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Epidemiologic studies have provided evidence that prenatal exposure to maternal infection is associatedwith an
increased risk of developing schizophrenia in the offspring. Research over the past decade has added further to
our understanding of the role of prenatal infection in schizophrenia risk. These investigations include several
well-powered designs, and like some earlier studies, measured maternal antibodies to specific infectious agents
in stored serum samples and large registers to identify clinically diagnosed infections during pregnancy. Conver-
gent findings from antibody studies suggest that prenatalmaternal infectionwith Toxoplasma gondii is associated
with increased schizophrenia risk in the offspring, while associationswith HSV-2 infection are likely attributable
to confounding. Maternal influenza infection remains a viable candidate for schizophrenia, based on an early se-
rological study, though there has been only one attempt to replicate this finding, with a differingmethodology. A
prior association between maternal serologically confirmed cytomegalovirus infections require further study.
Clinically diagnosed maternal infection, particularly bacterial infection, also appears to be associated with in-
creased risk of offspring schizophrenia, and heterogeneity in these findings is likely due tomethodological differ-
ences between studies. Further clarificationmay be provided by future studies that address the timing, type, and
clinical features of infections. Important insightmay be gainedby examining the long-term offspring outcomes in
emerging epidemics such as Zika virus and COVID-19, and by investigating the interaction between exposure to
prenatal infection and other risk or protective factors.

© 2021 Published by Elsevier B.V.
1. Introduction

In this era of Covid-19, the devastating effects of the pandemic on
populations worldwide have called new attention to the importance
of infection on health. In this review, we focus on prenatal infection in
regard to offspring schizophrenia, a poignant example of the potential
lifelong consequences of infection, persisting even into the next gener-
ation. Although schizophrenia has a lifetime prevalence of less than 1%
(McGrath et al., 2008), it is associated with cognitive deficits (Tandon
et al., 2009), social and functional impairment (Mohr et al., 2014), and
reduced life expectancy (Laursen et al., 2014), factors which contribute
to a high burden of disease and disability globally (Charlson et al., 2018).
While schizophrenia is highly heritable, non-genetic factors are also im-
plicated in risk (Hilker et al., 2018). Prenatal infection represents one
such risk factor which has been well established, beginning with eco-
logic studies of influenza epidemics in populations (i.e., Barr et al.,
1990; Kendell and Kemp, 1989; Mednick et al., 1988). Although the ep-
idemiologic research demonstrating this connection stretches back at
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least 35 years, the field continues to evolve, building on prior work
while introducing methodological innovations and expanding the
scope of inquiry. Thus, we take the opportunity to update a prior review
(Brown and Derkits, 2010) by looking back over the past decade to de-
scribe the research contributions added over that time frame and to as-
sess the current state of the evidence on prenatal infection and
schizophrenia.

According to the neurodevelopmentalmodel, the clinical manifesta-
tion of schizophrenia is the conclusion of abnormal processes in brain
development that begin years or decades prior to the observed onset
of the disorder (Rapoport et al., 2012). The prenatal time period is crit-
ical for brain development, with processes including neurulation,
neurogenesis, and neuronal migration, reaching completion before
birth, while others such as synaptogenesis, gliogenesis, and
myelination, also begin during gestation (Schepanski et al., 2018). Evi-
dence that the gestational environment constitutes an important risk
factor for offspring development of schizophrenia includes the in-
creased risk observed among those exposed in utero to nutritional defi-
ciency (Brown and Susser, 2008) and obstetric complications (Clarke
et al., 2006), aswell as tomaternal infection, the focus of this review. In-
fection has been consistently implicated in schizophrenia risk by epide-
miologic studies (discussed below) and by animal models of maternal
immune activation (Brown and Meyer, 2018). Importantly, maternal
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infection during pregnancy or its complications are potentially
preventable exposures, for example through vaccination or screening
(Al-Haddad et al., 2019).

The epidemiologic studies of prenatal infection and schizophrenia
that were reported through March 2009 were previously reviewed
(Brown and Derkits, 2010). Here, we focus on the more recent studies
which have expanded our understanding of this phenomenon over
the decade since. As the earlier literature has been well described in
the noted review, herewe give only a brief summary in order to contex-
tualize the newer research. The recognition of prenatal infection as a
possible risk factor for schizophrenia began in the 1980's with a series
of ecological studies focusing on exposure to influenza epidemics and
based primarily in Europe, with Australia (McGrath and Castle, 1995;
Morgan et al., 1997) and Japan (Izumoto et al., 1999; Mino et al.,
2000) also represented. Results were mixed, with some investigations
finding evidence for increased risk of schizophrenia among theoffspring
of exposed pregnancies, particularly during the second trimester
(i.e., Barr et al., 1990; Limosin et al., 2003; Mednick et al., 1988, 1994;
Takei et al., 1996), while other failed to replicate these associations
(i.e., Erlenmeyer-Kimling et al., 1994; Morgan et al., 1997; Takei et al.,
1995; Westergaard et al., 1999). Meanwhile, a limited number of eco-
logical studies looked at other infections, with associations between
measles (Torrey et al., 1988),mumps (O'Callaghan et al., 1994), and var-
icella zoster infections (O'Callaghan et al., 1994; Torrey et al., 1988),
among others, identified. However, consistency of the findingswas lim-
ited, and studies simultaneously assessing risk related to several patho-
gensmay have been impacted by false positive findings due to multiple
comparisons. As ecological studies, these investigations defined expo-
sure based on the timing and geographic location of pregnancy with re-
spect to population-level prevalence of infections in question, rather
than individually assessing subjects for actual evidence of infection.
The result was potential misclassification of the exposure, a phenome-
non expected to bias estimates of effect towards the null (Wacholder
et al., 1995).

To ameliorate this issue, the next generation of studies, beginning in
earnest around 2000 (though see (Cannon et al., 1996; Crow et al.,
1991) as earlier exceptions), used cohort or case-control designs with
individual exposure assessment, via either clinical records of diagnosis
or serological biomarkers. In a birth cohort with clinically and serologi-
cally documented exposure to prenatal rubella, we found a five-fold el-
evated rate of non-affective psychosis, relative to a non-exposed cohort
(Brown et al., 2000). Additional studies provided serological evidence,
based on maternal antibody levels, for the association of prenatal influ-
enza infection (Brown et al., 2004a) with schizophrenia. Findings for
Toxoplasma gondii included studies that both showed (Brown et al.,
2005) and did not show (Buka et al., 2001a) increased risk associated
with elevatedmaternal antibody levels, and the evidence regardingher-
pes simplex virus type 2 (HSV-2) was also conflicting, including studies
that both did (Buka et al., 2001a, 2008) and did not (Brown et al., 2006)
support an association. The association with bacterial infections as a
class was suggested by with a study using clinical exposure assessment
(Sørensen et al., 2009). While these studies represented an important
advancement over ecological designs, most involved modest case sam-
ple sizes, limiting power. Additionally, important sources of variation
exist across studies, including in the case and exposure definitions.

As noted above, in this review we provide an update to this body of
research by reviewing studies which have been added to the literature
over the past decade. The scope of our description includes epidemio-
logic (human) studies examining the outcome of schizophrenia, or a
broader group of psychosis outcomes that explicitly include diagnosed
schizophrenia. We focus on studies that compare cases with schizo-
phrenia to population or other controls; studies restricted solely to
case populations and their characteristics or outcomes without refer-
ence to a control or non-affected group are excluded. Finally, we include
studies that examined as an exposure prenatal infection during any
time point in pregnancy. Evidence for maternal infection may be
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based on biomarkers (i.e. antibodies) or on clinical, administrative, or
self-reported data, and may include evidence for infection with specific
pathogens or general evidence for infection. However, for clarity of pre-
sentation, we limit the scope and do not include studies only examining
broad measures of immunity/immunological markers or inflammation
(i.e. cytokine or C-reactive protein levels, without focus on discerning
evidence of current active infection). Further discussion of recent litera-
ture on the immune system or its markers more generally in relation to
schizophrenia is well covered elsewhere (Allswede and Cannon, 2018;
Zhang et al., 2018). A summary of the included studies can be found in
Table 1.

2. Studies using antibodies for exposure assessment

A number of studies over the past decade continued the use of anti-
bodies to obtain evidence of individual prenatal exposure to specific in-
fections. These are discussed below, according to the pathogen
examined.

2.1. Influenza

Despite its being a major focus of earlier work, recent investigation
of prenatal influenza in schizophrenia risk has been limited. A case-
control study (Ellman et al., 2009) based in the Collaborative Perinatal
Project, a prospective birth cohort from the United States, measured
IgG antibodies to influenza A and B in stored maternal serum samples
which had been drawn at the end of pregnancy. In contrast to earlier se-
rologic findings on influenza noted above (Brown et al., 2004a), the
prevalence of elevated antibodies did not differ between the case and
control groups. One possible explanation for the discrepant findings
lies in the different timing of the serum samples during pregnancy of
the respective studies, given that the earlier study showed the greatest
elevation in risk for early to mid-pregnancy exposure. A second differ-
ence is that the earlier study utilized a measure of influenza that was
validated based on seroconversion to the virus. The later study used a
cut-off value at the 75th percentile to identify samples that were likely
to have come from women with a recent active influenza infection,
rather than being validated from seroconversion. Nonetheless, in the
later study, influenza B exposure was associated with lower verbal IQ
among cases, but not among controls, suggesting a possible role in ver-
bal acquisition deficits in schizophrenia.

2.2. Toxoplasmosis

A second pathogen investigated in relation to schizophrenia is ma-
ternal exposure to T. gondii. In an earlier study,maternal exposure to an-
tibody to this infectious agent was associated with schizophrenia
among offspring (Brown et al., 2005). In a case-control study (Xiao
et al., 2009), based on the Collaborative Perinatal Project, IgG antibodies
to T. gondii inmaternal pregnancy serumsamplesweremeasured. Cases
with psychosis (about half of whom had schizophrenia diagnoses) and
matched controls were included. This study was novel in separately
assessing exposure to the three specific types of toxoplasma subtypes
predominating in the U.S. (type I, type II, and type III). The investigators
found that psychosis risk was nearly doubled among offspring whose
mothers had antibodies to type I, the most virulent of the types in
mice. Associations were not found for types II or III. However, the asso-
ciation with type I appeared to be mainly attributable to an increased
risk of affective psychosis, as opposed to schizophrenia (Xiao et al.,
2009). Association of T. gondii with schizophrenia and other non-
affective psychosis was also assessed in a similarly sized case-control
study (Blomström et al., 2012) of Swedish births. In that study, IgG an-
tibodies were measured in archived dried neonatal blood samples. IgG
antibodies cross the placenta during pregnancy (Malek et al., 1996) so
that levels in newborns may be used to assess prenatal exposure.
Here, T. gondii antibodies were associated with an approximate



Table 1
Recent epidemiologic studies on the association of prenatal maternal infection and risk of schizophrenia.

First author, year Location Birth years
of subjects

Number of
cases and
non-cases

Outcome
definition

Exposure Covariates (matched or
adjusted)

Estimate of
association

Notes

Studies using biomarker-based exposure assessment
Biomarkers in maternal serum during pregnancy
Ellman et al.,
2009

United States (Collab-
orative Perinatal
Project, Philadelphia
site), nested case--
control study

1959–1966 111 psychosis
cases (70 with
schizophrenia);
333 controls

DSM-IV diagnosis,
confirmed using
chart review

Influenza A and Influenza B
IgG antibody levels >75th
percentile, indicating
probable recent infection;
maternal serum samples at
end of pregnancy

Matched on: sex, race, hospital, and date of
birth.

Influenza A: 25% cases vs.
25% controls exposed, p =
1.00. Influenza B: 32% cases
vs. 24% controls exposed, p
= 0.12.

Influenza B exposure was
associated with decreased
verbal IQ at age 7 in cases
but not controls.

Xiao et al., 2009 United States (Collab-
orative Perinatal
Project, Boston, Prov-
idence and Philadel-
phia sites), nested
case-control study

1959–1966 119 psychosis
cases (including
106
schizophrenia);
618 controls

DSM-IV diagnosis,
confirmed using
structured clinical
interview or
medical chart
review

T. gondii antibodies (types I,
II, and III), maternal serum
from end of pregnancy

Matched on: city, dated of birth,
race/ethnicity, gender.

Type I: OR (95% CI) = 1.94
(1.08, 3.46); p = 0.03. Type
II: OR (95% CI) = 1.37 (0.67,
2.79); p = 0.38. Type III: OR
(95% CI) = 0.95 (0.32, 2.83);
p = 0.93.

Association appears
attributable to affective
psychosis group.

Cheslack-Postava
et al., 2015

Finland, case-control
study nested in a
national birth cohort

1983–1998 963 cases, 963
controls (207
cases/controls for
C. trachomatis)

ICD-10 F20, F25 HSV-2 and Chlamydia
trachomatis antibodies,
early to mid-pregnancy
maternal serum

Matched on: sex, birth date, residence in
Finland. Adjusted for: paternal age, birth
locale, parental schizophrenia diagnosis.

HSV-2: OR (95% CI) = 1.22
(0.93, 1.60); p = 0.14 C.
trachomatis (unadjusted):
OR (95% CI) = 1.04 (0.59,
1.81); p = 0.88

HSV-2: Unadj. OR (95% CI)
= 1.33 (1.03, 1.72); p =
0.03

Biomarkers in neonatal blood spots
Mortensen et al.,
2010

Denmark, case--
control study nested
in national birth
cohort

1981–1994 602 cases, 602
controls

ICD-10 F20 HSV-2 antibodies, dried
neonatal blood spots

Matched on: sex, birth date, residence in
Denmark. Adjusted for: urbanicity at birth,
parental age, immigrant status, 1st degree
relative history of psychiatric disorder

IRR (95% CI) = 1.36 (0.99,
1.87); p = 0.06

Unadj. IRR (95% CI) = 1.56
(1.17, 2.07); p = 0.002.
Attenuation in adj model
due primarily to paternal
history of psychiatric
disorder.

Blomström et al.,
2012

Sweden, case-control 1975–1985 198 cases, 524
controls
(including F20:
47 cases, 124
controls)

ICD-10 F20
(schizophrenia);
ICD-10 F21–29
(other
non-affective
psychoses)

T. gondii, CMV, HSV-1,
HSV-2 antibodies, dried
neonatal blood spots

Matched on: sex, birth date, birth hospital.
Adjusted for maternal age, migration.

For schizophrenia, (OR =
2.0, 95% CI 0.9–4.7); CMV
(OR = 2.1, 95% CI
0.9–4.9); HSV-1 (OR = 0.8,
95% CI = 0.4, 1.6); HSV-2:
OR (95% CI) = 0.5 (0.2, 1.4)

Evidence for dose-response
relationship for T. gondii
and CMV with
schizophrenia.

Studies using clinical/registry based exposure assessment
Suvisaari et al.,
2013

Helsinki, Finland
(Helsinki High Risk
Study)

1941–1977 29 cases, 242
non-cases; All
children of
mothers with
schizophrenia
spectrum
diagnoses

DSM-IV
schizophrenia
spectrum
psychosis (19 with
schizophrenia)

Infections during
pregnancy, from public
hospital obstetric records.
Recorded infections most
often bacterial.

Adjusted for: sex, birth weight, maternal
hypertension during pregnancy, placental
abnormalities

HRR (95% CI) = 3.73 (1.27,
11.01); p = 0.02

Study focused broadly on a
range of obstetric
complications.

(continued on next page)
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Table 1 (continued)

First author, year Location Birth years
of subjects

Number of
cases and
non-cases

Outcome
definition

Exposure Covariates (matched or
adjusted)

Estimate of
association

Notes

Blomström et al.,
2016

Swedish national
birth cohort

1978–1997 8330 cases;
1,963,293
non-cases

ICD-10
F20–29/ICD-9 295,
297 and 298
except 298A and B

Registry inpatient diagnoses
of infection during
pregnancy based on ICD-8,
9 or 10 codes

Adjusted for: birth year, sex, parental
psychiatric disorder, SES, parent inpatient
care before or during pregnancy, urban birth,
winter birth, parental age, parental
immigrant status, SGA.

HR (95% CI) = 1.06 (0.88,
1.27)

Bacterial, viral, or other
infections examined as
separate categories were
also not associated with
outcome.

Nielsen et al.,
2016

Danish national birth
cohort

1977–2002 6729 cases;
1,396,454
non-cases

ICD-10 F20/ICD-8
295

Register diagnosis of
mother with infection
during pregnancy

Adjusted for: calendar year, sex, sex X age
interaction, urbanicity, parental history of
psychiatric admission.

IRR (95% CI) = 1.16 (1.03,
1.31)

Also examined interaction
with maternal diagnosis of
anemia during pregnancy,
finding independent
effects.

Debost et al.,
2017

Danish national birth
cohort

1980–1998 9656
schizophrenia
spectrum;
970,045
non-cases

ICD-8: 295, 295.x9,
296.89, 297. x9,
298.29–298.99,
299.04, 299.05,
299.09, 301.83;
ICD-10: F20–F29

Register record of mother
admitted to hospital with
infection during pregnancy,
based on ICD-8 and ICD-10.

Adjusted for: calendar period, age, parental
psychiatric history, parental education,
childhood psychological trauma.

