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Abstract: This review examines the complex interactions between maternal influenza infection, the
immune system, and the neurodevelopment of the offspring. It highlights the importance of high-
quality studies to clarify the association between maternal exposure to the virus and neuropsychiatric
disorders in the offspring. Additionally, it emphasizes that the development of accurate animal
models is vital for studying the impact of infectious diseases during pregnancy and identifying
potential therapeutic targets. By drawing attention to the complex nature of these interactions, this
review underscores the need for ongoing research to improve the understanding and outcomes for
pregnant women and their offspring.
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1. Background

Influenza epidemics and pandemics represent a major health problem worldwide.
Groups at risk for complications from seasonal influenza include certain age groups (per-
sons under 2 and over 65 years), people with chronic diseases (chronic lung disease,
neurological disorders, diabetes), and pregnant women [1]. Influenza infection during the
first trimester of pregnancy has been associated with a 2.0-fold increased risk of any major
malformation, a 3.3-times increased risk of neural tube defects, and a 1.6-times increased
risk of congenital heart defects [2]. It is important to note that a study by Kim Newsome
and colleagues at the National CDC following the 2009 influenza A (H1N1) pandemic
found that severely ill women with 2009 H1N1 influenza during pregnancy were more
likely to experience adverse birth outcomes, such as preterm birth or low birth weight [3].
Influenza A virus (IAV) infection during pregnancy not only leads to serious morbidity
and mortality in pregnant women but also increases the risk of adverse fetal outcomes,
including preterm birth, low birth weight, and even infant mortality [4].

It is indeed true that the mechanisms of the affection of maternal influenza infection on
the fetus have not been thoroughly studied [5]. Some suggestions have been made that the
effects on the fetus and pregnancy outcome may be an indirect result of maternal influenza
infection, such as fever, cytokine, and immune responses [6]. Though viremia in influenza
is thought to be uncommon [7], and placental transmission of the virus is rare [8], mouse
models show that side effects can still occur, even in the absence of fetal virus infection.
Prenatal influenza infection in mice has been associated with histopathological changes in
the brain [9] and behavioral changes [10] in the offspring. Although influenza virus RNA
has not been detected in the fetal brain, these changes suggest that the effects on the fetus
may be secondary to the maternal inflammatory response rather than the result of direct
viral exposure [5,11].

Stephen G. Fung’s et al. systematic review [12] examined the literature regarding
the association between neurological complications in offspring and maternal influenza
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during pregnancy. The authors observed that, currently, there are limited and conflicting
data on this topic. Some studies have suggested a potential association between maternal
exposure to the influenza virus and the risk of developing schizophrenia [13,14], psychosis
or psychosis-like experiences [15,16], mood disorders [17], developmental delays [17],
attention deficit hyperactivity disorder (ADHD) [18], and bipolar disorder/bipolar affective
disorder (with psychotic features) [19]. The results for schizophrenia were highly variable,
and while three of the four studies reporting adjusted estimates were considered to have a
low risk of bias [14,17,20], differences in reported estimates were attributed by the authors
to differences in study methodology.

Several factors have been proposed to impact the severity and extent of potential fetal
brain damage caused by maternal infection, including genetic predisposition, maternal
trimester of illness, severity and duration of infection, and placental inflammation [21].
Recent findings suggest that inflammation resulting from maternal infections such as
influenza may modify transcriptional programs in the placenta, consequently raising the
risk of neurodevelopmental disorders, including schizophrenia, especially in the presence
of a genetic predisposition [22], as well as increasing the severity of ASD symptoms [23].

The significance of genetic predisposition in evaluating the impact of prenatal environ-
mental exposure on psychotic disorders has been underscored by many researchers [24].
A study [25] reported an increased risk of psychosis in the offspring of mothers with ma-
ternal infection during pregnancy in combination with a family history of mental illness.
The influence of inflammatory gene interactions on psychosis-like behavior has also been
reported in animal studies using mice [26,27].

Exposure of the fetus to maternal infection and inflammation during critical periods
of development can lead to changes in brain structure and function [28]. A study using
animal models found that exposure to maternal immune activation in early pregnancy
was associated with changes in brain development mechanisms, leading to long-term
consequences, including ASD; exposure late in pregnancy did not have the same effect [29].

Attention should be paid to viral infection-induced changes in the metabolic pathways
of the maternal body, which can also affect the development of the fetal brain. Infection
with influenza virus during pregnancy has been identified as a risk factor for neurode-
velopmental disorders in the offspring, including the risk of developing schizophrenia,
with the peak effect occurring in the 6th month of intrauterine development in humans
and correlating with serologically proven infection in the mother. Exposure to influenza A
virus during development results in a transient increase in kynurenic acid concentrations,
which can disrupt normal brain development and lead to cognitive impairment later in life.
This may support understanding of how virus-induced changes in tryptophan metabolism
during development may contribute to the onset of schizophrenia-related symptoms later
in life [30].

Animal studies describing the role of maternal immune activation in neuropsychi-
atric illness have found changes in dopaminergic and GABAergic activity in the fetal
brain, which have been similarly confirmed in human studies studying schizophrenia and
ASD [31–36].

It is also worth mentioning a factor that is not considered in a number of studies and
is associated with the course of influenza in humans. Medicines such as analgesics and
anti-inflammatory drugs taken for infections during pregnancy may affect the development
of the fetal nervous system [37]. The authors emphasize the insufficient understanding
of the impact of fever and pain medications on fetal brain development. Although the
use of antipyretic and analgesic medications during pregnancy may influence the mater-
nal immune response and fetal brain development, most studies, including the ADHD
study [18], have not considered the use of medications that could affect fetal brain devel-
opment. However, studies have also reported a relation between fever during pregnancy
and an increased risk of ASD [38,39] and ADHD [40]. Interestingly, it was found to be
independent of adjustments for medication use.
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It is true that despite numerous studies, many molecular biological mechanisms of the
occurrence of neurological complications during influenza infection remain unclear, and
this problem does not lose its relevance. Research into the mechanisms of occurrence of
neurological complications during influenza has been systematized into several areas [37]
(Figure 1):

1. The live virus can directly enter the fetal brain and infect it. Interestingly, various
researchers have obtained conflicting results. One group of researchers confirmed the
presence of the virus in the fetal brain when the influenza virus was administered
intranasally to pregnant mice [41]. Another study showed simultaneously that viral
RNAs are not detectable in fetal mouse brains from infected mothers [11].

2. Chemical mediators of infection may mediate changes in brain development. During
maternal infection, levels of chemical mediators of inflammation, primarily cytokines,
interleukin-1β (IL-1β), IL-6, and tumor necrosis factor-α, increase in the maternal
blood and placenta. Such cytokines can influence fetal brain development by directly
affecting the fetal brain, interfering with placental function, or exerting effects through
the mother. The fever-like state itself, because of the increased release of maternal
cytokines, can affect the development of the fetal nervous system. Studies examining
the risks associated with increased maternal body temperature have shown that
even short-term exposure of pregnant rodents to high temperatures can lead to
abnormalities in the central nervous system [42].

3. Autoimmune conditions: It has been suggested that immunoglobulins against in-
fectious agents may cross-react with and damage fetal brain structures. There is
no evidence yet that such an autoimmune mechanism occurs in schizophrenia, but
the possibility of implementing such a mechanism is indirectly confirmed in some
studies. For example, there is some experimental support for the idea that antibodies
against group A β-hemolytic streptococci may cross-react with the basal ganglia,
leading to cases of Tourette’s syndrome or obsessive-compulsive disorder following
streptococcal throat infection in patients [43].

Figure 1. The possible mechanisms of occurrence of neurological complications during pregnancy in-
fluenza.

Possible mechanisms for the negative impact of influenza virus infection on prenatal
and postnatal processes, which, if disrupted, can lead to an increased risk of developing
schizophrenia or acute psychosis in adulthood, are summarized in a review [44].

2. Fetal Infection

The maternal organism has two types of protective systems to safeguard the fetus:
mechanical and immunological defenses [45].

The evidence has indeed shown that IAV has been isolated from the placenta and
amniotic fluid in both fatal [46,47] and non-fatal cases [48], although direct infection of
the fetus has been rarely reported [49]. Placentitis caused by influenza virus infection is
characterized by hyperplasia and the degeneration of amniotic cells, placental trophoblasts,
decidual cells, and vascular endothelial cells. Viral antigens are also sometimes found in
affected cells and in lymphoid cell infiltrates [50,51]. Additionally, studies have indicated
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that the human decidua provides a more favorable environment for virus replication than
placental tissue. Influenza virus is able to spread from the maternal bloodstream into
the maternal decidua, followed by tissue replication and infection of the fetal chorion
and amnion [52], that could result from a direct cytopathic effect, potentially contributing
to miscarriage associated with influenza virus infection [1]. Viremia resulting from IAV
infection during pregnancy can lead to decidual and placental infections [46,48,53,54]. The
data suggesting that the human decidua is the preferred environment for virus replication
compared to placental tissue, and from there the virus spreads to the fetal membranes,
are confirmed in the referenced studies [52,55]. These processes are likely responsible for
adverse pregnancy outcomes associated with IAV infection [56].

It is true that small animal models (such as mice, ferrets) and pigs have been utilized
in a number of studies to investigate complications associated with IAV during pregnancy.
These experiments provide valuable insights into events early after infection and disease
mechanisms that are challenging to study using materials from infected patients. Pregnant
ferret and pig models may offer additional information about the pathogenicity of the
virus observed in humans, although these models have been used in isolated studies to
date. In general, ferrets and, to a lesser extent, pigs can mimic IAV-mediated respiratory
pathogenesis, similar to that observed in humans [6].

Intranasal inoculation of seasonal H3N2 influenza virus into ferrets during early, mid,
and late pregnancy resulted in viral replication in the respiratory tract comparable to that
previously described for nonpregnant ferrets. However, the virus was not transmitted to
the placenta, umbilical cord, amnion, and chorion of the fetus [57,58]. It is also noteworthy
that the intracardiac inoculation of H3N2 virus resulted in transmission of the virus to the
placenta and fetus, indicating that high-viral-load viremia may be critical for transmission
of the virus to the fetus. It should be noted that, in general, in humans, seasonal influenza
viruses do not cause viremia in nonpregnant women [59].

Intranasal or intratracheal inoculation with porcine H1N2, porcine H3N2, or A(H1N1)pdm09
influenza A virus of young pregnant pigs 85–90 days after insemination did not result in any
clinical signs or gross pathological lesions 7 days after challenge. None of the experimental
animals (n = 5 animals per group) showed signs of viremia or transplacental transmission
of the virus [60,61]. However, another study found transplacental transmission of porcine
H1N1 virus in one in ten pigs [62].

3. The Role of Cytokines

Influenza-induced increases in pro-inflammatory cytokines during pregnancy may al-
ter the formation of critical fetal brain structures, which may play a role in the development
of later neuropsychiatric diseases, as well as increased vulnerability to cerebral palsy and
ASD [12]. Possible mechanisms by which viral infections may lead to autism include direct
teratogenic effects and indirect effects of inflammation or maternal immune activation on
the developing brain [63].

Interleukins (ILs) are a group of cytokines released in response to inflammatory pro-
cesses and are potential candidates for influencing fetal brain development. Cytokines
have the ability to cross the immature blood–brain barrier, and dysregulation of inflam-
matory cytokines such as IL-1, IL-6, and IL-17, as well as immunomodulatory cytokines
like IL-2, has been observed in whole blood samples from patients with ASD, underscoring
the significance of the immune response in the development of ASD [63]. Particularly,
IL-6 is considered an indicator of maternal systemic inflammation, which may impact
placental–fetal interactions and subsequent fetal brain development, thereby increasing the
risk of neuropsychiatric disorders in the offspring [64]. These changes can lead to cognitive
and behavioral deficits by affecting synapse formation and synaptic function in affected
offspring [65]. The disruption of normal synaptic signaling and transmission can alter
the balance of neurotransmitters and the number of excitatory and inhibitory connections
in the developing brain, potentially leading to a wide range of adverse developmental
outcomes [64].
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A study by Ahmad Naqib Shuid et al. [63] indicates that increased levels of IL-6
during pregnancy may have the potential to alter brain architecture, executive function,
and working memory capabilities in newborns. Since inflammatory markers, particularly
IL-6, are expressed throughout the brain, it appears that cytokines can influence normal
growth processes at each stage of fetal brain development.

Furthermore, viral infection can lead to the release of proinflammatory cytokines
and activation of T-helper 17 cells in the maternal circulation [66,67]. Animal models
of maternal immune activation suggest that the maternal inflammatory response may
influence the early programming of various behaviors, including the ability to socialize
and communicate, as well as the regulation of stereotypical behavior [63].

In human embryonic membranes in culture, infection with IAV induces apoptosis and
gene expression of proinflammatory cytokines, such as IL-1β, IL-6, TNF-α, IFN-β, and
-γ, as well as granulocyte-macrophage colony-stimulating factor, which may contribute
in vivo to premature fetal membrane rupture due to the collapse of the amniotic epithelial
cell layer [68]. It is indeed observed that influenza A virus (IAV) affects cultured chorionic
cells from human fetal membrane tissues directly, leading to cytopathic effects such as cell
detachment and rounding, as well as cellular degradation, such as oligonucleosomal DNA
fragmentation and lactate dehydrogenase leakage in chorionic cells, which are character-
istics of cells undergoing apoptosis [56,69]. These effects were not observed in infected,
cultured amnion cells, which may result in persistent infection [56]. The synthesis of spe-
cific viral macromolecules at the early stage of infection plays a crucial role in inducing
apoptosis [70,71]. Therefore, influenza A virus infection of the fetal chorionic membrane
leads to a cellular proinflammatory cytokine response, with corresponding apoptosis [72].

Studies, involving several known inhibitors of cytokine production, suggest that
cellular oxidation processes and peroxisome proliferator-activated receptor MAP kinase
and NFk-B regulate the induction of proinflammatory cytokine gene expression in fetal
membranes during infection [73–75]. This highlights the importance of balanced levels
of pro-inflammatory and anti-inflammatory cytokines in controlling various intrauterine
functions during infectious conditions, including influenza, during pregnancy [55].

In the model of experimentally infected pregnant gilts with swine influenza A virus
strains H1N2, H3N2, and A(H1N1)pdm09, no evidence of transplacental transfer of IAV
was found. At the same time, elevated serum levels of IL-6, IL-10, and TNF-α were
observed. As a result, the authors [61] hypothesized that the main reason for pregnancy
failure is related to the high fever and pro-inflammatory cytokines.

The role of hormones in the immune response to influenza during pregnancy is, indeed,
complex and noteworthy. Progesterone and glucocorticoids, whose levels increase during
pregnancy, may have anti-inflammatory effects [76]. Additionally, elevated progesterone
levels may stimulate the synthesis of progesterone-induced binding factor, which promotes
CD4+ T cell/T-helper type 2 (Th2) differentiation, leading to increased serum concentrations
of Th2 cytokines, including IL-4, -5, and -10 [77–79]. This observed increase in Th2 responses
during pregnancy corresponds to a decrease in Th1 responses both systemically and at
the maternal–fetal interface in animal models as well as in humans [80–85]. Further
investigation is needed to fully understand the direct role of progesterone in disease
susceptibility and severity in the context of influenza infection.

The effect of estrogens on the severity of influenza infection is also complex, as ele-
vated levels administered to nonpregnant mice are protective, while during pregnancy,
they are not [86]. Estrogen appears to have both anti-inflammatory and pro-inflammatory
effects [86,87]. The influenza infection seems to induce a hypoestrogenic state that affects
these sodium channels, reducing alveolar fluid clearance and, thereby, increasing sensi-
bility to pneumonia [88]. As a result, estrogen may influence disease severity through
mechanisms unrelated to modulation of the immune system.
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4. Autoimmune Conditions

During pregnancy, the mother’s immune system undergoes significant changes. Dif-
ferent adaptation processes take place at various stages of pregnancy, involving both the
innate and acquired immune responses. These changes are aimed at enabling the growth
and development of the allogeneic fetus. However, in the event of encountering a pathogen,
such as the influenza virus, the altered immune system may produce an inadequate re-
sponse, potentially leading to complications in fetal development. The consequences of
this scenario may depend on several factors, including the duration of pregnancy and the
level of pre-pregnancy immunity [1].

Neuronal autoimmunity caused by infection may be involved in some acute psychoses,
and it also plays a role in maternal transmission. The transfer of pathogenic antibodies
from mother to fetus has long been considered a potential mechanism for the development
of autism spectrum disorder and, to a lesser extent, schizophrenia [89]. While this concept
is not formally part of the maternal immune activation model, recent experiments in
animal models have made some progress in recapitulating neurodevelopmental phenotypes
in immunization paradigms where maternal antibodies are transferred to the offspring,
resulting in neuropathological and behavioral abnormalities [90–92]. Additionally, a study
by Coutinho et al. [91] found that antibodies to the NMDA receptor (NMDAR) were
more common in mothers of children with neurodevelopmental disorders who themselves
subsequently developed psychosis.

A recent animal study demonstrated that the transfer of recombinant NMDAR NR1
antibodies from mother to fetus at levels that did not affect the behavior of the pregnant
mother resulted in impaired neurodevelopmental reflexes, decreased anxiety, motor hyper-
activity, and impaired sensorimotor gating. The latter two characteristics were considered
to have psychosis-like phenotypes [93].

The absence of a role for the virus’ external antigens in the development of neurode-
generative changes through the production of autoantibodies is indirectly supported by
extensive research on the impact of vaccinating pregnant women on autism spectrum
disorders in their children [94]. The study demonstrates no association between mater-
nal vaccination during pregnancy and the occurrence of such disorders. However, it is
important to note that the study does not specify the types of vaccines (live, inactivated,
or subunit) administered to pregnant women. Moreover, it is unlikely that proteins from
neurotropic strains were used as the basis for the vaccine.

5. Features of the Course of Neurotropic Influenza in Animal Models

The studies by Fatemi et al. [95] highlight the importance of using a model of pre-
natal viral infection and detecting changes depending on the timing of infection to study
neurodevelopmental disorders of the offspring, particularly autism and schizophrenia.
Their research demonstrated that infection of pregnant mice with a mouse-adapted human
influenza virus (A/NWS/33 H1N1) on embryonic days 7, 9, 16, and 18 (E7, E9, E16, and
E18, respectively) resulted in abnormal brain gene expression, altered brain structure, neu-
rochemical changes, and behavioral disturbances in the offspring of exposed mice. These
findings are consistent with several biochemical, structural, and behavioral brain measures
observed in patients with schizophrenia or autism.

The microarray analyses conducted in the study by Fatemi et al. revealed changes in
gene expression that depended on the timing of prenatal viral infection. In Balb/c mice
infected at E9, significant changes were observed in 205 genes at postnatal day 35 (P35) and
50 genes at P56 in the cerebellum of the offspring of exposed mice compared with controls.
There was also a more pronounced effect of prenatal viral infection on cerebellar gene
expression at E16 in C57BL/6J mice, with 98 genes at P0, 219 at P14, and 653 at P56 showing
altered expression. Infection at E18 resulted in changes in 157 genes at P0, 16 genes at P14,
and 96 genes at P56. Similar patterns of changes in gene expression were also observed in
the prefrontal cortex and hippocampus of the offspring of exposed mice [95].



Curr. Issues Mol. Biol. 2024, 46 361

To understand the potential impact of influenza virus exposure on offspring brain
development and function, as well as the potential future development of schizophrenia.
two models (short- and long-term maternal exposure to a neurotropic strain of influenza A
virus) were used [96]. The pregnant mice were challenged with influenza A/WSN/33 virus
on 14 and 17 days of pregnancy. Viral RNA was found in fetuses’ brain three days after
birth. Interestingly, depending on the dose, fetuses could not demonstrate any symptoms
of disease and survived or died early [41]. The expression of gene studies performed on
the 90th postnatal day showed the elevated level of several genes (encoding RING protein
ring 1B, neuroleukin, and fibroblast growth factor 5). These results suggest that maternal
infection may cause changes in gene expression in the brain that appear only when the
offspring reaches early adulthood. Although the mice were tested in learning and memory
tasks in which the hippocampus plays an important role, no differences were found.

Several studies [9,10,97] demonstrated that influenza virus infection using the NWSN/33
strain on day 9 of pregnancy can lead to behavioral disturbances and neurochemical
dysregulation during puberty in exposed offspring. However, it is important to note that
the virus strain used by Fatemi and colleagues did not enter the brain but caused severe
disease behavior in pregnant mice. In contrast, the study by Simret Beraki et al. [96] found
that virus-infected mice did not show any obvious signs of disease, such as weight loss,
and influenza infection had no negative effect on offspring size.

Moreover, similar behavioral deficits were observed with injections of the synthetic
cytokine-releasing polyI:C in other studies, suggesting that the behavioral effects on the
offspring are believed to be caused by the maternal inflammatory response rather than by
the virus itself [10,96].

6. Other Factors

A study [98] also explored vascular disorders linked to inflammation, including those
that can lead to elevated blood pressure during viral infections. Additionally, it references
research indicating that elevated blood pressure during pregnancy, unrelated to viral
infection, is also associated with an increased risk of schizophrenia, depression, and anxiety
in offspring.

Similar to other viruses, like Zika virus and cytomegalovirus, in the case of influenza
A, the activation of proinflammatory cytokines (IL-6, IL-1b, TNF-a, and IFN-b) in the
mother can induce neuroinflammation in the fetus. The expression of these factors can be
triggered, in part, by the human leukocyte antigen DRB14. Additionally, hypoxia likely
plays a role in neurodegeneration, as increased expression of hypoxic-inducible factor-1a
(HIF-1a) is observed during inflammation. Moreover, maternal viral infection has been
shown to lead to a reduction in the volume of the prefrontal, frontal, cingulate, insular,
parietal, and temporo-auditory cortices in some cases, which can result in disturbances in
exploratory behavior and social interaction in adulthood [99].

In a study [100] using a mouse model, it was demonstrated that moderately pathogenic
influenza A during pregnancy results in inflammation in the placenta but does not impact
the fetal brain. In cases of moderate disease, the role of IL-17A, which can modulate
the inflammatory response and indirectly regulate the composition and function of the
maternal microbiome in the intestine, is not significant, unlike in severe disease.

When studying animal models of neurodegeneration in offspring, it is important to
consider factors that are sometimes overlooked, such as the interaction of pathogens and
models of pathogens with components of the microbiome in the model animals [101].

A meta-analysis [102] examined research on neurodegeneration in offspring resulting
from respiratory infections in mothers during pregnancy. According to the analysis, the
authors propose that environmental conditions have a greater influence on neurodevel-
opment than the course of respiratory viral infections during pregnancy. However, they
acknowledge potential abnormalities in early motor, behavioral, and socio-emotional areas
in the presence of maternal infection during pregnancy and emphasize the need for more
high-quality studies in the literature to draw definitive conclusions.
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7. Prospects

Influenza infection during pregnancy presents a complex and clinically important
issue. Understanding the mechanisms of interaction between the mother, the virus, and the
immune system, at both systemic and local levels, is crucial for enhancing prevention and
treatment strategies and warrants further investigation [1]. It is important not to overlook
the identification and examination of the influence of other factors on the development
of pregnancy complications, including those of a neuropsychiatric nature, for which high-
quality epidemiological studies are necessary [12].

The development of better animal models to more accurately replicate the morbidity
and mortality observed in human infections is crucial for advancing the study of the impact
of infectious diseases during human pregnancy. Using animal, including gene-specific,
models, researchers can better understand the role of genetic variation during influenza
infection, particularly by identifying key polymorphisms, and this also helps identify at-risk
groups and new targets for therapeutic interventions and vaccines [1,103]. As a result,
research in this area is of growing interest and holds significant promise for advancing our
understanding of the effects of infectious diseases during pregnancy.

In terms of future studies, investigating the relationship between infection and innate
and adaptive immune responses in schizophrenia using animal models and large-scale
serological studies in patients at different stages of the disease will be beneficial. Standard-
ized and more sensitive testing technologies, including improved non-invasive methods,
are required to assess central neuroinflammation in humans and animals [104,105]. Addi-
tionally, the development of next-generation genetic, immunological, and bioinformatics
technologies may shed light on the relationship between influenza and psychosis [44].

It is evident that numerous factors can influence the development of neurological
complications in offspring due to maternal influenza infection. Primarily, this effect is
directly caused by the pathogen and the mother’s immune response to the infection. It is
important to consider that pregnant women comprise a special group with limited options
for therapeutic drug use. The establishment of appropriate models to study the mechanisms
of neurological complications resulting from influenza in offspring will likely lead to the
identification of potential therapeutic targets to mitigate the risk of complications. However,
currently, the only way to protect both the mother and her offspring from illness and serious
complications is through influenza vaccination, which is also permitted during pregnancy.

Author Contributions: Writing—original draft preparation, M.E., V.E. and Y.Z.; writing—review and
editing, V.E. and Y.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Higher Education of the Russian
Federation (state task No. FSEG-2023-0014).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Raj, R.S.; Bonney, E.A.; Phillippe, M. Influenza, Immune System, and Pregnancy. Reprod. Sci. 2014, 21, 1434–1451. [CrossRef]

[PubMed]
2. Ehrenstein, V.; Kristensen, N.R.; Monz, B.U.; Clinch, B.; Kenwright, A.; Sørensen, H.T. Oseltamivir in Pregnancy and Birth

Outcomes. BMC Infect. Dis. 2018, 18, 519. [CrossRef] [PubMed]
3. Newsome, K.; Alverson, C.J.; Williams, J.; McIntyre, A.F.; Fine, A.D.; Wasserman, C.; Lofy, K.H.; Acosta, M.; Louie, J.K.;

Jones-Vessey, K.; et al. Outcomes of Infants Born to Women with Influenza A(H1N1)Pdm09. Birth Defects Res. 2019, 111, 88–95.
[CrossRef] [PubMed]

4. Liong, S.; Miles, M.A.; Mohsenipour, M.; Liong, F.; Hill-Yardin, E.L.; Selemidis, S. Influenza A Virus Infection during Pregnancy
Causes Immunological Changes in Gut-Associated Lymphoid Tissues of Offspring Mice. Am. J. Physiol.-Gastrointest. Liver Physiol.
2023, 325, G230–G238. [CrossRef] [PubMed]

5. Silasi, M.; Cardenas, I.; Kwon, J.; Racicot, K.; Aldo, P.; Mor, G. Viral Infections During Pregnancy. Am. J. Reprod. Immunol. 2015, 73,
199–213. [CrossRef]

6. Van Riel, D.; Mittrücker, H.-W.; Engels, G.; Klingel, K.; Markert, U.R.; Gabriel, G. Influenza Pathogenicity during Pregnancy in
Women and Animal Models. Semin. Immunopathol. 2016, 38, 719–726. [CrossRef]

7. Zou, S. Potential Impact of Pandemic Influenza on Blood Safety and Availability. Transfus. Med. Rev. 2006, 20, 181–189. [CrossRef]

https://doi.org/10.1177/1933719114537720
https://www.ncbi.nlm.nih.gov/pubmed/24899469
https://doi.org/10.1186/s12879-018-3423-z
https://www.ncbi.nlm.nih.gov/pubmed/30326840
https://doi.org/10.1002/bdr2.1445
https://www.ncbi.nlm.nih.gov/pubmed/30623611
https://doi.org/10.1152/ajpgi.00062.2023
https://www.ncbi.nlm.nih.gov/pubmed/37431584
https://doi.org/10.1111/aji.12355
https://doi.org/10.1007/s00281-016-0580-2
https://doi.org/10.1016/j.tmrv.2006.03.001


Curr. Issues Mol. Biol. 2024, 46 363

8. Irving, W.L.; James, D.K.; Stephenson, T.; Laing, P.; Jameson, C.; Oxford, J.S.; Chakraverty, P.; Brown, D.W.G.; Boon, A.C.M.;
Zambon, M.C. Influenza Virus Infection in the Second and Third Trimesters of Pregnancy: A Clinical and Seroepidemiological
Study. BJOG Int. J. Obstet. Gynaecol. 2000, 107, 1282–1289. [CrossRef]

9. Fatemi, S.H.; Earle, J.; Kanodia, R.; Kist, D.; Emamian, E.S.; Patterson, P.H.; Shi, L.; Sidwell, R. Prenatal Viral Infection Leads
to Pyramidal Cell Atrophy and Macrocephaly in Adulthood: Implications for Genesis of Autism and Schizophrenia. Cell. Mol.
Neurobiol. 2002, 22, 25–33. [CrossRef]

10. Shi, L.; Fatemi, S.H.; Sidwell, R.W.; Patterson, P.H. Maternal Influenza Infection Causes Marked Behavioral and Pharmacological
Changes in the Offspring. J. Neurosci. 2003, 23, 297–302. [CrossRef]

11. Shi, L.; Tu, N.; Patterson, P.H. Maternal Influenza Infection Is Likely to Alter Fetal Brain Development Indirectly: The Virus Is Not
Detected in the Fetus. Int. J. Dev. Neurosci. 2005, 23, 299–305. [CrossRef] [PubMed]

12. Fung, S.G.; Fakhraei, R.; Condran, G.; Regan, A.K.; Dimanlig-Cruz, S.; Ricci, C.; Foo, D.; Sarna, M.; Török, E.; Fell, D.B.
Neuropsychiatric Outcomes in Offspring after Fetal Exposure to Maternal Influenza Infection during Pregnancy: A Systematic
Review. Reprod. Toxicol. 2022, 113, 155–169. [CrossRef] [PubMed]

13. Alvarez-Mon, M.A.; Guillen-Aguinaga, S.; Pereira-Sanchez, V.; Onambele, L.; Al-Rahamneh, M.J.; Brugos-Larumbe, A.; Guillen-
Grima, F.; Ortuño, F. Being Born in Winter–Spring and at Around the Time of an Influenza Pandemic Are Risk Factors for the
Development of Schizophrenia: The Apna Study in Navarre, Spain. J. Clin. Med. 2021, 10, 2859. [CrossRef] [PubMed]

14. Byrne, M.; Agerbo, E.; Bennedsen, B.; Eaton, W.W.; Mortensen, P.B. Obstetric Conditions and Risk of First Admission with
Schizophrenia: A Danish National Register Based Study. Schizophr. Res. 2007, 97, 51–59. [CrossRef] [PubMed]

15. Dreier, J.W.; Berg-Beckhoff, G.; Andersen, A.M.N.; Susser, E.; Nordentoft, M.; Strandberg-Larsen, K. 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. 2018, 48, 426–436. [CrossRef] [PubMed]

16. Zammit, S.; Odd, D.; Horwood, J.; Thompson, A.; Thomas, K.; Menezes, P.; Gunnell, D.; Hollis, C.; Wolke, D.; Lewis, G.; et al.
Investigating Whether Adverse Prenatal and Perinatal Events Are Associated with Non-Clinical Psychotic Symptoms at Age 12
Years in the ALSPAC Birth Cohort. Psychol. Med. 2009, 39, 1457–1467. [CrossRef] [PubMed]

17. Morgan, V.; Castle, D.; Page, A.; Fazio, S.; Gurrin, L.; Burton, P.; Montgomery, P.; Jablensky, A. Influenza Epidemics and Incidence
of Schizophrenia, Affective Disorders and Mental Retardation in Western Australia: No Evidence of a Major Effect. Schizophr. Res.
1997, 26, 25–39. [CrossRef] [PubMed]

18. Pineda, D.A.; Palacio, L.G.; Puerta, I.C.; Merchán, V.; Arango, C.P.; Galvis, A.Y.; Gómez, M.; Aguirre, D.C.; Lopera, F.; Arcos-
Burgos, M. Environmental Influences That Affect Attention Deficit/Hyperactivity Disorder. Eur. Child. Adolesc. Psychiatry 2007,
16, 337–346. [CrossRef]

19. 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.
Serological Documentation of Maternal Influenza Exposure and Bipolar Disorder in Adult Offspring. Am. J. Psychiatry 2014, 171,
557–563. [CrossRef]

20. Ellman, L.M.; Yolken, R.H.; Buka, S.L.; Torrey, E.F.; Cannon, T.D. Cognitive Functioning Prior to the Onset of Psychosis: The Role
of Fetal Exposure to Serologically Determined Influenza Infection. Biol. Psychiatry 2009, 65, 1040–1047. [CrossRef]

21. Al-Haddad, B.J.S.; Oler, E.; Armistead, B.; Elsayed, N.A.; Weinberger, D.R.; Bernier, R.; Burd, I.; Kapur, R.; Jacobsson, B.; Wang, C.;
et al. The Fetal Origins of Mental Illness. Am. J. Obs. Gynecol. 2019, 221, 549–562. [CrossRef] [PubMed]

22. Ursini, G.; Punzi, G.; Chen, Q.; Marenco, S.; Robinson, J.F.; Porcelli, A.; Hamilton, E.G.; Mitjans, M.; Maddalena, G.; Begemann,
M.; et al. Convergence of Placenta Biology and Genetic Risk for Schizophrenia. Nat. Med. 2018, 24, 792–801. [CrossRef] [PubMed]

23. Clarke, M.C.; Tanskanen, A.; Huttunen, M.; Whittaker, J.C.; Cannon, M. Evidence for an Interaction Between Familial Liability
and Prenatal Exposure to Infection in the Causation of Schizophrenia. Am. J. Psychiatry 2009, 166, 1025–1030. [CrossRef] [PubMed]

24. Blomström, Å.; Karlsson, H.; Gardner, R.; Jörgensen, L.; Magnusson, C.; Dalman, C. 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. 2015, 42, sbv112. [CrossRef] [PubMed]

25. Abazyan, B.; Nomura, J.; Kannan, G.; Ishizuka, K.; Tamashiro, K.L.; Nucifora, F.; Pogorelov, V.; Ladenheim, B.; Yang, C.; Krasnova,
I.N.; et al. Prenatal Interaction of Mutant DISC1 and Immune Activation Produces Adult Psychopathology. Biol. Psychiatry 2010,
68, 1172–1181. [CrossRef] [PubMed]

26. Lipina, T.V.; Zai, C.; Hlousek, D.; Roder, J.C.; Wong, A.H.C. Maternal Immune Activation during Gestation Interacts with Disc1
Point Mutation to Exacerbate Schizophrenia-Related Behaviors in Mice. J. Neurosci. 2013, 33, 7654–7666. [CrossRef] [PubMed]

27. Mazina, V.; Gerdts, J.; Trinh, S.; Ankenman, K.; Ward, T.; Dennis, M.Y.; Girirajan, S.; Eichler, E.E.; Bernier, R. Epigenetics of
Autism-Related Impairment. J. Dev. Behav. Pediatr. 2015, 36, 61–67. [CrossRef] [PubMed]

28. Cordeiro, C.N.; Tsimis, M.; Burd, I. Infections and Brain Development. Obs. Gynecol. Surv. 2015, 70, 644–655. [CrossRef]
29. Guma, E.; Bordignon, P.d.C.; Devenyi, G.A.; Gallino, D.; Anastassiadis, C.; Cvetkovska, V.; Barry, A.D.; Snook, E.; Germann,

J.; Greenwood, C.M.T.; et al. Early or Late Gestational Exposure to Maternal Immune Activation Alters Neurodevelopmental
Trajectories in Mice: An Integrated Neuroimaging, Behavioral, and Transcriptional Study. Biol. Psychiatry 2021, 90, 328–341.
[CrossRef]

30. Janoutová, J.; Janácková, P.; Serý, O.; Zeman, T.; Ambroz, P.; Kovalová, M.; Varechová, K.; Hosák, L.; Jirík, V.; Janout, V.
Epidemiology and Risk Factors of Schizophrenia. Neuro Endocrinol. Lett. 2016, 37, 1–8.

https://doi.org/10.1111/j.1471-0528.2000.tb11621.x
https://doi.org/10.1023/A:1015337611258
https://doi.org/10.1523/JNEUROSCI.23-01-00297.2003
https://doi.org/10.1016/j.ijdevneu.2004.05.005
https://www.ncbi.nlm.nih.gov/pubmed/15749254
https://doi.org/10.1016/j.reprotox.2022.09.002
https://www.ncbi.nlm.nih.gov/pubmed/36100136
https://doi.org/10.3390/jcm10132859
https://www.ncbi.nlm.nih.gov/pubmed/34203208
https://doi.org/10.1016/j.schres.2007.07.018
https://www.ncbi.nlm.nih.gov/pubmed/17764905
https://doi.org/10.1017/S0033291717001805
https://www.ncbi.nlm.nih.gov/pubmed/28735583
https://doi.org/10.1017/S0033291708005126
https://www.ncbi.nlm.nih.gov/pubmed/19215630
https://doi.org/10.1016/S0920-9964(97)00033-9
https://www.ncbi.nlm.nih.gov/pubmed/9376335
https://doi.org/10.1007/s00787-007-0605-4
https://doi.org/10.1176/appi.ajp.2013.13070943
https://doi.org/10.1016/j.biopsych.2008.12.015
https://doi.org/10.1016/j.ajog.2019.06.013
https://www.ncbi.nlm.nih.gov/pubmed/31207234
https://doi.org/10.1038/s41591-018-0021-y
https://www.ncbi.nlm.nih.gov/pubmed/29808008
https://doi.org/10.1176/appi.ajp.2009.08010031
https://www.ncbi.nlm.nih.gov/pubmed/19487391
https://doi.org/10.1093/schbul/sbv112
https://www.ncbi.nlm.nih.gov/pubmed/26303935
https://doi.org/10.1016/j.biopsych.2010.09.022
https://www.ncbi.nlm.nih.gov/pubmed/21130225
https://doi.org/10.1523/JNEUROSCI.0091-13.2013
https://www.ncbi.nlm.nih.gov/pubmed/23637159
https://doi.org/10.1097/DBP.0000000000000126
https://www.ncbi.nlm.nih.gov/pubmed/25629966
https://doi.org/10.1097/OGX.0000000000000236
https://doi.org/10.1016/j.biopsych.2021.03.017


Curr. Issues Mol. Biol. 2024, 46 364

31. Bitanihirwe, B.K.; Peleg-Raibstein, D.; Mouttet, F.; Feldon, J.; Meyer, U. Late Prenatal Immune Activation in Mice Leads to
Behavioral and Neurochemical Abnormalities Relevant to the Negative Symptoms of Schizophrenia. Neuropsychopharmacology
2010, 35, 2462–2478. [CrossRef] [PubMed]

32. Knuesel, I.; Chicha, L.; Britschgi, M.; Schobel, S.A.; Bodmer, M.; Hellings, J.A.; Toovey, S.; Prinssen, E.P. Maternal Immune
Activation and Abnormal Brain Development across CNS Disorders. Nat. Rev. Neurol. 2014, 10, 643–660. [CrossRef] [PubMed]

33. Ozawa, K.; Hashimoto, K.; Kishimoto, T.; Shimizu, E.; Ishikura, H.; Iyo, M. Immune Activation During Pregnancy in Mice
Leads to Dopaminergic Hyperfunction and Cognitive Impairment in the Offspring: A Neurodevelopmental Animal Model of
Schizophrenia. Biol. Psychiatry 2006, 59, 546–554. [CrossRef] [PubMed]

34. Reisinger, S.; Khan, D.; Kong, E.; Berger, A.; Pollak, A.; Pollak, D.D. The Poly(I:C)-Induced Maternal Immune Activation Model in
Preclinical Neuropsychiatric Drug Discovery. Pharmacol. Ther. 2015, 149, 213–226. [CrossRef] [PubMed]

35. Vuillermot, S.; Joodmardi, E.; Perlmann, T.; Ove Ögren, S.; Feldon, J.; Meyer, U. Prenatal Immune Activation Interacts with
Genetic Nurr1 Deficiency in the Development of Attentional Impairments. J. Neurosci. 2012, 32, 436–451. [CrossRef] [PubMed]

36. Zuckerman, L.; Rehavi, M.; Nachman, R.; Weiner, I. Immune Activation During Pregnancy in Rats Leads to a PostPubertal
Emergence of Disrupted Latent Inhibition, Dopaminergic Hyperfunction, and Altered Limbic Morphology in the Offspring: A
Novel Neurodevelopmental Model of Schizophrenia. Neuropsychopharmacology 2003, 28, 1778–1789. [CrossRef] [PubMed]

37. Boksa, P. Maternal Infection during Pregnancy and Schizophrenia. J. Psychiatry Neurosci. 2008, 33, 183–185.
38. Brucato, M.; