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Schizophrenia is a devastating mental illness with a strong genetic component that is the subject of extensive
research. Despite the high heritability, it is well recognized that non-genetic factors such as certain infections,
cannabis use, psychosocial stress, childhood adversity, urban environment, and immigrant status also play a role.
Whenever genetic and non-genetic factors co-exist, interaction between the two is likely. This means that certain

exposures would only be of consequence given a specific genetic makeup.

schizophrenia genetics environment gene-environment interactions Toxoplasma gondii

cannabis psychosis polygenic risk score

| 1. Introduction

Schizophrenia is a chronic psychiatric disorder that affects ~20 million people worldwide 2!, The first episode of
psychosis typically occurs in early adulthood, and the course of disease varies among individuals (Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition, DSM-V). Patients with schizophrenia suffer an array of
symptoms that are classified as positive, negative, and cognitive. Positive symptoms include delusions,
hallucinations, and disorganized speech. Negative symptoms include flat affect and poverty of speech. Cognitive
symptoms include impairments in attention, working memory, and executive functions (DSM-V). Many of these
symptoms affect the functional independence of patients and often lead to social and/or occupational dysfunction.
As a result, ~25% of schizophrenia patients suffer from clinical depression !, substance abuse, and have a high

risk of suicide B4l all of which make schizophrenia a major public health burden.

It has been well established that the interplay between an individual's genetic makeup and the environment is
important in the development of schizophrenia. Genetically, schizophrenia is highly heritable with heritability
estimated at ~80%, and monozygotic twin concordance at ~45% [Bl. The underlying genetic architecture of the
disease is polygenic, involving both rare damaging variants (inherited and de novo) that highly increase risk and
common variants with small to moderate effects 2. In addition to genetics, exposure to different environmental
factors at several stages during development (prenatal life, perinatal life, adolescence, and adulthood) have also
been shown to contribute to the risk of developing schizophrenia . Some of these environmental factors have
cumulative/additive effects (8, and may be correlated with each other and possibly share causal pathways . It is
likely that the development of schizophrenia is the result of interactions between the two types of risk factors,

genetic and environmental, rather than a result of their independent effects. This possibility has led to a
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considerable number of studies aiming to identify environmental risk factors and their likely interactions with the

individual's genetic background.

| 2. Gene-Environment (GXE) Interactions

While environmental factors are important and have relatively strong effects, the susceptibility of an individual to
them will depend to a significant extent on the person’s genetic makeup. GXE interactions, although expected to
exist widely, are difficult to identify because of the large search space, involving millions of variants and dozens of
environments thereby diminishing statistical power. Nevertheless, several such interactions have been identified
mostly through-hypothesis driven studies. In this review, we will specifically discuss studies addressing GxE
interactions of genetic variation with infection, cannabis use, and psychosocial stress/childhood adversity as they

are the most studied.

2.1. Infection

Epidemiological studies have long provided evidence for a link between specific infections and psychoses [EI2],
Prenatal maternal infections of Toxoplasma gondii (Toxo) 228 herpes simplex viruses BILUL2 cytomegalovirus
(20J[13]241[15] ' 5nd rubella & have been shown to increase risk of developing schizophrenia. These infectious agents
seem to increase the risk by disrupting fetal neurodevelopment in response to infection as well as maternal
immune activation L8718 Among them, Toxo is the most studied infectious agent with the strongest evidence to
be implicated in schizophrenia development. It is a protozoan parasite that is neuro-invasive and causes
toxoplasmosis. It can remain in the body of immune-competent mammalian hosts after infection for long periods of
time. Prenatal maternal Toxo infections increase the risk of schizophrenia by 80% 1929 Multiple studies have
assessed a potential GXE interaction between Toxo and schizophrenia-associated variants. In a meta-analysis of a
toxoplasmosis susceptibility GWAS done by Wang et al., there was enrichment for genes associated with
schizophrenia in populations with 1gG seropositivity for Toxo, an indication of previous infection 211, Although this
shows that genes involved in schizophrenia development may also be involved in the susceptibility or the immune
response to Toxo, conflicting evidence from a study by Lori et al. showed that PRS scores (based on schizophrenia
GWAS data) do not predict schizophrenia in individuals who are 1gG seropositive for Toxo 22. The immune
response and neuroinflammation due to Toxo and other infectious agents have also been implicated as a potential
mechanism for GXE interactions. Avramopoulos et al. and Dickerson et al. showed that C-reactive protein (CRP), a
peripheral marker of inflammation, was elevated in schizophrenia patients 2324 |n a small case-control study,
Mouhawess et al. investigated an association between polymorphism in Metallopeptidase-9 (MMP-9), Toxo
infection and schizophrenia. They chose MMP-9 because of its role in neuroinflammation. They showed that the
MMP-91562 C allele was only observed in patients diagnosed with schizophrenia and seropositive for Toxo 1gG
and IgM or IgG alone [231, In another study, Ansari-Lari et al. tested 78 cases and 91 controls for a polymorphism in
Glutathione S-Transferase Theta 1 (GSTT1) and its association with schizophrenia and Toxo infection 28, GSTT1
is located on 22q11.2, a locus previously associated with schizophrenia 2. They concluded that risk of
schizophrenia increased in patients who were infected with Toxo and had a deletion in GSTT1, although they also

mention that other studies have not shown an association between variants in GSTT1 and schizophrenia [28],
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Severance et al. investigated the association of complement C4 gene copy number and haplotype groups with
schizophrenia and Toxo IgG along with other biomarkers of pathogen exposure. The C4 gene is structurally
complex with different haplogroups that reflect copy number variations. C4 gene forms include C4A gene short
(C4AS), C4A gene long (C4AL), C4B gene short (C4BS), and C4B gene long (C4BL). The authors found that the

haplogroup containing two copies of 4AL had a strong association with schizophrenia and Toxo 1gG [28],

There have been a few studies investigating genetic interactions with herpes simplex viruses, HSV-1 and -2. It is
known that human leukocyte antigen (HLA) gene polymorphisms, located on chromosome 6, impact immune
surveillance. With that in mind, Bamne and colleagues tested schizophrenia-associated SNPs on chromosome 6p
for association with exposure to HSV-1. They found that HSV-1 exposure was significantly associated with one of
the tested schizophrenia-associated SNPs (rs3130297), yet the HSV-1 associated allele was different from the
schizophrenia-associated allele. They hypothesize that this could be a result of epistatic effects at the SNP
rs3130297 or another SNP in linkage disequilibrium (LD) [22. Demontis et al. investigated an association between
schizophrenia associated SNPs in GRIN1, GRIN2A, GRIN2B, GRIN2C, and GRIN2D, exposure to HSV-2 during
pregnancy, and schizophrenia development in offspring in a case control study with 984 patients and 1500
controls. GRIN1, GRIN2A, GRIN2B, GRIN2C, and GRIN2D all encode subunits of the N-methyl-D-aspartate
receptor (NMDAR), which has been shown to be involved in the development of schizophrenia. They genotyped a
total of 81 tag SNPs (tSNPs), which are defined as SNPs not in LD representing different haplotypes and
investigated their association with maternal HSV-2 seropositivity. They showed a significant interaction between
maternal HSV-2 seropositivity and SNPs rs1805539 and rs1806205 in the gene GRIN2B in the offspring (22,
Moreover, Pandy et al. evaluated immunoglobulin GM (y marker) allotype associations with schizophrenia. GM
alleles have been shown to impact immunity to HSV-1 and other viruses. In their analysis, they found that
individuals with the GM genotypes 3/3; 23-/23— were more than three times more likely to develop schizophrenia
than individuals with other genotypes. These results implicate immunoglobulin GM genes in schizophrenia and
suggest a potential GXE interaction pathway for viruses like HSV-1 B2, Shirts et al. studied five selected SNPs from
a set of tSNPs in the 100 kb region flanking the marker D6S2672 in the gene MICB, previously associated with
schizophrenia. They performed their interaction analysis between genes, seropositivity of HSV-1 and schizophrenia
on two separate samples (one was a case-control cohort, and one was a case-parent trio cohort). They found two
SNPs associated with both seropositivity for HSV-1 and schizophrenia in non-schizophrenia samples and
suggested as a possible interpretation of this result an interaction between genotype and HSV-1 seropositivity 221,
In another study, the same group showed that SNPs rs2272127 and rs11465702 at the gene IL1I8RAP were
associated with HSV-1 seropositivity in patients with schizophrenia [22l. All of the mentioned studies are candidate
gene/variant studies, and experience has shown that publication bias and low power in such studies can
sometimes lead to false positives. More research is still needed to further investigate the link between herpes
simplex viruses, schizophrenia and the genome as no genome wide studies employing PRS scores have been