Without peripubertal
psychological trauma: IRR
(95% CI) = 1.05 (0.88–1.25);
With trauma: IRR (95% CI) =
1.58 (1.33–1.88)

Interaction of prenatal
infection with peripubertal
psychological trauma was
specific to males.

Lydholm et al.,
2019

Danish national birth
cohort

1996–2015 2186
schizophrenia
disorder cases;
1,204,414
non-cases

ICD-10 F20–29
(secondary
outcome)

Infections treated with
prescription or requiring
hospital contact during
pregnancy.

Adjusted for: sex, birth year, concurrent
infection in the other parent; and parental
education, age, physical illnesses at
childbirth, and psychiatric diagnoses.

Prescription: HR (95% CI) =
1.14 (1.00, 1.30); Hospital
contact: HR (95% CI) = 1.29
(0.95, 1.77)

Primary study outcome
was any mental disorder
(ICD-10 F20–99); also
examined infections before
and after pregnancy, and
paternal infections.

Al-Haddad et al.,
2019

Swedish national
birth cohort

1973–2014 4382 cases;
2,133,630
non-cases

ICD-10 F20–29 Maternal hospitalization
during pregnancy with
infection (ICD-8, 9 or 10)

Adjusted for: maternal age, asthma, diabetes,
premature rupture of membranes, and
tobacco status, 10-year epoch of birth.

HR (95% CI) = 1.14 (0.83,
1.57)

Also examined autism,
bipolar disorder, and
depression as outcomes

Lee et al., 2020 United States (Collab-
orative Perinatal
Project, Boston and
Providence sites)

1959–1966 116 cases (52
schizophrenia
and
schizoaffective
disorder,
depressive type);
15,305 non-cases

DSM-IV diagnosis,
confirmed using
structured clinical
interview or
medical chart
review

Any bacterial infection
during pregnancy;
identified through
standardized maternal
interviews, and physician
record review

Adjusted for: sex, study site, year and season
of birth, socioeconomic status; maternal
education, race/ethnicity, and
neurological/psychiatric conditions during
pregnancy; parental history of mental illness,
follow-up participation, and viral infection
during pregnancy.

OR (95% CI) = 1.8 (1.2, 2.7);
p = 0.002

Association was stronger
(OR = 2.9) for
multisystemic infection
and among males.

Pugliese et al.,
2019

Italy; clinically-based
case-control study

age 18–65
between
2014 and
2016

91 cases; 85
controls

DSM-IV-TR
schizophrenia
spectrum disorder,
treated as
outpatients for at
least 12 mos.

Maternal prenatal infection
from medical records

Adjusted for: maternal stress, inadequate
weight gain, asphyxia

OR (95% CI) = 7.67 (1.78,
33.1)

Study examined maternal
prenatal psychological
stress, obstetric
complications, and medical
illness including infection
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doubling in risk of schizophrenia. However, the association was no
longer significant after adjustment for maternal age and migration,
though it should be noted that this may be related to limited
power, given that the sample size for schizophrenia specifically
was rather low and that a dose-response relationship of higher risk
with increasing antibody levels (Blomström et al., 2012) bolsters
the evidence for a true association. Overall, the evidence provided
by these newer studies strengthens the support for an association
between prenatal exposure to T. gondii antibodies and risk of psycho-
sis, although further clarification is warranted with respect to
specific diagnostic categories.

2.3. Herpes simplex virus type 2

Several investigations addressed earlier conflicting reports re-
garding herpes simplex virus type 2 (HSV-2) by measuring antibod-
ies to this virus. These included the Swedish case-control study
using neonatal dried blood spots discussed above (Blomström
et al., 2012), which did not find an association of schizophrenia
with HSV-2 antibodies. A case-control study of schizophrenia and
matched controls nested in a Danish national birth cohort
(Mortensen et al., 2010) also measured IgG antibodies to HSV-2 in
newborn dried blood samples. In a non-adjusted model, which
accounted for the matching factors of sex, birth date, and residence
in Denmark, but not other potential confounders, seropositivity for
HSV-2 was associated with a modestly increased incidence rate.
Upon further adjustment for urbanization of the place of birth, pa-
rental age, second generation immigration status, and history of
psychiatric disorders in the first-degree relatives, the association
was attenuated and no longer significant. Paternal history of psychi-
atric disorder was identified as the factor primarily contributing to
the attenuation (Mortensen et al., 2010). Finally, our even larger
study of nearly a thousand cases with schizophrenia and
schizoaffective disorder, and their matched controls nested in a
Finnish national birth cohort (Cheslack-Postava et al., 2015) mea-
sured IgG antibodies to HSV-2 in archived maternal serum samples
from the first to early second trimesters of pregnancy. We found
modest evidence for an association in analyses accounting for the
matching factors (sex, birth date, residence in Finland at time of
the case diagnosis) only. However, adjustment for paternal age,
province of birth, and parental schizophrenia diagnosis resulted in
an attenuated relationship that was no longer statistically signifi-
cant (Cheslack-Postava et al., 2015). When added to the prior incon-
sistent evidence, these findings overall do not support a significant
association between prenatal exposure to HSV-2 antibodies and
risk of schizophrenia. Further, they highlight the apparent role of
parental psychiatric disorder as a potential confounder of this rela-
tionship. As well as being as being associated with their offspring's
psychiatric disorder risk, parental psychiatric illness may impact
risk of infection through behavioral effects, confounding the ob-
served associations between offspring infection exposure and
schizophrenia. Thus, it is important that epidemiologic studies ac-
count for this covariate.

2.4. Other infections

Besides T. gondii and HSV-2, two of the studies described above con-
tribute evidence regarding additional pathogens. Our study of archived
maternal serum samples from a Finnish birth cohort also measured an-
tibodies to Chlamydia trachomatis in a subsample of cases and matched
controls, whowere not found to differ in seropositivity to this pathogen
(Cheslack-Postava et al., 2015). The smaller Swedish study using neona-
tal dried blood samples measured IgG antibodies to cytomegalovirus
(CMV) and to herpes simplex virus type 1 (HSV-1; Blomström et al.,
2012). HSV-1 antibodies were not associated with schizophrenia risk;
however, CMV seropositivity was associated with a two-fold increased
5

risk for schizophrenia, with evidence of a dose-response pattern be-
tween antibody levels and risk (Blomström et al., 2012).

3. Studies using clinical or records-based exposure assessment

Other studies, rather than using antibodies tomeasure the history of
exposure to specific infectious agents, assessed clinical infection more
generally based on records related to the pregnancy. For the most
part, these take the form of register-based national birth cohorts or of
prospective cohort studies.

3.1. National birth cohort studies

Large national birth cohort studies from Sweden and Denmark
ascertained thousands of cases and provided mixed evidence regarding
the association of diagnosed infections during pregnancy which were
recorded in national registers with offspring schizophrenia diagnoses.
Two studies of the Swedish population (Al-Haddad et al., 2019;
Blomström et al., 2016) suggested against such an association. In the
first study (Blomström et al., 2016), subjects were considered to be ex-
posed if themother was treated as an inpatientwith an infection during
pregnancy, based on ICD-8, 9, or 10 diagnostic codes; maternal expo-
sure was not associated with schizophrenia/other psychoses. While di-
agnosed infectionswere also considered separately as bacterial, viral, or
other, none of these categories were found to be associated with the
outcome either. A second study based in Sweden (Al-Haddad et al.,
2019) similarly evaluated exposure to infection, based onmaternal hos-
pitalization during pregnancy, which was also not significantly associ-
ated with an increased risk of schizophrenia and related disorders.

A Danish national birth cohort study used a similar design (Lydholm
et al., 2019), with the exception that maternal infections treated with a
prescription during pregnancy were also considered as exposures. Ma-
ternal infections defined by having had hospital contact were not asso-
ciated with offspring schizophrenia, but risk of the outcome was
modestly increased among those treatedwith prescriptionmedications.
In a separate Danish national birth cohort study (Nielsen et al., 2016),
cases were restricted to those with narrow schizophrenia diagnoses
(ICD-10 F20 or the equivalent). In this study, a register record of mater-
nal diagnosis with infection during pregnancy was associated with a
mildly increased risk of schizophrenia. In bothof these studies, the effect
sizeswere small (under 20% increases in risk). In a third Danish birth co-
hort study and using a broad schizophrenia spectrum case definition
(Debost et al., 2017), maternal hospitalization for infection during preg-
nancy was associated with an over 50% increased risk of offspring
schizophrenia specifically among those who later experienced psycho-
logical trauma around the time of puberty. On the whole, while the ev-
idence from the register-based birth cohort studies described above—all
of which are amply poweredwith thousands of cases—is mixed, it is no-
table that the strongest findings were observed in the study that used a
narrow case definition, possibly indicating specificity of the association.

