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Abstract In recent years, good progress has been made in
uncovering the genetic underpinnings of schizophrenia. Even
so, as a polygenic disorder, schizophrenia has a complex
etiology that is far from understood. Meanwhile, data are
being collected enabling the study of interactions between
genes and the environment. A confluence of data from genetic
and environmental exposure studies point to the role of infec-
tions and immunity in the pathophysiology of schizophrenia.
In a recent study by Børglum et al., a single nucleotide
polymorphism (SNP) in the gene CTNNA3 was identified
that may provide clues to gene-environment interactions. The
carriers of the minor allele for the SNP had a fivefold risk of
later developing schizophrenia if their mothers were CMV
positive, while the children not carrying the allele had no
excess risk from maternal CMV. In the current paper, we
summarize recent advances to clarify a possible mechanism
of such interactions between the host genotype and infection
in schizophrenia risk.
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Introduction

Schizophrenia (SCZ) is a serious debilitating, chronic brain
disorder characterized by psychosis, disorganized thinking
and behavior, and “negative” symptoms. It affects approxi-
mately 1 % of the population worldwide and is one of the
leading causes of years lost due to disability according to the
WHO’s Global Burden of Disease study. Pharmacological
treatments do exist, but their efficacy is poor and they come
with many adverse side effects [1].

Although the etiology of SCZ remains unknown, a con-
gruent picture is beginning to emerge [2]. Recent studies
suggest that environmental insults, superimposed on genetic
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vulnerabilities, apparently act on the developing brain to
trigger neurocircuitry abnormalities that ultimately lead to
the neuropsychiatric symptoms of SCZ. In theory, the genome
and environment could exert independent effects on SCZ
pathogenesis. In some individuals, genetic variants or muta-
tions may be responsible for the disorder, whereas in others,
environmental factors may dominate. However, there is in-
creasing evidence that genetic liabilities interact with environ-
mental exposures [3].

Reports of a viral contribution to the etiology of SCZ go
back as far as the early twentieth century when Karl A.
Menninger published an article linking psychoses with
schizophrenia-like symptoms to the 1918 influenza pandemic.
But even before that it had been hypothesized that "almost
every form of disease of the nervous system may follow
influenza" [4]. Indeed, among environmental agents, micro-
bial pathogens have gained prominence in the scientific liter-
ature based on epidemiological studies, animal models, and a
growing recognition that immunogenetic factors are crucial in
the pathophysiology of SCZ [5, 6]. The bulk of the research
has focused on viruses and the intracellular parasite, Toxo-
plasma gondii [7, 8]. However, this does not rule out a role for
bacteria and other microbes, which could act in concert, or the
role of a two-hit model in which an infection during
neurodevelopment is followed later in life by an instigating
infection that occurs near the time psychiatric symptoms
become evident [6].

Pathogenic organisms are a ubiquitous and unavoidable
environmental exposure for all humans. Moreover, infection-
based and genetic etiologies for SCZ are conceptually com-
plementary because host genes determine individual suscep-
tibilities and immune responses to viral infections, and thus
genetic variables likely help determine the neuropsychiatric
sequela of a viral exposure [6].

Genetics of Schizophrenia

There is substantial evidence that genetic factors contribute to
risk for SCZ, but the underlying genetic architecture and
pathophysiology have not been discerned. Early genome-
wide association studies (GWAS) in SCZ were disappointing
and found only few genome-wide significant loci, but it is
now clear these studies were underpowered [9]. Nevertheless,
there have been a few single nucleotide polymorphisms
(SNPs) consistently associated with SCZ. As sample sizes
progressively increased, so did the number of SNPs found
genome-wide significantly associated with SCZ. In the most
recent SCZ GWAS from the Psychiatric Genomics Consor-
tium (PGC) encompassing 36,989 cases and 113,075 controls,
108 loci were identified, 83 of which had not previously been
linked to SCZ [10••]. This leaves little doubt that SCZ is a
complex polygenic disorder. Moreover, the combined sample

size has now passed a threshold where the number of associ-
ated loci as a function of sample size grows at a rate similar to
that of complex somatic traits such as height and Crohn’s
disease.