done to our knowledge.

Most recently, the COVID-19 pandemic impacted over 20 million people who became infected with SARS-CoV-2
(341 |t has been shown that some COVID-19 patients experience neuropsychiatric symptoms after infection 221361,

Moni et al. investigated the potential interactions between SARS-CoV-2 and underlying genetic psychiatric
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susceptibilities 4], They analyzed the transcriptome of peripheral blood mononuclear cells from COVID-19 patients
and found elevated expression of inflammatory cytokine and interferon response genes 24, It has also been shown
that SARS-CoV-2 can infect nerve cells B4, Cytokine storm is a common consequence of SARS-CoV-2 infection
and a cause of complication and poor prognosis for many COVID-19 patients BZ. Patients also have elevated
levels of cytokines and chemokines like interleukin-6 (IL-6), interleukin-8 (IL-8), and interleukin-10 (IL-10) after
infection 2838 This is of interest, as it has been shown that inflammation poses an environmental risk to
increasing risk of schizophrenia 8. Elevated IL-8 during the second trimester and the early third trimester in
mothers increased risk for schizophrenia development in the offspring B2, To our knowledge, no studies have
directly associated infection with SARS-CoV-2 with an increased risk for psychosis, however, investigating why

some COVID-19 patients suffer neuropsychiatric symptoms after infection may be an interesting area of research.
2.2. Cannabis Use

Evidence over the last few decades has suggested that cannabis use in early adolescence is involved with the
development of psychosis 2941142431 A mendelian randomization study by Vaucher et al. suggested that the
association between cannabis and increased risk of schizophrenia is causal 42, While one must be cautious
because mendelian randomization is sensitive to pleiotropy, where the variants associated with cannabis use may
be associated with some other variable that is the true cause of risk, the authors tested and found no such
evidence, contingent on the power of the test. Given the relatively large proportion of the population that has ever
used or currently uses cannabis, use alone is not sufficient to cause schizophrenia. Several studies, from
candidate gene studies to genome wide studies, have all provided evidence for interplay between genes and
cannabis use in the development of psychosis and schizophrenia 4. McGuire et al. assessed for family history of
schizophrenia in 23 cannabis users and 46 controls, where %4 of the individuals in each group had a psychosis
diagnosis. They found that individuals who developed psychosis after cannabis use were more likely to have family
history of schizophrenia, showing that experiencing psychotic symptoms after cannabis use may be due to a

potential genetic predisposition [22]43],

One of the most studied genes for its interaction with cannabis and impact on schizophrenia development is
COMT. COMT codes for catechol-O-methyltransferase, an enzyme that plays a role in dopamine breakdown. It is
also localized to chromosome 22q11.1. A longitudinal study following individuals to adulthood looked into a specific
polymorphism (Vall58Met) in COMT, as a potential gene moderator for the association between cannabis use and
psychosis development €. The results of the study implicated the COMT Val158Met Val allele as a link between
adolescent cannabis use and an increased risk for later psychosis 48l Although other studies have found
conflicting evidence ¥, Henquet et al. reported similar findings to the Caspi et al. study 48, They followed adult-
onset cannabis users with psychosis and controls, and showed that individuals homozygous for the Val allele at
COMT Val158Met were more sensitive to the effects of delta-9-tetrahydrocannabinol (THC), the main psychotropic

component in cannabis, on cognition and psychosis 48!,

Aside from COMT, cannabis users with specific alleles in variants in the DRD2 49, FAAH 59 and AKT1 genes 5]