3.2. Prospective cohort studies

While register-based studies of national birth cohorts facilitate very
large population-wide studies, the exposure and outcome assessments,
as well as the information about potential confounders are limited to
the information that is included in these administrative sources. For in-
stance, studies using registers of inpatient diagnoses will be limited in
their assessment of prenatal infection to those most severe infections
requiring hospitalization. Moreover, such studies may only be con-
ducted in locations and during time periods where suitable administra-
tive sources exist, limiting generalizability. Some studies instead used
existing cohorts in which information about prenatal conditions was
collected through record review and/or interview. In one, cases with
confirmed DSM-IV diagnoses of schizophrenia and related psychoses
were identified among the offspring of mothers enrolled in two sites
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of the prospective U.S. Collaborative Perinatal Project (Lee et al., 2020).
In this population, any bacterial infection during pregnancy, as identi-
fied through standardizedmaternal interviews and physician record re-
view, was associated with an almost 2-fold increased risk of psychoses
including schizophrenia. The association was even stronger for
multisystemic infections, and among males (Lee et al., 2020). A rela-
tively small study limited to the offspring of mothers with schizophre-
nia spectrum diagnoses themselves who were followed in the Finnish
Helsinki High Risk Study, identified cases with DSM-IV schizophrenia
spectrum psychoses and compared them to offspring without such di-
agnoses (Suvisaari et al., 2013). Infections during pregnancy, as re-
corded in hospital obstetric records, were primarily bacterial and were
associated with an over 3-fold increased risk of offspring schizophrenia
spectrum diagnoses. Taken together, the results of these two studies
support an impact of bacterial infections, specifically, although the
Swedish birth cohort study that examined bacterial infections sepa-
rately did not report an association (Blomström et al., 2016).

Finally, a small study in Italy included clinically treated schizophre-
nia spectrum outpatients as cases and community controls (Pugliese
et al., 2019). Medical record of maternal prenatal infection was strongly
associated with schizophrenia spectrum disorder, after adjustment for
maternal stress, inadequate weight gain, and asphyxia. While sugges-
tive, given several methodological factors including the wide age
range of subjects (age 18–65 at ascertainment), limited sample size,
and potential selection bias in the identification of controls, the results
of this study should be interpreted cautiously.

4. Conclusion

4.1. Summary of findings reviewed above

Research over the past decade has added substantially to our under-
standing of the role of prenatal infection in schizophrenia risk. Since our
earlier finding thatmaternal influenza exposure during pregnancy is as-
sociated with increased schizophrenia risk, only one study has utilized
an influenza antibody assay to assess the exposure (Ellman et al.,
2009) and this findingmay have been due tomethodologic differences.
Hence, further studies will be necessary to replicate the association.
Based on convergent findings from antibody studies across multiple co-
horts, the preponderance of evidence suggests that prenatal maternal
infection with T. gondii is associated with increased schizophrenia risk
in the offspring. HSV-2 infection, however, appears unlikely to increase
risk,with observed associations attributable to confounding. Initialfind-
ings of increased risk associatedwith CMV seropositivity should be rep-
licated before conclusions are drawn. Regarding maternal clinically
diagnosed infection, the overall evidence suggests that this exposure,
particularly bacterial infection, is associated with increased risk of off-
spring schizophrenia, with heterogeneity in the findings of individual
studies likely due to methodological differences. Further clarification
may be provided by studies that address the timing, type, and clinical
features of these infections, as well as rigorously addressing potential
confounding, for example using sibling comparison designs (Donovan
and Susser, 2011). In the following sections, we first make note of sev-
eral additional lines of evidence related to the association of prenatal in-
fection with schizophrenia, but beyond the scope of our in-depth
review. We then describe directions for future research.

4.2. Other relevant lines of evidence

As noted above, we focused this review specifically on studies
that addressed diagnosed schizophrenia, included a comparison
group without schizophrenia, and examined prenatal infection.
Additional research directions over the past decade may provide
valuable insight related to these associations. In the following sec-
tion, we briefly summarize such categories of research, highlighting
key examples.
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First, some investigations have examined outcomes related to, but
not inclusive of, diagnosed schizophrenia. Studies of such outcomes
may provide information on the specificity of associations, including
that with pre-morbid risk. These include a study which found that pre-
natal maternal antibodies indicating influenza exposure were associ-
ated with bipolar disorder, but only among the cases with psychotic
features, a symptom overlapping with schizophrenia and related non-
affective psychotic disorders (Canetta et al., 2014a). Others have exam-
ined as outcomes factor analysis-derivedmeasures quantifying subjects'
reported positive psychotic experiences (Betts et al., 2014) and
psychotic-like experiences in 11-year olds (Dreier et al., 2018).

Second, studies examining the relationship of prenatal infection ex-
posure to clinical characteristics within schizophrenia cases only
(i.e., without comparison to a control group) can help to identify the
neurocognitive functions involved in the disorderwhichmay be suscep-
tible to developmental disturbance by infection. This may in turn impli-
cate specific brain regions as affected. An example is the finding that
schizophrenia patients who had been exposed to maternal infection
with either influenza or toxoplasmosis had impaired performance on
tasks of executive function relative to non-exposed cases (Brown
et al., 2009).

Third, infections occurring after birth—that is, from infancy through
early adulthood–have been examined in relation to schizophrenia. In
one study, for example, infections (particularly bacterial) occurring
sometime after birth but prior to diagnosis, and resulting in hospital
contact were associated with increased schizophrenia risk in a dose-
response manner (Nielsen et al., 2014). In another study, serologically
determined exposure to Epstein-Barr Virus by age 4 was associated
with a five-fold increased risk of positive psychotic experiences in ado-
lescence (Khandaker et al., 2014). These findings are suggestive of a
“two-hit”model, whereby prenatal infection exposure “primes” the im-
mune system, thereby increasing vulnerability to later postnatal insults
(Giovanoli et al., 2013).

Finally, a number of studies including those from our group (Canetta
et al., 2014b; Ellman et al., 2010) examined prenatalmaternal cytokines,
complement, or C-reactive protein, immune markers or markers of in-
flammation in general that are not specifically diagnostic of infection
(reviewed in (Allswede and Cannon, 2018; Zhang et al., 2018)). This
built on earlier findings by our group and others that higher prenatal
maternal levels of the pro-inflammatory cytokines IL-8 (Brown et al.,
2004b) and TNF-α (Buka et al., 2001b) increased schizophrenia risk. Re-
cent meta-analyses suggest that elevated maternal levels of C-reactive
protein, IL-8 (pro-inflammatory), and IL-10 (anti-inflammatory) are
each associated with increased risk of offspring schizophrenia (Zhang
et al., 2018). Meanwhile findings for other individual cytokines are
more varied. For example, prenatal maternal IL-6 was higher in schizo-
phrenia cases than in controls from the same cohort (Goldstein et al.,
2014), inconsistent with a prior study that did not find this association
(Buka et al., 2001b). One study took the approach of computing com-
posite measures based on cytokine groupings and reported that higher
levels of maternal anti-inflammatory Th2 cytokines (based on IL-4, IL-5,
and IL-13 levels) were associated with lower odds of psychosis in off-
spring (Allswede et al., 2016). Lastly, in a single epidemiologic study ex-
amining the complement system, high maternal levels of the
complement factor C1q were associated with significantly increased
risk of psychotic disorders in the offspring, while the levels correlated
with those of HSV-2 and adenovirus antibodies (Severance et al.,
2014). Studies of thesemarkers provide evidence regarding specific im-
mune systempathways as potentialmechanisms linking prenatal infec-
tion to schizophrenia risk in the offspring.

4.3. Future directions

Building on the work related to known neurodevelopmental te-
ratogens such as prenatal rubella (Brown et al., 2000), examining
population experiences with emerging infections may provide



K. Cheslack-Postava and A.S. Brown Schizophrenia Research xxx (xxxx) xxx
novel insights about the long-term consequences for schizophrenia
risk. In utero infection with Zika virus, which was relatively un-
known until the 2015–2016 epidemic, is associated with congenital
Zika virus syndrome, a severe condition involving complications
such as microcephaly, brain and eye abnormalities, epilepsy, and
motor, vision, and hearing impairments (Pomar et al., 2019). Find-
ings on neurodevelopmental sequelae in offspring prenatally ex-
posed to Zika virus who did not manifest the congenital syndrome,
however, have been mixed. Some (Aguilar Ticona et al., 2021;
Stringer et al., 2021), but not all (Grant et al., 2021) studies have re-
ported developmental delays or deficits prior to age 3. These findings
related to early childhood general neurodevelopmental decrements
related to Zika virus are suggestive given that schizophrenia is also
associated with pre-morbid general cognitive deficits (Sheffield
et al., 2018).