Recently, it has been in vogue to attempt to encode the
combined effect of common SNPs into a risk profile score
(RPS). An RPS is defined by estimating the SNP effects in a
training data set and applying these effects as weights in a
weighted sum of trait-associated alleles for each individual in
the target data set.

Purcell et al. [11•], who were the first to show the utility of
RPS in SCZ, found strong association with SCZ. Moreover,
their results indicated that a large number of truly associated
loci lie within the body of non-significant markers encourag-
ing further collaborative GWAS in SCZ. Indeed, this has been
confirmed in subsequent studies with increasing sample sizes
[12, 13, 10••]. As sample sizes grow, RPS will provide an
estimate of heritability that will converge towards the true
heritability due to common variants [14]. It is, however, still
poor at predicting individual risk, as demonstrated in a Danish
sample [10••]. Another area where RPS has been employed is
in cross-disorder studies. Here it has demonstrated the sub-
stantial genomic overlap with other psychiatric disorders [15].

Effect sizes observed for common SNPs in SCZ are gener-
ally small with odds ratios typically about 1.1 – 1.2.This is
probably not surprising with the SNPmarkers tagging common
variation. If there were common variants with higher effect
sizes, they presumably would have been detected in the earlier,
smaller GWAS. On the other hand, rare variants require a large
OR to be detected. Indeed, the rare copy number variations
(CNVs) found in GWAS generally have a much stronger
association with high odds ratios, for example, 16 for deletion
15q13.3 [16] and more than 20 for deletion 22q11.2, the
strongest known genetic risk factor for SCZ [17–19].

Next generation sequencing is a promising technology to
identify rare, single nucleotide variations as well as structural
variants, but such studies to date have been underpowered for
genome wide searches of association. The studies that have
been successful in identifying rare variants associated with
SCZ have either been focused at candidate regions based on
current literature, such as [20], or they have concentrated on
de novo events [21–24], where de novo mutations have first
been identified in families and then the frequency compared
between SCZ patients and their healthy controls. No doubt
future, large scale sequencing studies are going to identify
more rare variants associated with SCZ.

Human Cytomegalovirus

As expected of a herpes virus, cytomegalovirus (CMV) is not
cleared by the immune system, but instead causes a lifelong
persistent infection that includes cycles of reactivation, which
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break the tenuous peace between the virus and its host [25].
Because CMV is spread through body fluids, including saliva,
tears, vaginal fluids, semen, and breast milk, the infection is
highly prevalent worldwide. In the United States and Europe
approximately 50 – 85 % of adults are infected [26].

Most cases of CMVare asymptomatic or cause only minor
symptoms such as fever and self-limiting lymphandonopathy.
Nevertheless, CMV is able to persist in diverse cell types
including neural tissues [27]. Shedding of CMV is highest
soon after primary infection but can continue for years, or may
occur intermittently because of reactivation or reinfection with
another strain of CMV [28].

In contrast to the benign course of CMV infection among
immunocompetent children and adults, congenital infection is
associated with substantial morbidity. CMV infection is the
most common congenital infection, affecting 0.5 – 3 % of all
newborns [29, 30]. Following primary maternal CMV infec-
tion, there is a 40 to 50 % chance that the fetus will become
infected [29]. This risk is substantially reduced if the mother
has a latent or reactivated form of CMV infection, and the
feto-protective role of maternal antibodies is of particular
interest in the connection between CMVand SCZ (see below).
The brain is a target of congenital CMV, but the ability of
CMV to produce encephalitis with distinct neurological signs
does not exclude this virus as the culprit in subtler neurobe-
havioral syndromes. For example, Houenou et al. recently
found that higher CMV titers were associated with smaller
hippocampal volume in patients with SCZ or bipolar disorder
[31].

