4)

Note: BMI, body mass index; CHR-NT, clinical high risk non-transition; CHR-T, clinical high risk transition.
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terms of age (#(226) = —0.69, P = .49), sex (¥*(1) = 0.32,
P =.57)or BMI (#(117) = 0.30, P = .77).

MS

We identified 99 proteins that were quantified in more
than 70% of samples. The 10 a priori selected proteins
(A2M, IGHM, Cé6, CLU, PLG, CPN2, PROSI, GC,
C1S, and TTR) were measured with a mean CV of 13.5%
(range: 6.8% [A2M] to 21.3% [C6]) and had mean of

Proteomic Prediction of Transition to Psychosis

0.4% missing values (range: 0.0% [A2M] to 2.0% [C6]).
The CV and percentage missingness for each protein are

presented in supplementary table 2.

Prediction Modeling

A Priori-specified Model Predicting Transition. The a
priori-specified proteomic model of transition had an
optimism-corrected C-statistic of 0.51 (95% CI: 0.50,

Table 2. Cohort-Specific Participant Characteristics: NAPLS2 and NAPLS3

NAPLS2 and NAPLS 3 (n = 483)

Overall CHR-NT CHR-T
Ethnicity (%) European 55.1 (n = 266) 56.0 (n =204) 52.1 (n=62)
(n=483) Interracial 14.5 (n =70) 13.5(n=49) 17.6 (n=21)
African 13.9 (n=67) 13.7 (n = 50) 143 (n=17)
Central or South American 4.8 (n=23) 47 (n=17) 5.0(n=06)
East Asian 4.8 (n=123) 5.8 (n=21) 1.7(n=2)
South Asian 2.7(n=13) 25(Mm=9) 34(n=4)
Southeast Asian 19(n=9) 1.6 (n=16) 2.5(m=3)
First Nations 1.9(n=9) 22(n=28) 0.8(m=1)
Other 0.6 (n=23) 0(n=0) 25m=3)
Tobacco use (%) None 78.5 (n=379) 80.1 (n = 290) 76.1 (n = 89)
(n=479) Occasionally 10.0 (n = 48) 9.7 (n = 35) 11.1 (n=13)
<10 times a day 6.0 (n=29) 5.5(n=20) 7.7(n=9)
~ >10 times a day 4.8 (n=123) 4.7(m=17) 5.1(n=06)
Baseline GAF (X SD) 50.0 (11.5) 50.9 (11.4) 47.1 (11.3)
(n =481) ~
Baseline SOPS Positive (X SD) 12.5(3.2) 12.1 (3.5) 13.8 (3.6)
(n=483) ~
Baseline SOPS Negative (X SD) 12.0 (6.1) 11.8(5.9) 12.8 (6.5)
(n=478)
Medication use (%) Antipsychotics 19.7 (n = 95) 17.1 (n = 62) 27.7 (n = 33)
(n=482) Antidepressants 30.9 (n = 149) 30.6 (n=111) 31.9 (n = 38)
Note: GAF, global assessment of functioning; SOPS, scale of prodromal symptoms.
Table 3. Cohort-Specific Participant Characteristics: NEURAPRO
NEURAPRO (n = 271)
Overall CHR-NT CHR-T
Ethnicity (%) Caucasian 80.9 (n =216) 81.9 (n = 190) 74.3 (n = 26)
(n=267) Asian 13.1 (n = 35) 12.9 (n = 30) 143(n=75)
Other 6.0 (n=16) 52(n=12) 114(n=4)
Tobacco use in last year (%) Never 442 (n=117) 44.3 (n=102) 42,9 (n=15)
(n=265) Once or twice 6.0 (n=16) 7.0 (n=16) 0m=0)
Monthly 34(n=9) 2.6 (n=06) 8.6(n=3)
Weekly 7.5 (n=20) 7.4 (n=17) 8.6 (n=3)
Daily 38.9 (n=103) 38.7 (n=89) 40.0 (n = 14)
Baseline SOFAS (SD) 53.9(12.2) 54.2 (12.6) 51.4(9.2)
(n =265) ~
Baseline CAARMS Positive (X SD) 37.1(16.9) 36.7 (17.0) 39.7 (16.3)
(n=271) ~
Baseline SANS Composite (X SD) 18.0 (13.0) 17.3 (13.1) 23.0(11.9)

(n = 265)

Note: CAARMS, comprehensive assessment of at-risk mental state; SANS, scale for the assessment of negative symptoms; SOFAS,

social and occupational functioning assessment scale.
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Table 4. The Top 10 Proteins Associated with Transition to Psychosis in the Overall Sample