In a U.S. national sample over 8 months of the pandemic in 2020,
1.6% of women hospitalized for childbirth had concurrent COVID-19
(Jering et al., 2021); the proportion affected at any time during preg-
nancy will be larger. Vertical transmission has been estimated to occur
in approximately 3% of cases (Kotlyar et al., 2021) andmaternal and in-
fant complications are reported to be modestly increased among
COVID-19 affected pregnancies (Jering et al., 2021); however, the
long-term implications are still unknown. For both Zika virus and
COVID-19, it will be decades before the long-termoutcomes vis a vis off-
spring schizophrenia can be known. Large prospective birth cohorts
withwell-documented exposure informationwill enable determination
of the impact of prenatal exposure to these infections on the develop-
mental course preceding diagnosis.

Another issue is that most studies of specific infections to date have
considered these infections individually. This may result in exposure
misclassification, biasing results towards the null, if multiple different
infections influence risk via the same pathway. The simultaneous con-
sideration of multiple infections in future studies may be facilitated by
the development of novel low-cost, efficient multiplex assays (i.e.
Brenner et al., 2018).

Ultimately, understanding the role of prenatal infection in the etiol-
ogy of schizophreniawill dependon understanding how exposure to in-
fection interacts with other risk factors and exposures. Aspects of
maternal and infant genetics and physiology may influence the suscep-
tibility to the potential adverse impacts of prenatal infection. For exam-
ple, a study reported that an increased risk of psychosis associated with
maternal infectionwith T. gondii or CMV occurred only among neonates
with low levels of acute phase proteins, a marker of innate immunity
(Blomström et al., 2015). It also may be, as described above as the
“two-hit”model, that multiple exposures over development act in con-
cert, with a prenatal exposure increasing susceptibility to a later insult.
The association of maternal prenatal hospitalization for infection spe-
cific to those with peripubertal trauma exposure (Debost et al., 2017)
may be one example of such a phenomenon. Analyses of studies focus-
ing on combined effects—whether of multiple infections or of infections
and other environmental exposures–should carefully address issues in-
cluding multiple comparisons, correlation between exposures, and the
selection of appropriate models for the relationship of joint exposure
patterns to outcome risk.

Role of the funding source

Funding was provided by 1R01MH082052 and 1R01MH63264 from
the National Institute of Mental Health (NIMH). The funding sources
had no involvement in the study design; in the collection, analysis and
interpretation of data; in the writing of the report; or in the decision
to submit the article for publication.

Declaration of competing interest

None.
7

Acknowledgements
The authors would like to thank Genevieve Falabella for editorial assistance.

References

Aguilar Ticona, J.P., Nery, N., Ladines-Lim, J.B., Gambrah, C., Sacramento, G., de Paula
Freitas, B., Bouzon, J., Oliveira-Filho, J., Borja, A., Adhikarla, H., Montoya, M., Chin, A.,
Wunder, E.A., Ballalai, V., Vieira, C., Belfort, R.P., Almeida, A.R., Reis, M.G., Harris, E.,
Ko, A.I., Costa, F., 2021. Developmental outcomes in children exposed to Zika virus
in utero from a Brazilian urban slum cohort study. PLoS Negl. Trop. Dis. 15,
e0009162. https://doi.org/10.1371/journal.pntd.0009162.

Al-Haddad, B.J.S., Jacobsson, B., Chabra, S., Modzelewska, D., Olson, E.M., Bernier, R.,
Enquobahrie, D.A., Hagberg, H., Östling, S., Rajagopal, L., Adams Waldorf, K.M.,
Sengpiel, V., 2019. Long-term risk of neuropsychiatric disease after exposure to
infection in utero. JAMA Psychiatry 76, 594–602. https://doi.org/10.1001/
jamapsychiatry.2019.0029.

Allswede, D.M., Cannon, T.D., 2018. Prenatal inflammation and risk for schizophrenia: a
role for immune proteins in neurodevelopment. Dev. Psychopathol. 30, 1157–1178.
https://doi.org/10.1017/S0954579418000317.

Allswede, D.M., Buka, S.L., Yolken, R.H., Torrey, E.F., Cannon, T.D., 2016. Elevated maternal
cytokine levels at birth and risk for psychosis in adult offspring. Schizophr. Res. 172,
41–45. https://doi.org/10.1016/j.schres.2016.02.022.

Barr, C.E., Mednick, S.A., Munk Jorgensen, P., 1990. Exposure to influenza epidemics dur-
ing gestation and adult schizophrenia: a 40-year study. Arch. Gen. Psychiatry https://
doi.org/10.1001/archpsyc.1990.01810210077012.

Betts, K.S., Williams, G.M., Najman, J.M., Scott, J., Alati, R., 2014. Maternal prenatal infec-
tion, early susceptibility to illness and adult psychotic experiences: a birth cohort
study. Schizophr. Res. 156, 161–167. https://doi.org/10.1016/j.schres.2014.04.013.

Blomström, Å., Karlsson, H., Wicks, S., Yang, S., Yolken, R.H., Dalman, C., 2012. Mater-
nal antibodies to infectious agents and risk for non-affective psychoses in the
offspring-a matched case-control study. Schizophr. Res. https://doi.org/
10.1016/j.schres.2012.06.035.

Blomström, Gardner R.M., Dalman, C., Yolken, R.H., Karlsson, H., 2015. Influence of mater-
nal infections on neonatal acute phase proteins and their interaction in the develop-
ment of non-affective psychosis. Transl. Psychiatry 5, 1–7. https://doi.org/10.1038/
tp.2014.142.

Blomström, Å., Karlsson, H., Gardner, R., Jörgensen, L., Magnusson, C., Dalman, C., 2016.
Associations between maternal infection during pregnancy, childhood infections,
and the risk of subsequent psychotic disorder - a Swedish cohort study of nearly 2
million individuals. Schizophr. Bull. 42, 125–133. https://doi.org/10.1093/schbul/
sbv112.

Brenner, N., Mentzer, A.J., Butt, J., Michel, A., Prager, K., Brozy, J., Weißbrich, B., Aiello, A.E.,
Meier, H.C.S., Breuer, J., Almond, R., Allen, N., Pawlita, M., Waterboer, T., 2018. Valida-
tion of multiplex serology detecting human herpesviruses 1-5. PLoS One https://doi.
org/10.1371/journal.pone.0209379.

Brown, A.S., Derkits, E.J., 2010. Prenatal infection and schizophrenia: a review of epidemi-
ologic and translational studies. Am. J. Psychiatry https://doi.org/10.1176/appi.
ajp.2009.09030361.

Brown, A.S., Meyer, U., 2018. Maternal immune activation and neuropsychiatric illness: a
translational research perspective. Am. J. Psychiatry 175, 1073–1083. https://doi.org/
10.1176/appi.ajp.2018.17121311.

Brown, A.S., Susser, E.S., 2008. Prenatal nutritional deficiency and risk of adult schizophre-
nia. Schizophr. Bull. 34, 1054–1063. https://doi.org/10.1093/schbul/sbn096.

Brown, A.S., Cohen, P., Greenwald, S., Susser, E., 2000. Nonaffective psychosis after prena-
tal exposure to rubella. Am. J. Psychiatry 157, 438–443. https://doi.org/10.1176/appi.
ajp.157.3.438.

Brown, A.S., Begg, M.D., Gravenstein, S., Schaefer, C.A., Wyatt, R.J., Bresnahan, M., Babulas,
V.P., Susser, E.S., 2004a. Serologic evidence of prenatal influenza in the etiology of
schizophrenia. Arch. Gen. Psychiatry https://doi.org/10.1001/archpsyc.61.8.774.

Brown, A.S., Hooton, J., Schaefer, C.A., Zhang, H., Petkova, E., Babulas, V., Perrin, M.,
Gorman, J.M., Susser, E.S., 2004b. Elevated maternal interleukin-8 levels and risk of
schizophrenia in adult offspring. Am. J. Psychiatry 161, 889–895. https://doi.org/
10.1176/appi.ajp.161.5.889.

Brown, A.S., Schaefer, C.A., Quesenberry, C.P., Liu, L., Babulas, V.P., Susser, E.S., 2005. Ma-
ternal exposure to toxoplasmosis and risk of schizophrenia in adult offspring. Am.
J. Psychiatry https://doi.org/10.1176/appi.ajp.162.4.767.

Brown, A.S., Schaefer, C.A., Quesenberry, C.P., Shen, L., Susser, E.S., 2006. No evidence of
relation between maternal exposure to herpes simplex virus type 2 and risk of
schizophrenia? Am. J. Psychiatry https://doi.org/10.1176/ajp.2006.163.12.2178.

Brown, A.S., Vinogradov, S., Kremen,W.S., Poole, J.H., Deicken, R.F., Penner, J.D., McKeague,
I.W., Kochetkova, A., Kern, D., Schaefer, C.A., 2009. Prenatal exposure to maternal in-
fection and executive dysfunction in adult schizophrenia. Am. J. Psychiatry 166,
683–690. https://doi.org/10.1176/appi.ajp.2008.08010089.