The humoral immune response to a primary CMVinfection
elicits the typical IgM response, which declines over several
months as IgG titers rise. Hence, in the standard paradigm,
IgM represents evidence of a recent infection, whereas IgG
indicates infection had occurred any time in the past. Howev-
er, this standard paradigm has been questioned in that reinfec-
tion or reactivation of an existing infection can (in some
individuals) produce an IgM response [32]. Moreover, a high
IgG titer does not necessarily connote strong immune control
of CMV, but instead may represent a recent reactivation of the
infection [25]. Thus, elucidating the relevant interaction of
genetic polymorphisms with CMVexposure in SCZ etiology
will rest on the interpretation of antibody levels. These anti-
bodies themselves can be pathogenic, for example, via mo-
lecular mimicry between viral proteins and neural proteins in
the host brain resulting in an autoimmune phenomenon, which
has often been described in SCZ [33–35, 6].

Environmental Risk Factors and Gene-Environment
Interaction

It is widely recognized that both genetic and environmental
factors contribute to the etiology of SCZ. The essential role of

environmental factors in the etiopathogenesis of SCZ has been
demonstrated unequivocally in studies of concordance rates in
monozygotic twins. Most well-controlled studies have yielded
concordance rates of less than 50% (compared to a theoretical
value of 100 % if the SCZ was purely genetic) [36, 37].

As for gene-environment interactions (GxE), it is broadly
acknowledged to play a role in complex disorders such as
SCZ. Yet to our knowledge, the literature has only one ge-
nome wide study of GxE in SCZ with robust exposure infor-
mation, namely [38••] (see below). The two main reasons are
that GxE analysis demands larger samples than analysis of
association, and more crucially, there are few large datasets
where both environmental measurements and genome wide
genotypic information are collected. Even candidate gene
studies of GxE for SCZ and CMV seem quite limited [39]
(see below). A separate avenue for research into GxE is
animal models, which can be used to obtain experimental
rather than observational evidence for GxE, see [40]. Animal
models using mouse CMV have made extensive use of genet-
ically manipulated mouse strains and have tested neuro-inva-
siveness, neurochemical changes, and behavioral sequela
[41–43], but these have yet to be optimized to study SCZ
susceptibility genes identified in recent GWAS studies. One
avenue to optimizing this inquiry is to prioritize relevant
pathways (see below), and work across disciplines. For ex-
ample, a CNVaffecting MAPK3 is associated with SCZ [44,
45], and in an unrelated animal model, this kinase was linked
to CMV pathogenesis [46].

Epigenetics represents a possible conduit linking DNA
sequence variation and environmental exposures to SCZ risk.
Undoubtedly, a major mechanism by which diverse environ-
mental exposures cause harm is by altering gene transcription.
Epigenetics is a broad term that refers to mechanisms by
which gene expression activity is regulated across meiosis
and mitosis in the absence of underlying changes to DNA
sequence.

While the role of epigenetics in immune regulation has
been studied extensively, the potential relevance of this to
SCZ is just beginning to be explored [47, 48]. Humans are
constantly confronted with pathogens that mutate to avoid
immune surveillance, and the host must adapt dynamically
to this constantly changing threat. The diversity of MHC
genes, and the exquisite machinery for antigen presentation,
is one excellent example of this. But on a shorter timescale,
epigenetic modulation of transcription in immune cells or
other host tissues could also play a role.

The importance of immunogenetics in SCZ has come to the
forefront now because the most consistent finding in large
scale GWAS of SCZ has implicated immune genes, particu-
larly – though not exclusively – genes in the MHC region.
This has also been the case for the latest PGC study [10••] that
showed enrichment for genes related to immunity as well as
genes expressed in the brain.
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The rationale for a causal role of immunological factors in
SCZ rests on a solid foundation showing that immune cells
and immunomodulatory cytokines profoundly influence com-
plex behaviors in humans and experimental animals, and
immune cells and molecules interact with the developing
CNS to cause latent perturbation of brain function and behav-
ior [6, 49, 50]. Thus, there is a confluence of evidence from
epidemiology, neuropathology, and genetics, which continues
to strengthen the connection between viral infections, immune
responses, and SCZ.

GWAS of Interaction Between Maternal CMV
and Offspring’s Genotype

In a Danish GWAS of SCZ, a single SNP was identified
having an experiment-wide significant interaction with mater-
nal CMV infection [38••]. Children carrying the minor allele
of SNP rs7902091 had a fivefold increased risk of developing
SCZ later in life if their mothers were CMV positive, while
non-carriers had no excess risk.