Protein Odds LCI UCI P-Value FDR P-Value
C8B 1.258 1.039 1.523 .019 .664
C4B 0.809 0.677 0.968 .021 .664
LRGI1 0.810 0.675 0.974 .025 .664
C5 0.825 0.685 0.994 .043 .664
C4A 0.835 0.697 1.000 .051 .664
A2M 1.231 0.998 1.519 .052 .664
FGG 1.200 0.998 1.442 .052 .664
APOLI1 0.844 0.707 1.007 .060 .664
FGB 1.192 0.989 1.437 .065 .664
CFB 0.845 0.705 1.014 .071 .664

Note: Analyses are adjusted for age and sex. FDR, false discovery rate; LCI, lower confidence interval; UCI, upper confidence interval.

0.59) and an optimism-corrected calibration slope of
0.45. A calibration plot for the a priori-specified model
is presented in Supplementary figure 1. Cohort-stratified
analyses revealed similar results (NAPLS2 C-statistic:
0.56 [95% CI: 0.53, 0.69], calibration slope 0.51; NAPLS3
C-statistic: 0.54 [95% CI: 0.52, 0.66], calibration slope
0.47, NEURAPRO C-statistic: 0.49 [95% CI: 0.48, 0.65],
calibration slope 0.32). These results indicated that the a
priori proteomic model had a poor ability to predict tran-
sition to psychosis.

Exploratory Model Predicting Transition. The explor-
atory model developed to predict transition included
all 99 proteomic predictors available and had a mean
cross-validated C-statistic of 0.46. Cohort-stratified re-
sults were similar (NAPLS2 C-statistic: 0.56; NAPLS3
C-statistic: 0.46; and NEURAPRO C-statistic: 0.53).

A Priori-specified Model Predicting Global Assessment of
Functioning. An a priori-specified model was developed
with data from NAPLS2 and NAPLS3 participants with
Global Assessment of Functioning score at 24 months
follow-up as a continuous outcome. The model included
the 10 a priori selected proteins and baseline Global
Assessment Functioning score as predictors. The a priori-
specified model had an optimism-corrected R? of 0.058
and a mean squared error of 176.4. In comparison, a
model developed with Global Assessment of Functioning
as the only predictor had an optimism-corrected R?> of
0.081 and a mean squared error of 173.4.

Proteomic Associations

Overall. Of the 99 proteins within this dataset,
Complement component C8 beta chain (C8B),
Complement C4-B (C4B), Leucine-rich a-2 glycoprotein
(LRGT1), and Complement C5 (C5) were differentially ex-
pressed between those who transitioned and those who
did not transition to psychosis while adjusting for age,
sex, and study. C8B levels were positively associated with
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transition, while C4B, C5, and LRG1 were inversely as-
sociated with transition. However, these associations did
not surpass FDR correction for multiple comparisons
(table 4; supplementary table 3). A2M had an odds ratio
of 1.23 for transition to psychosis (95% CI: 1.00, 1.52;
P =0.052).

NAPLS?2 and NAPLS3. C4B, Complement C4-A (C4A),
Complement C2 (C2), A2M, LRG1, and the Fibrinogen
alpha, beta, and gamma chains (FGA, FGB, and FGG)
were differentially expressed between those who transi-
tioned to psychosis and those who did not, adjusting for
age, sex, and study. However, these associations did not
surpass FDR Correction (supplementary table 4). In ana-
lyses additionally adjusting for antipsychotic use, results
were similar; LRG1 was no longer associated with transi-
tion, while Vitronectin (VTN) was associated with tran-
sition prior to FDR correction (supplementary table 5).
In analyses additionally adjusting for BMI (available in
NAPLS3 only), only C6 was associated with transition,
but the association did not surpass correction for mul-
tiple comparisons (supplementary table 6).

Global Assessment of Functioning score at 24
months follow-up was investigated as a continuous
outcome in NAPLS2 and NAPLS3. Complement
Clr subcomponent (C1R), Lumican (LUM), Retinol-
binding protein 4 (RBP4), CI1S, C6, and Plasma pro-
tease C1 inhibitor (SERPINGI1) were associated with
follow-up Global Assessment of Functioning score
adjusting for age and sex (table 5, supplementary
table 7). These associations did not surpass correction
for multiple comparisons.

NEURAPRO. C5 was differentially expressed between
those who transitioned to psychosis and those who did
not while adjusting for age, sex, and BMI. This association
did not surpass FDR Correction (supplementary table 8).

The Social and Occupational Functioning Scale score at
24 months follow-up was investigated as a continuous out-
come in NEURAPRO. There were no proteins associated
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Table 5. The Top 10 Proteins Associated with Global Assessment of Functioning at 24 Months Follow-up in NAPLS2 and NAPLS3

Protein Beta Coefficient LCI UCI P-Value FDR P-Value
CIR —1.784 -3.159 —0.408 011 741
LUM —1.741 -3.218 -0.263 .021 741
RBP4 1.55 0.145 2.954 .031 741
CI1S —1.482 —2.858 -0.107 .035 741
C6 —1.447 2.821 -0.074 .039 741
SERPINGI1 —1.442 -2.85 -0.033 .045 741
TTN -1.239 =2.575 0.098 .069 979
F2 1.221 -0.177 2.618 .087 .996
APOH 1.114 -0.24 2.469 .106 .996
IGKV1.8.9 1.075 —-0.301 2.451 125 996

Note: Analyses are adjusted for age and sex. FDR, false discovery rate; LCI, lower confidence interval; UCI, upper confidence interval.

with follow-up Social and Occupational Functioning
adjusting for age, sex, and BMI (supplementary table 9).

ELISA Validation of A2M

We compared the A2M ELISA levels of 71 transition and
71 non-transition samples (mean [SD]: 5.82 pg/ml [2.07],
6.67 ug/ml [2.46], respectively). In logistic regression ana-
lyses adjusting for age, sex, and sample storage time,
A2M concentrations were not associated with transition
status (OR: 0.91; 95% CI: 0.77, 1.07; P-value = .262). The
MS measurements and multiplex immunoassay measure-
ments for A2M had a Spearman’s rho correlation of 0.50
(supplementary table 10).

Discussion

Combining data from 3 international studies spanning
America, Europe, Asia, and Australia, in the largest in-
vestigation of this research question to date, we find no
support for individual level prediction of transition to
psychosis in CHR patients using proteomic data. Neither
our a priori nor exploratory analyses replicated the accu-
rate proteomic prediction of psychosis seen in previous
studies, particularly from Mongan et al.'’. However, in
line with previous studies, we observed weak longitu-
dinal associations between complement and coagulation-
related proteins and transition to psychosis.

Currently, there is a lack of replication, validation, or
implementation of prediction models in medicine.®** We
followed the latest guidance in developing the models in
this study.** This investigation ensured that there was a
large enough sample size to fit 10 predictors in a model,
based on recommended sample size calculations.’’
Samples were block-randomized before proteomic meas-
urement. We chose model predictors blind to their as-
sociation with transition status in our sample, based on
their previously reported performance as predictors of
transition to psychosis.!* Furthermore, only predictors
with little or no missing data that were measured reli-
ably were included. Finally, we internally validated the

performance of our models through bootstrapping or
nested cross-validation. The most plausible reasons for
the discrepancy between the performance of our predic-
tion model and the performance of models from previous
studies!*""? may be the differences in sample sizes and
the different protein measurement techniques employed.
Although the longitudinal associations between pro-
teins and transition status in this study did not surpass
corrections for multiple comparisons, the results are in
support of previous studies that suggested a longitu-
dinal relationship between complement and coagulation
dysregulation and psychosis.!""'*!81 However, the direc-
tions of effect are not consistent across studies, including
this study. In the study preceding this,!* lower A2M levels
were associated with transition to psychosis. We now
observe a weak but positive relationship between A2M
levels and psychosis risk, in line with previously reported
differences between individuals with schizophrenia and
controls® and a prediction model developed in a schizo-
phrenia case-control sample.!® In agreement with a recent
study measuring complement proteins with ELISA in in-
dividuals with CHR symptoms,* we observe decreased
levels of C5 in individuals that transitioned to psychosis.
It may be that dysregulation of complement and coagula-
tion is a risk factor for psychosis in a broad sense, such that
even if different aspects of the pathways are dysregulated,
the result is still an increased risk of psychosis. If comple-
ment or coagulation dysregulation represents a vulnerability
to infection or is reflective of a past or prenatal infection, as
has previously been suggested,'* this could be an explana-
tion for how different aspects of the complement or coagu-
lation pathways can be dysregulated in different individuals,
but still lead to an enhanced risk of psychosis.** On the
other hand, individuals who transition to psychosis are a
heterogeneous group who are exposed to a wide variety of
risk factors.® For some individuals, other risk factors for
psychosis will play a stronger role, and complement or co-
agulation pathway dysregulation may be most relevant only
for a subgroup of individuals who transition to psychosis.
The results in relation to the secondary outcome of
functioning at 24 months are similar to those of previous
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studies. In a previous analysis of the NEURAPRO study,
a model developed using the plasma proteome was a poor
predictor of future functioning among individuals with
CHR symptoms,* in line with the poor performance
of the proteomic model predicting functioning among
NAPLS participants in this study. The longitudinal asso-
ciations between proteins and future functioning among
NAPLS participants again suggested the involvement of
complement system proteins (C1R, C1S, C6, SERPINGI
[an inhibitor of CIR]). In a first-episode psychosis co-
hort, CIR was also inversely associated with follow-up
functioning,’> which highlights the potential relevance
of this complement protein to a crucial clinical outcome
across different clinical stages of psychosis.