Buka, S.L., Tsuang, M.T., Torrey, E.F., Klebanoff, M.A., Bernstein, D., Yolken, R.H., 2001a. Ma-
ternal infections and subsequent psychosis among offspring. Arch. Gen. Psychiatry
https://doi.org/10.1001/archpsyc.58.11.1032.

Buka, S.L., Tsuang, M.T., Torrey, E.F., Klebanoff, M.A.,Wagner, R.L., Yolken, R.H., 2001b. Ma-
ternal cytokine levels during pregnancy and adult psychosis. Brain Behav. Immun.
https://doi.org/10.1006/brbi.2001.0644.

Buka, S.L., Cannon, T.D., Torrey, E.F., Yolken, R.H., 2008. Maternal exposure to herpes sim-
plex virus and risk of psychosis among adult offspring. Biol. Psychiatry https://doi.
org/10.1016/j.biopsych.2007.09.022.

Canetta, S.E., Bao, Y., Co, M.D.T., Ennis, F.A., Cruz, J., Terajima, M., Shen, L., Kellendonk, C.,
Schaefer, C.A., Brown, A.S., 2014a. Serological documentation of maternal influenza

https://doi.org/10.1371/journal.pntd.0009162
https://doi.org/10.1001/jamapsychiatry.2019.0029
https://doi.org/10.1001/jamapsychiatry.2019.0029
https://doi.org/10.1017/S0954579418000317
https://doi.org/10.1016/j.schres.2016.02.022
https://doi.org/10.1001/archpsyc.1990.01810210077012
https://doi.org/10.1001/archpsyc.1990.01810210077012
https://doi.org/10.1016/j.schres.2014.04.013
https://doi.org/10.1016/j.schres.2012.06.035
https://doi.org/10.1016/j.schres.2012.06.035
https://doi.org/10.1038/tp.2014.142
https://doi.org/10.1038/tp.2014.142
https://doi.org/10.1093/schbul/sbv112
https://doi.org/10.1093/schbul/sbv112
https://doi.org/10.1371/journal.pone.0209379
https://doi.org/10.1371/journal.pone.0209379
https://doi.org/10.1176/appi.ajp.2009.09030361
https://doi.org/10.1176/appi.ajp.2009.09030361
https://doi.org/10.1176/appi.ajp.2018.17121311
https://doi.org/10.1176/appi.ajp.2018.17121311
https://doi.org/10.1093/schbul/sbn096
https://doi.org/10.1176/appi.ajp.157.3.438
https://doi.org/10.1176/appi.ajp.157.3.438
https://doi.org/10.1001/archpsyc.61.8.774
https://doi.org/10.1176/appi.ajp.161.5.889
https://doi.org/10.1176/appi.ajp.161.5.889
https://doi.org/10.1176/appi.ajp.162.4.767
https://doi.org/10.1176/ajp.2006.163.12.2178
https://doi.org/10.1176/appi.ajp.2008.08010089
https://doi.org/10.1001/archpsyc.58.11.1032
https://doi.org/10.1006/brbi.2001.0644
https://doi.org/10.1016/j.biopsych.2007.09.022
https://doi.org/10.1016/j.biopsych.2007.09.022


K. Cheslack-Postava and A.S. Brown Schizophrenia Research xxx (xxxx) xxx
exposure and bipolar disorder in adult offspring. Am. J. Psychiatry 171, 557–563.
https://doi.org/10.1176/appi.ajp.2013.13070943.

Canetta, S., Sourander, A., Surcel, H.M., Hinkka-Yli-Salomäki, S., Leiviskä, J., Kellendonk, C.,
McKeague, I.W., Brown, A.S., 2014b. Elevated maternal C-reactive protein and in-
creased risk of schizophrenia in a national birth cohort. Am. J. Psychiatry https://
doi.org/10.1176/appi.ajp.2014.13121579.

Cannon, M., Cotter, D., Coffey, V.P., Sham, P.C., Takei, N., Larkin, C., Murray, R.M.,
O’Callaghan, E., 1996. Prenatal exposure to the 1957 influenza epidemic and
adult schizophrenia: a follow-up study. Br. J. Psychiatry https://doi.org/
10.1192/bjp.168.3.368.

Charlson, F.J., Ferrari, A.J., Santomauro, D.F., Diminic, S., Stockings, E., Scott, J.G., McGrath,
J.J., Whiteford, H.A., 2018. Global epidemiology and burden of schizophrenia: findings
from the global burden of disease study 2016. Schizophr. Bull. 44, 1195–1203.
https://doi.org/10.1093/schbul/sby058.

Cheslack-Postava, K., Brown, A.S., Chudal, R., Suominen, A., Huttunen, J., Surcel, H.M.,
Sourander, A., 2015. Maternal exposure to sexually transmitted infections and
schizophrenia among offspring. Schizophr. Res. https://doi.org/10.1016/j.
schres.2015.05.012.

Clarke, M.C., Harley, M., Cannon, M., 2006. The role of obstetric events in schizophrenia.
Schizophr. Bull. 32, 3–8. https://doi.org/10.1093/schbul/sbj028.

Crow, T.J., Done, D.J., Johnstone, E.C., Jones, P., Leck, I., Jongbloet, P.H., Pallast, E., Wind, J.,
Lafosse, J.M., Mednick, S.A., O’Callaghan, E., Sham, P., Takei, N., Glover, G., Murray,
R., Lloyd, K., Lewis, G., 1991. Schizophrenia and influenza. Lancet. https://doi.org/
10.1016/0140-6736(91)90109-3.

Debost, J.C.P.G., Larsen, J.T., Munk-Olsen, T., Mortensen, P.B., Meyer, U., Petersen, L., 2017.
Joint effects of exposure to prenatal infection and peripubertal psychological trauma
in schizophrenia. Schizophr. Bull. 43, 171–179. https://doi.org/10.1093/schbul/
sbw083.

Donovan, S.J., Susser, E., 2011. Commentary: advent of sibling designs. Int. J. Epidemiol.
40, 345–349. https://doi.org/10.1093/ije/dyr057.

Dreier, J.W., Berg-Beckhoff, G., Andersen, A.M.N., Susser, E., Nordentoft, M.,
Strandberg-Larsen, K., 2018. Fever and infections during pregnancy and
psychosis-like experiences in the offspring at age 11. A prospective study within
the Danish National Birth Cohort. Psychol. Med. 48, 426–436. https://doi.org/
10.1017/S0033291717001805.

Ellman, L.M., Yolken, R.H., Buka, S.L., Torrey, E.F., Cannon, T.D., 2009. Cognitive functioning
prior to the onset of psychosis: the role of fetal exposure to serologically determined
influenza infection. Biol. Psychiatry 65, 1040–1047. https://doi.org/10.1016/j.
biopsych.2008.12.015.

Ellman, L.M., Deicken, R.F., Vinogradov, S., Kremen, W.S., Poole, J.H., Kern, D.M., Tsai, W.Y.,
Schaefer, C.A., Brown, A.S., 2010. Structural brain alterations in schizophrenia follow-
ing fetal exposure to the inflammatory cytokine interleukin-8. Schizophr. Res.
https://doi.org/10.1016/j.schres.2010.05.014.

Erlenmeyer-Kimling, L., Folnegović, Z., Hrabak-Žerjavić, V., Borčić, B., Folnegović-Šmalc, V.,
Susser, E., 1994. Schizophrenia and prenatal exposure to the 1957 A2 influenza epi-
demic in Croatia. Am. J. Psychiatry https://doi.org/10.1176/ajp.151.10.1496.

Giovanoli, S., Engler, H., Engler, A., Richetto, J., Voget, M., Willi, R., Winter, C., Riva, M.A.,
Mortensen, P.B., Schedlowski, M., Meyer, U., 2013. Stress in puberty unmasks latent
neuropathological consequences of prenatal immune activation in mice. Science
(80-. ) https://doi.org/10.1126/science.1228261.

Goldstein, J.M., Cherkerzian, S., Seidman, L.J., Donatelli, J-A.L., Remington, A.G., Tsuang,
M.T., Hornig, M., Buka, S.L., 2014. Prenatal immune disruption and sex-dependent
risk for psychoses. Psychol. Med. 44, 3249–61. https:// doi: https://doi.org/10.1017/
S0033291714000683.

Grant, R., Fléchelles, O., Tressières, B., Dialo, M., Elenga, N., Mediamolle, N., Mallard, A.,
Hebert, J.C., Lachaume, N., Couchy, E., Hoen, B., Fontanet, A., 2021. In utero Zika
virus exposure and neurodevelopment at 24 months in toddlers normocephalic at
birth: a cohort study. BMC Med. 19, 1–11. https://doi.org/10.1186/s12916-020-
01888-0.

Hilker, R., Helenius, D., Fagerlund, B., Skytthe, A., Christensen, K., Werge, T.M., Nordentoft,
M., Glenthøj, B., 2018. Heritability of schizophrenia and schizophrenia spectrum
based on the Nationwide Danish twin register. Biol. Psychiatry 83, 492–498.
https://doi.org/10.1016/j.biopsych.2017.08.017.

Izumoto, Y., Inoue, S., Yasuda, N., 1999. Schizophrenia and the influenza epidemics of
1957 in Japan. Biol. Psychiatry 46, 119–124. https://doi.org/10.1016/S0006-3223
(98)00359-X.

Jering, K.S., Claggett, B.L., Cunningham, J.W., Rosenthal, N., Vardeny, O., Greene, M.F.,
Solomon, S.D., 2021. Clinical characteristics and outcomes of hospitalizedwomen giv-
ing birth with and without COVID-19. JAMA Intern. Med. 181 (5), 714–717. https://
doi.org/10.1001/jamainternmed.2020.9241.

Kendell, R.E., Kemp, I.W., 1989. Maternal influenza in the etiology of schizophrenia. Arch.
Gen. Psychiatry https://doi.org/10.1001/archpsyc.1989.01810100020004.

Khandaker, G.M., Stochl, J., Zammit, S., Lewis, G., Jones, P.B., 2014. Childhood Epstein-Barr
virus infection and subsequent risk of psychotic experiences in adolescence: a
population-based prospective serological study. Schizophr. Res. 158, 19–24. https://
doi.org/10.1016/j.schres.2014.05.019.

Kotlyar, A.M., Grechukhina, O., Chen, A., Popkhadze, S., Grimshaw, A., Tal, O., Taylor, H.S.,
Tal, R., 2021. Vertical transmission of coronavirus disease 2019: a systematic review
andmeta-analysis. Am. J. Obstet. Gynecol. https://doi.org/10.1016/j.ajog.2020.07.049.

Laursen, T.M., Nordentoft, M., Mortensen, P.B., 2014. Excess early mortality in schizophre-
nia. Annu. Rev. Clin. Psychol. https://doi.org/10.1146/annurev-clinpsy-032813-
153657.

Lee, Y.H., Cherkerzian, S., Seidman, L.J., Papandonatos, G.D., Savitz, D.A., Tsuang, M.T.,
Goldstein, J.M., Buka, S.L., 2020. Maternal bacterial infection during pregnancy and
offspring risk of psychotic disorders: variation by severity of infection and offspring
sex. Am. J. Psychiatry 177, 66–75. https://doi.org/10.1176/appi.ajp.2019.18101206.
8

Limosin, F., Rouillon, F., Payan, C., Cohen, J.M., Strub, N., 2003. Prenatal exposure to influ-
enza as a risk factor for adult schizophrenia. Acta Psychiatr. Scand. 107, 331–335.
https://doi.org/10.1034/j.1600-0447.2003.00052.x.

Lydholm, C.N., Köhler-Forsberg, O., Nordentoft, M., Yolken, R.H., Mortensen, P.B., Petersen,
L., Benros, M.E., 2019. Parental infections before, during, and after pregnancy as risk
factors for mental disorders in childhood and adolescence: a nationwide Danish
study. Biol. Psychiatry 85, 317–325. https://doi.org/10.1016/j.biopsych.2018.09.013.

Malek, A., Sager, R., Kuhn, P., Nicolaides, K.H., Schneider, H., 1996. Evolution of
maternofetal transport of immunoglobulins during human pregnancy. Am.
J. Reprod. Immunol. https://doi.org/10.1111/j.1600-0897.1996.tb00172.x.

McGrath, J., Castle, D., 1995. Does influenza cause schizophrenia? A five year review.
Australas. Psychiatry 29, 23–31. https://doi.org/10.3109/00048679509075888.

McGrath, J., Saha, S., Chant, D., Welham, J., 2008. Schizophrenia: a concise overview of in-
cidence, prevalence, and mortality. Epidemiol. Rev. https://doi.org/10.1093/epirev/
mxn001.

Mednick, S.A., Machon, R.A., Huttunen, M.O., Bonett, D., 1988. Adult schizophrenia follow-
ing prenatal exposure to an influenza epidemic. Arch. Gen. Psychiatry https://doi.org/
10.1001/archpsyc.1988.01800260109013.

Mednick, S., Huttunen, M.O., Machón, R.A., 1994. Prenatal influenza infections and adult
schizophrenia. Schizophr. Bull. 20, 263–267. https://doi.org/10.1093/schbul/20.2.263.

Mino, Y., Oshima, I., Tsuda, T., Okagami, K., 2000. No relationship between schizophrenic
birth and influenza epidemics in Japan. J. Psychiatr. Res. 34, 133–138. https://doi.org/
10.1016/S0022-3956(00)00003-0.

Mohr, P., Rodriguez, M., Bravermanová, A., Melicher, T., Čeplová, Z., Čermák, J., Pečeňák, J.,
2014. Social and functional capacity of schizophrenia patients: a cross-sectional
study. Int. J. Soc. Psychiatry. https://doi.org/10.1177/0020764013489673.

Morgan, V., Castle, D., Page, A., Fazio, S., Gurrin, L., Burton, P., Montgomery, P., Jablensky,
A., 1997. Influenza epidemics and incidence of schizophrenia, affective disorders
and mental retardation in Western Australia: no evidence of a major effect.
Schizophr. Res. 26, 25–39. https://doi.org/10.1016/S0920-9964(97)00033-9.

Mortensen, P.B., Pedersen, C.B., Hougaard, D.M., Nørgaard-Petersen, B., Mors, O., Børglum,
A.D., Yolken, R.H., 2010. A Danish National Birth Cohort study of maternal HSV-2 an-
tibodies as a risk factor for schizophrenia in their offspring. Schizophr. Res. 122,
257–263. https://doi.org/10.1016/j.schres.2010.06.010.

Nielsen, P.R., Benros, M.E., Mortensen, P.B., 2014. Hospital contacts with infection and risk
of schizophrenia: a population-based cohort study with linkage of danish national
registers. Schizophr. Bull. 40, 1526–1532. https://doi.org/10.1093/schbul/sbt200.

Nielsen, P.R., Meyer, U., Mortensen, P.B., 2016. Individual and combined effects of mater-
nal anemia and prenatal infection on risk for schizophrenia in offspring. Schizophr.
Res. 172, 35–40. https://doi.org/10.1016/j.schres.2016.02.025.

O’Callaghan, E., Sham, P.C., Takei, N., Murray, G., Glover, G., Hare, E.H., Murray, R.M., 1994.
The relationship of schizophrenic births to 16 infectious diseases. Br. J. Psychiatry 165,
353–356. https://doi.org/10.1192/bjp.165.3.353.

Pomar, L., Musso, D., Malinger, G., Vouga, M., Panchaud, A., Baud, D., 2019. Zika virus dur-
ing pregnancy: from maternal exposure to congenital Zika virus syndrome. Prenat.
Diagn. 39, 420–430. https://doi.org/10.1002/pd.5446.

Pugliese, V., Bruni, A., Carbone, E.A., Calabrò, G., Cerminara, G., Sampogna, G., Luciano, M.,
Steardo, L., Fiorillo, A., Garcia, C.S., De Fazio, P., 2019. Maternal stress, prenatalmedical
illnesses and obstetric complications: risk factors for schizophrenia spectrum disor-
der, bipolar disorder and major depressive disorder. Psychiatry Res. 271, 23–30.
https://doi.org/10.1016/j.psychres.2018.11.023.

Rapoport, J.L., Giedd, J.N., Gogtay, N., 2012. Neurodevelopmental model of schizophrenia:
update 2012. Mol. Psychiatry https://doi.org/10.1038/mp.2012.23.

Schepanski, S., Buss, C., Hanganu-Opatz, I.L., Arck, P.C., 2018. Prenatal immune and endo-
crine modulators of offspring’s brain development and cognitive functions later in
life. Front. Immunol. 9, 2186. https://doi.org/10.3389/fimmu.2018.02186.

Severance, E.G., Gressitt, K.L., Buka, S.L., Cannon, T.D., Yolken, R.H., 2014. Maternal com-
plement C1q and increased odds for psychosis in adult offspring. Schizophr. Res.
159, 14–19. https://doi.org/10.1016/j.schres.2014.07.053.

Sheffield, J.M., Karcher, N.R., Barch, D.M., 2018. Cognitive deficits in psychotic disorders: a
lifespan perspective. Neuropsychol. Rev. 28, 509–533. https://doi.org/10.1007/
s11065-018-9388-2.

Sørensen, H.J., Mortensen, E.L., Reinisch, J.M., Mednick, S.A., 2009. Association between
prenatal exposure to bacterial infection and risk of schizophrenia. Schizophr. Bull.
35, 631–637. https://doi.org/10.1093/schbul/sbn121.

Stringer, E.M., Martinez, E., Blette, B., Toval Ruiz, C.E., Boivin, M., Zepeda, O., Stringer, J.S.A.,
Morales, M., Ortiz-Pujols, S., Familiar, I., Collins, M., Chavarria, M., Goldman, B.,
Bowman, N., de Silva, A., Westreich, D., Hudgens, M., Becker-Dreps, S., Bucardo, F.,
2021. Neurodevelopmental outcomes of children following in utero exposure to
Zika in Nicaragua. Clin. Infect. Dis. 14–16. https://doi.org/10.1093/cid/ciaa1833.

Suvisaari, J.M., Taxell-Lassas, V., Pankakoski, M., Haukka, J.K., Lönnqvist, J.K., Häkkinen,
L.T., 2013. Obstetric complications as risk factors for schizophrenia spectrum psycho-
ses in offspring of mothers with psychotic disorder. Schizophr. Bull. 39, 1056–1066.
https://doi.org/10.1093/schbul/sbs109.

Takei, N., Van Os, J., Murray, R.M., 1995. Maternal exposure to influenza and risk of schizo-
phrenia: a 22 year study from the Netherlands. J. Psychiatr. Res. 29, 435–445. https://
doi.org/10.1016/0022-3956(95)00031-3.

Takei, N., Mortensen, P.B., Klæning, U., Murray, R.M., Sham, P.C., O’Callaghan, E., Munk-
Jørgensen, P., 1996. Relationship between in utero exposure to influenza epidemics
and risk of schizophrenia in Denmark. Biol. Psychiatry 40, 817–824. https://doi.org/
10.1016/0006-3223(95)00592-7.

Tandon, R., Nasrallah, H.A., Keshavan, M.S., 2009. Schizophrenia, “just the facts” 4.
Clinical features and conceptualization. Schizophr. Res. https://doi.org/
10.1016/j.schres.2009.03.005.

Torrey, E.F., Rawlings, R., Waldman, I.N., 1988. Schizophrenic births and viral diseases in
two states. Schizophr. Res. 1, 73–77. https://doi.org/10.1016/0920-9964(88)90043-6.

https://doi.org/10.1176/appi.ajp.2013.13070943
https://doi.org/10.1176/appi.ajp.2014.13121579
https://doi.org/10.1176/appi.ajp.2014.13121579
https://doi.org/10.1192/bjp.168.3.368
https://doi.org/10.1192/bjp.168.3.368
https://doi.org/10.1093/schbul/sby058
https://doi.org/10.1016/j.schres.2015.05.012
https://doi.org/10.1016/j.schres.2015.05.012
https://doi.org/10.1093/schbul/sbj028
https://doi.org/10.1016/0140-6736(91)90109-3
https://doi.org/10.1016/0140-6736(91)90109-3
https://doi.org/10.1093/schbul/sbw083
https://doi.org/10.1093/schbul/sbw083
https://doi.org/10.1093/ije/dyr057
https://doi.org/10.1017/S0033291717001805
https://doi.org/10.1017/S0033291717001805
https://doi.org/10.1016/j.biopsych.2008.12.015
https://doi.org/10.1016/j.biopsych.2008.12.015
https://doi.org/10.1016/j.schres.2010.05.014
https://doi.org/10.1176/ajp.151.10.1496
https://doi.org/10.1126/science.1228261
https://doi.org/10.1017/S0033291714000683
https://doi.org/10.1017/S0033291714000683
https://doi.org/10.1186/s12916-020-01888-0
https://doi.org/10.1186/s12916-020-01888-0
https://doi.org/10.1016/j.biopsych.2017.08.017
https://doi.org/10.1016/S0006-3223(98)00359-X
https://doi.org/10.1016/S0006-3223(98)00359-X
https://doi.org/10.1001/jamainternmed.2020.9241
https://doi.org/10.1001/jamainternmed.2020.9241
https://doi.org/10.1001/archpsyc.1989.01810100020004
https://doi.org/10.1016/j.schres.2014.05.019
https://doi.org/10.1016/j.schres.2014.05.019
https://doi.org/10.1016/j.ajog.2020.07.049
https://doi.org/10.1146/annurev-clinpsy-032813-153657
https://doi.org/10.1146/annurev-clinpsy-032813-153657
https://doi.org/10.1176/appi.ajp.2019.18101206
https://doi.org/10.1034/j.1600-0447.2003.00052.x
https://doi.org/10.1016/j.biopsych.2018.09.013
https://doi.org/10.1111/j.1600-0897.1996.tb00172.x
https://doi.org/10.3109/00048679509075888
https://doi.org/10.1093/epirev/mxn001
https://doi.org/10.1093/epirev/mxn001
https://doi.org/10.1001/archpsyc.1988.01800260109013
https://doi.org/10.1001/archpsyc.1988.01800260109013
https://doi.org/10.1093/schbul/20.2.263
https://doi.org/10.1016/S0022-3956(00)00003-0
https://doi.org/10.1016/S0022-3956(00)00003-0
https://doi.org/10.1177/0020764013489673
https://doi.org/10.1016/S0920-9964(97)00033-9
https://doi.org/10.1016/j.schres.2010.06.010
https://doi.org/10.1093/schbul/sbt200
https://doi.org/10.1016/j.schres.2016.02.025
https://doi.org/10.1192/bjp.165.3.353
https://doi.org/10.1002/pd.5446
https://doi.org/10.1016/j.psychres.2018.11.023
https://doi.org/10.1038/mp.2012.23
https://doi.org/10.3389/fimmu.2018.02186
https://doi.org/10.1016/j.schres.2014.07.053
https://doi.org/10.1007/s11065-018-9388-2
https://doi.org/10.1007/s11065-018-9388-2
https://doi.org/10.1093/schbul/sbn121
https://doi.org/10.1093/cid/ciaa1833
https://doi.org/10.1093/schbul/sbs109
https://doi.org/10.1016/0022-3956(95)00031-3
https://doi.org/10.1016/0022-3956(95)00031-3
https://doi.org/10.1016/0006-3223(95)00592-7
https://doi.org/10.1016/0006-3223(95)00592-7
https://doi.org/10.1016/j.schres.2009.03.005
https://doi.org/10.1016/j.schres.2009.03.005
https://doi.org/10.1016/0920-9964(88)90043-6


K. Cheslack-Postava and A.S. Brown Schizophrenia Research xxx (xxxx) xxx
Wacholder, S., Hartge, P., Lubin, J.H., Dosemeci, M., 1995. Non-differential misclassifica-
tion and bias towards the null: a clarification. Occup. Environ. Med. https://doi.org/
10.1136/oem.52.8.557.

Westergaard, T., Mortensen, P.B., Pedersen, C.B., Wohlfahrt, J., Melbye, M., 1999. Exposure
to prenatal and childhood infections and the risk of schizophrenia. Arch. Gen. Psychi-
atry 56, 993. https://doi.org/10.1001/archpsyc.56.11.993.

Xiao, J., Buka, S.L., Cannon, T.D., Suzuki, Y., Viscidi, R.P., Torrey, E.F., Yolken, R.H., 2009. Se-
rological pattern consistent with infection with type I Toxoplasma gondii in mothers
9

and risk of psychosis among adult offspring. Microbes Infect. https://doi.org/
10.1016/j.micinf.2009.07.007.

Zhang, J., Luo, W., Huang, P., Peng, L., Huang, Q., 2018. Maternal C-reactive protein and cy-
tokine levels during pregnancy and the risk of selected neuropsychiatric disorders in
offspring: a systematic review and meta-analysis. J. Psychiatr. Res. 105, 86–94.
https://doi.org/10.1016/j.jpsychires.2018.09.002.

https://doi.org/10.1136/oem.52.8.557
https://doi.org/10.1136/oem.52.8.557
https://doi.org/10.1001/archpsyc.56.11.993
https://doi.org/10.1016/j.micinf.2009.07.007
https://doi.org/10.1016/j.micinf.2009.07.007
https://doi.org/10.1016/j.jpsychires.2018.09.002

	Prenatal infection and schizophrenia: A decade of further progress
	1. Introduction
	2. Studies using antibodies for exposure assessment
	2.1. Influenza
	2.2. Toxoplasmosis
	2.3. Herpes simplex virus type 2
	2.4. Other infections

	3. Studies using clinical or records-based exposure assessment
	3.1. National birth cohort studies
	3.2. Prospective cohort studies

	4. Conclusion
	4.1. Summary of findings reviewed above
	4.2. Other relevant lines of evidence
	4.3. Future directions

	Role of the funding source
	Declaration of competing interest
	Acknowledgements
	References