The SCZ GWAS was based on diagnoses from the Danish
Psychiatric Central Registry and conducted on dried blood
spot samples on filter paper from the Danish Newborn Screen-
ing Biobank [51]. The analysis was carried out on a small
subsample of the GWAS consisting of 488 cases and equally
many controls where serological measurements of IgG anti-
bodies to CMV had been conducted. As the blood samples
were drawn for the most part within the first week after birth
when the immune system of the child is not yet fully devel-
oped, the high level of IgG antibodies in a sample is taken as
an indication of high levels of IgG antibodies in the mother.

The statistical analysis performed was the two-step method
of Murcray et al.[52] who identified a single SNP, rs7902091,
with a genome-wide adjusted p-value of 0.021 and an inter-
action odds ratio of 5.3 [95 %CI (2.75 – 10.4)]. The locus
harbored other SNPs relatively independent of rs7902091 that
also showed signs of interaction although they did not meet
global significance. There is the possibility that rs7902091
could be a false positive and replication in an independent,
preferably larger, sample is warranted.

The SNP is located in an intron of the very large gene,
CTNNA3, just upstream from the nested gene LRRTM3.
CTNNA3 encodes catenin alpha-3, which mediates cell–cell
adhesion linking cadherin-based cell–cell adhesion complexes
and the cytoskeleton [53, 54]. Smith et al. recently reviewed
the unusual features of this genomic locus, as well as the
complex transcriptional regulation affecting both CTNNA3
and the nested LRRTM3 gene [53]. In addition to being one of
the largest genes in the human genome, CTNNA3 is regulated
by multiple promoters and epigenetic gene silencing mecha-
nisms. In CTNNA3 the leading SNP from the PGC GWAS
was rs186235844, but as LD around rs7902091 decays

rapidly and there are several recombination hotspots between
them, the two SNPs are not in LD [10••].

In theory, SCZ-associated genetic loci could interact with
CMV at any point in the causal chain of SCZ, from early
neurodevelopment to the period of transition from prodromal
phase to clinical illness, or even as an effect modifier of the
symptom profile once the psychotic illness was established
[6]. However, given the findings of Børglum et al., which
suggest that maternal CMV infection becomes a risk factor for
SCZ based on the genotype the progeny, our discussion is
focused on maternal infections and the risk for the offspring.

There is a multitude of mechanisms by which CTNNA3
variants could interact with CMV to increase risk of SCZ, and
further complicating this connection, the CMV antibody de-
tected could be a marker for another infection that has a
similar epidemiological pattern. Importantly, the exposure
variable in this study was anti-CMV IgG, and we have no
evidence that the fetus was actually infected. Moreover, the
antibody repertoire to CMV can vary with time and between
individuals in both neutralizing capacity and affinity. Studies
are emerging that examine the maternal fetal interface and the
role of different types of anti-CMV antibodies and their rela-
tionship to cadherin adhesion [55]. Polymorphisms in
CTNNA3 could help determine the nuanced interactions be-
tween antibody and CMV infection in the placenta, and hence
modulate the risk for neurodevelopmental adversity in the fetus.

Integrating Finding from GWAS x CMV in the Broader
Literature

Despite the progress offered by recent GWAS studies of SCZ,
it has remained difficult to ascertain which genetic variants are
causative, and even more challenging to understand how their
contribution meshes with environmental antecedents. Under-
standing this connection has been a prominent gap that has
hindered innovations in both the prevention and treatment of
SCZ. The clues provided by Børglum et al. point to a specific
role for CTNNA3. This study correlates maternal anti-CMV
IgG to the later development of SCZ in the offspring. Since
the CTNNA3 risk alleles were genotyped in the offspring and
not the mothers, a variety of mechanisms can be considered,
and these can be better prioritized by considering the gene
expression patterns of CTNNA3 (Fig. 1).

CTNNA3 is robustly expressed in the placenta and certain
fetal tissues, including the brain (Fig. 1A). The placenta consists
of tissues of both maternal and fetal origin. Although the inter-
action of CMV with CTNNA3 is based on genotyping of the
child, the mother shares 50 % of the child’s genome, and hence
it is possible that pathophysiological mechanisms involving
CTNNA3 variants could involve the mother carrying the minor
allele, and the child’s genotype may merely be an indication of
these shared SNPs. Hence, parent of origin studies would be
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needed to sort this out, especially in light of the gene imprinting
mechanism described below. In any case, CTNNA3 plays a
crucial role in placental development [56, 54]. The cadherin–
catenin complex is involved in orchestrating trophoblast inva-
sion as well as assuring the integrity of the placenta across stages
of gestation. Transcriptional regulation of CTNNA3 in the
placenta is exquisitely regulated at the level of cell-type, and
changes dynamically with gestational age [54].There is growing
interest in the epigenetic regulation of this gene in the placenta,
and its role in pregnancy complications such as preeclampsia
[57, 54]. Cytomegalovirus infectionmay be one such pregnancy
complication that dysregulates CTNNA3 expression.

Genomic imprinting can be considered an extreme form of
epigenetic regulation in that either the paternal or maternal
allele is selectively silenced. The placenta is exceptional in
both the number and pattern of imprinted genes [57]. CTNN
A3 has complex genetic organization and is known to be
imprinted in the placenta [54]. This places the regulation of
its expression (e.g. through epigenetic mechanisms) in a cru-
cial mechanistic position for connecting CMV to placental

pathology, and perhaps ultimately to SCZ. Elucidation of
relevant methylation quantitative trait loci (for CTNNA3 and
its regulators) will further this line of inquiry as more is
understood concerning the impact of CMVon host genes.

Mechanistically, CMV infects cytotrophoblasts and disrupts
cell adhesion causing abnormalities in their invasion, and ulti-
mately undermines placental integrity [55]. Thus, if the risk
alleles found by Børglum at al. resulted in abnormal expression
of CTNNA3 (or one of its isoforms), it could render the
placenta less resilient to the CMV infection. One mechanism
by which CMV has a deleterious impact on the fetus is through
placental hypoxia, and hypoxia due to diverse maternal condi-
tions has been connected epidemiologically to SCZ [58].

Conversely, CTNNA3 is also expressed in the fetal brain
(Fig. 1A), and inhibits wnt signaling [59, 60]. CMV also
regulates wnt signaling pathways [61]. Given the critical role
of this signaling pathway in neurodevelopment, polymor-
phisms in CTNNA3 could have a deleterious effect on the
compensation or resilience of the brain in fetuses exposed to
CMV. Conversely, the immature fetal blood–brain barrier may

Fig. 1 Results of expression
levels for CTNNA3 in various
human tissues. The figure shows
normalized gene expression
levels from the NextBio Body
Atlas database. The score at the
top of each panel is obtained as
described: see http://www.
nextbio.com/b/nextbioCorp.nb.
First, a per-chip median
normalization on probe sets
common to all platforms was
performed and then combined
using quantile normalization.
Intensities for probe sets unique to
particular platforms were rescaled
to the same per-chip median, fit
by linear interpolation, using the
intensities of the common probe
sets between platforms as a
reference. Median score across all
tissues was 584. Panel A: fetal
and progenitor cells and tissues.
Panel B: select tissues in adult
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be influenced by CTNNA3 expression, and this could allow
pernicious anti-CMV antibodies from the mother to cross into
the fetal brain and disrupt neurodevelopment without actual
infection of the fetus [62]. Along these lines, there is accumu-
lating evidence supporting a role of CTNNA3 in autism
spectrum disorders (ASD).

As recently reviewed by Bacchelli et al., CTNNA3 is a
candidate gene for ASD based on studies of SNPs, CNVs, and
a rare compound heterozygous exon deletion [59]. Moreover,
the alpha-catenin protein is expressed in a developmentally
regulated pattern in the hippocampus and cerebral cortex [59].
This suggests a role for CTNNA3-mediated cell adhesion in
the developing brain, and is in concert with diverse data
sources showing the importance synaptic adhesion mecha-
nisms in ASD [63].

The adult brain also expresses CTNNA3 (Fig. 1B). Thus
polymorphisms in this gene could affect the resilience or
compensatory capacity of neural circuitry that was disrupted
in utero during gestation by CMV (or associated antibodies).
This could play out in various postnatal periods as the mal-
leable neurodevelopmental trajectory of a person at high risk
for SCZ becomes manifested. Oxidative stress, or infection of
the adult proband with another virus, could initiate a patho-
physiological cascade leading to progressive instability of
neurocircuitry that had previously been rendered vulnerable
by the maternal CMV infection [64]. The possible role of
CTNNA3 in neurocircuitry abnormalities of the adult brain
is implied by the putative association of this locus with amy-
loid levels and late onset dementia [65, 66].

Several immune cells also express CTNNA3 (Fig. 1B), and
hence this molecule is well poised to mediate neuroimmune
interactions that could link CMV infection to the ultimate
development of SCZ. Since the environmental marker in this
study is the CMV antibody, it is possible that the GxE effect
observed is mediated by B-cells or related pathways that
influence the production, isotype, placental passage, blood–
brain permeability, or antigen affinity of antibodies. This
hypothesis is supported by a recent GWAS study that found
a CTNNA3 SNP (rs1786929) was associated with autoanti-
body production in occupational asthma [67].

An important consideration is also the nested gene,
LRRTM3, which is strongly expressed in the brain and has
been suggested to play a role in synaptic development and
neural plasticity [53]. Accordingly, polymorphisms in this
gene, which is proposed to have cell adhesion properties like
CTNNA3, could result in an ineffective neuro-compensatory
response to CMV infection.

Data Integration for GxE

The polygenic burden of SCZ implied by the largest and
most recent GWAS [10••] suggests that these genes operate
in complex molecular pathways. One or more of these path-
ways may involve CTNNA3. To explore possible pathways
we uploaded the 362 genes highlighted by Ripke et al. in their
SCZGWAS [10••] into Ingenuity systems software (IPA), and
examined their predicted connections with CTNNA3 in a

Fig. 2 Diagram showing predicted molecular connections between
CTNNA3 and genes identified in a recent PGC GWAS of SCZ (doi:10.
1038/nature13595). The inset diagram shows the predicted interactome
for the uploaded gene set. The magnified portion of the diagram is
delimited by the yellow box and is shown as a detailed node-edge
diagram, where arrows indicate the direction of the interaction, and

lines without arrowheads indicate direct interaction in which
directionality cannot be inferred (e.g., binding). Divergent lines
extending to the right depict further connections with other SCZ genes
in the PGC GWAS, which form an extensive network as shown in the
inset panel. See http://www.ingenuity.com/ for information regarding the
IPA database and algorithms
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node-link diagram using the IPA connect function (Fig. 2).
As shown, CTNNA3 was predicted to be linked to other
SCZ susceptibility genes through CTNNA1, which was a
binding partner for TCF4, and CTNND1. These in turn
were linked to numerous other candidate genes in the set
via EGR1, EP300, and CUL3. While these data are based
on the curated interactions in the IPA database, they
probably do not take place in all tissues. Hence, this
analysis is just a starting point for further laboratory study
involving this hypothesized pathway.

Future Outlook

While genome-wide studies of GxE have been conducted,
they are still generally rare and underpowered. High through-
put genotyping is widely used, but there is general shortage of
data sets including both genotypes and environmental vari-
ables. The technologies to subsequently tease out the biolog-
ical mechanisms are also present even if there may be a
demand for new high throughput methods. In the meantime,
creative use of available samples holds the potential to test
pathophysiological mechanisms.

The development in genetics over the past few years, where
big consortia such as the PGC have pooled together a massive
data set, has been driving the progress towards more and more
robust GWAS findings and more and more loci. There is a
need for a similar collaborative effort when it comes to envi-
ronmental markers. Many high throughput methods are al-
ready available, but more will have to be developed. More-
over, universal standards of measurements and data structures
are a necessity in order to enable the sharing and pooling of
data between research groups and between countries. Unlike
the genetic makeup, environments change over time. A par-
ticular challenge for future GxE studies of SCZ is, therefore,
to provide measurements longitudinally on a large scale.
Stored DNA can be used for epigenetic (DNA methylation)
studies, though this may be highly dependent on which can-
didate gene is examined. The growing interest to allele-
specific DNA methylation implies another productive avenue
to test GxE interactions.
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