(521 have been found to be much more likely to develop psychotic symptoms. It is important to note, however, that in
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2020, Hindocha et al. reported contradictory results with a larger sample, showing that neither COMT, AKT1, or
FAAH modulated a psychosis response to cannabis use 3. Cannabinoid receptor 1 (CB1) has also been
implicated in cannabis use and schizophrenia risk 2455 glthough, again, with conflicting evidence. CB1 is a G-
coupled protein receptor involved in neurotransmission of glutamate, dopamine, and y-aminobutyric acid (GABA),
and is expressed in the brain 28!, CB1 is stimulated by endocannabinoids and exogenously by THC. CB1 has been
shown to both be activated and blocked by THC B4I4[E8] yjiki et al. found that an AAT repeat polymorphism in the
3' region of CRN1, the gene encoding CB1, was significantly associated with hebephrenic schizophrenia in the
Japanese population B2, Ho et al. genotyped 12 tSNPs 89 and although none showed significant associations
with either patients who were cannabis users or nonusers, 3 of the tSNPs had significant associations with total
cerebral white matter volumes in patients. Moreover, they showed that patients with heavy cannabis use had
smaller frontotemporal white matter volumes compared to patients not using cannabis [ Other studies
investigating SNPs in CRN1 have shown no associations between the variants and schizophrenia in relation to
cannabis use. Examples include a study by Seifert et al. where they performed an association study of three
different CNR1 polymorphisms and did not detect statistically significant associations in either the case or control
groups 8. Another study looked for associations with CNR1, including four SNPs (one of which was in common
with the Seifert et al. study), and also saw no significant association between schizophrenia and any of the tested

SNPs, even when they included cannabis use as a dependent variable in their regression analysis B4,

In the last few years, studies employing genome wide data and PRS scores have emerged, adding to the evidence
of GXE interactions linking cannabis use and schizophrenia. In a study of 1574 participants, French et al. found that
in male cannabis users, high PRS scores for schizophrenia were associated with low cortical thickness, a known
risk factor for psychosis. This indicates that cannabis use could moderate the association between the genetic risk
and cortical maturation in schizophrenia patients 62, In another study, Wainberg et al. assessed the relationship
between self-reported psychotic experiences, cannabis use, and PRS scores for schizophrenia in participants from
the UK BIOBANK [63l, They found that 7% of those who were cannabis users self-reported psychotic symptoms
compared to only 4.1% of those who have never used cannabis. The effect of cannabis was dose-dependent, as
8.4% of monthly users, 8.8% of weekly users, and 9.6% of daily users reported psychotic experiences. They also
found that cannabis users with the highest PRS scores for schizophrenia had 1.58-fold greater adjusted odds of
psychotic experiences (self-reported) compared to 1.39-fold in users with the lowest PRS scores 3. Another

group also found that there was an additive interaction between schizophrenia PRS scores and regular cannabis
use [64],

The controversy around whether cannabis use has a direct causal relationship to increasing schizophrenia risk
remains. Patients with schizophrenia may experience higher levels of stress and depressive symptoms. Cannabis
has been known to help alleviate stress and improve symptoms (631661 making it plausible that schizophrenia
patients are more likely to use cannabis as a form of self-medication. A longitudinal study by Hiemstra et al. found
that individuals with high PRS scores for schizophrenia were more likely to use cannabis in adolescence (ages 16—
20 and using stringent PRS thresholds) 7. In another study by Verweij et al., PRS scores for schizophrenia were
significantly associated with lifetime and regular cannabis use, with risk scores explaining up to 0.5% of the

variance 881, Power et al. also used PRS scores for schizophrenia to test if they correlate with cannabis use and
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found positive associations 9. These studies add complexity to the association between cannabis use and

schizophrenia, and show that the link may not be as straight forward.
2.3. Psychosocial Stress and Childhood Adversity