There are several other explanations for the discrep-
ancy between the results of this study and the previous
study which we attempted to replicate.!* The sample sizes
between the studies differ substantially; there were 49
events (transitions to psychosis) included in the analysis
by Mongan et al., while there were 154 events included in
the present analysis. The average age of the participants
in this study was 19, compared with 23 in the previous
study, and the present study had greater ethnic diversity.
In the NAPLS studies, there were higher rates of antipsy-
chotic use than in the study by Mongan et al., however,
our sensitivity analyses additionally adjusting for anti-
psychotic use were in agreement with our main analyses
of associations with transition.

The effect of BMI on the results should also be con-
sidered. In sensitivity analyses additionally adjusting for
BMI (where available), C6 was nominally associated with
transition in NAPLS3, while C5 was nominally associated
with transition in NEURAPRO. The degree to which the
associations between complement proteins and transition
to psychosis are confounded by BMI are unclear, as the
sensitivity analyses had reduced sample sizes and, there-
fore, reduced power compared with the main analysis.

It should be acknowledged that the NEURAPRO
study is a randomized controlled trial, and while there
was no main effect observed of the studied intervention
(omega-3 fatty acids) on transition to psychosis, the in-
tervention may still have altered levels of plasma proteins.
Furthermore, the trial was subject to more stringent ex-
clusion criteria than participants included in Mongan
et al."’; participants with “abnormal coagulation profile
parameters or thyroid function test results >10% above
or below the limits of the normal range” were excluded to
reduce the risk of adverse events* which could bias par-
ticipant protein levels. However, our cohort-stratified re-
sults excluding NEURAPRO participants did not differ
substantially from our main results.

As is common in longitudinal cohort studies, all the
studies included in this investigation are prone to selection
and attrition bias. It has previously been highlighted that
high-risk paradigms based on prodromal symptoms or a
combination of reduced functioning and genetic risk may
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only capture a fraction of individuals who present with
psychotic disorder.¥ > The participants included in this
investigation may not be representative of all individuals
who develop a first episode of psychosis. Other groups at
risk of psychosis with an enhanced predictive capacity of
first episodes have been recently highlighted, including in-
dividuals attending CAMHS,’ individuals with thoughts
of self-harm,* and individuals presenting to hospital after
self-harm.* Future studies could investigate the longitu-
dinal associations between complement and coagulation
proteins and psychosis in these or other groups that cap-
ture a larger proportion of individuals who develop psy-
chotic disorders. Further promising blood-based markers
other than proteins?*** should also be investigated, and
may prove most useful for the prediction of psychosis in
combination with non-biological risk factors.>

This study is limited by the depth of the proteome
measured. To accommodate the analysis of a large
number of samples with MS, we sacrificed identifying a
larger number of proteins, in particular low abundance
proteins. However, in line with the aims of this investiga-
tion, which was focused on replicating prediction based
on certain proteins, the majority of the proteins of in-
terest identified in a previous study'? were measured accu-
rately in this current investigation. In this study, proteins
in plasma were measured at a single timepoint. Proteins
measured in samples from multiple timepoints may pro-
vide a more accurate representation of long-standing
protein levels, however, using repeated blood measures
would also make the implementation of a resulting clin-
ical prediction model more challenging.

In conclusion, the current findings do not support
individual-level prediction of transition to psychosis in
individuals with CHR symptoms using proteomic data.
Due to their inadequate performance, the models de-
veloped in this study are not recommended for external
validation. In line with previous studies, we observed
weak longitudinal associations between complement and
coagulation-related proteins and transition to psychosis
among a CHR population, suggesting that dysregulation
of the complement or coagulation pathways may be weak
risk factors for psychosis. In future studies, the potential
of proteomic data and other peripheral physiological data
for the prediction of transition should be investigated in
cohorts capturing a larger proportion of individuals who
develop psychotic disorders.

Supplementary Material

Supplementary material is available at https://academic.
oup.com/schizophreniabulletin/.
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