Psychosocial stress and childhood adversity have been shown to increase risk for psychosis and schizophrenia.
Psychosocial stress can be defined as stress that is caused by perception of social threat that results in emotional
tension and discomfort. This includes situations of perceived social evaluation and social exclusion as well as
stressful life events A, Childhood adversity is defined by exposure to abuse, neglect, or family dysfunction 2.
The earliest studies investigating a link between genes, stress, and psychosis development were candidate gene
studies. Winkel et al. investigated GXE interactions between stress and COMT (already implicated in cannabis use
and schizophrenia) after epidemiological studies had shown that individuals who were homozygous for the Met
allele at the COMT Val158Met were more sensitive to stress. In a small sample, Winkel et al. showed that patients
with a psychotic disorder who were carriers of the Met allele had more psychotic experiences in response to daily
stress compared to controls, implicating COMT in stress and psychosis [Z2l. Collip et al. followed up on the Winkel
et al. study with a larger sample and confirmed a significant interaction between COMT Met allele carriers, stress,
and psychosis /4. Interestingly, a study by Stefanis et al. investigated the interaction between COMT Val158Met
and psychosis in a sample of young men entering compulsory military training, and found that exposure to stress at
army induction was associated with psychotic symptoms and that carriers of the COMT Val allele were more
susceptible to the effect of stress, contradicting data from the previous studies 278l COMT has also been
investigated as a moderator between childhood adversity and psychosis Z4. Debost et al. found that COMT Val
allele carriers who were exposed to childhood adversity and were also carriers of MTHFR T alleles were at
increased risk of schizophrenia compared to controls . Brain-Derived Neurotrophic Factor (BDNF) [3],
CACNAI1C 18 NRG1 2, and FKBP5 [8Y are all additional candidate gene examples of a genetic link between

stress, childhood adversity, and psychosis.

Genome wide studies employing PRS scores have also investigated genes, stress, and childhood adversity
interactions and effects on psychosis. A 2009 study by Tessner et al. followed adolescent individuals with
schizotypal personality disorder (SPD) and used that as a proxy for elevated genetic risk for psychotic disorders
since SPD symptoms are similar to prodromal signs of schizophrenia. They found that among adolescents,
including those who they deemed at high risk for developing a psychotic disorder, the frequency of daily stressors
in a 24-h period predicted an increase in positive prodromal symptoms one year later. Although the daily stressors
did not correlate with SPD in predicting prodromal symptoms in relation to stress, they did report that adolescents
with SPD had stronger perceptions of stress to the same daily stressors than their non-diagnosed peers B1l. Pries
et al. used schizophrenia PRS scores of a twin cohort and their siblings of a final sample of 593 participants to
investigate a GXE interaction between the scores, childhood adversity or daily stressors and psychosis. Their study
concluded that there is an interaction between PRS scores and childhood adversity affecting subtle psychosis
expression and stress-sensitivity. They hypothesize that sensitivity to daily stressors is affected by previous
exposure to bigger stressors like childhood adversity, highlighting that the type, timing, and severity of stress has a

potential role in psychosis development 2. The same group investigated a sample of 1699 Schizophrenia patients
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and 1542 unrelated controls from the European Network of National Networks studying GXE Interactions in
Schizophrenia (EUGEI), and found evidence of an additive interaction between schizophrenia PRS scores and
childhood bullying, emotional abuse, sexual abuse, and emotional neglect, all of which are examples of childhood
adversity ¢4 In another study Hatzimanolis et al. studying a young healthy male population found that the
observed association between polygenic risk for schizophrenia and schizotypal traits is modified by stress 3], In a
2020 study of 6646 participants, Pries et al. calculated PRS scores as well as exposome scores for schizophrenia.
They define the exposome score as a cumulative measure of environmental liability for schizophrenia B4, In their
analysis investigating the associations of stressful life events with either the exposome score or the PRS score,
they found that the association of stressful life with mental outcomes was moderated only by the exposome score
and not the PRS score 83,

It's important to note that many environmental factors can be considered sources of psychosocial stress and likely
are also associated with increased schizophrenia risk. Winkel et al. have summarized a few studies on indirect

measures of stress like urbanicity /2, migrant status, and others.
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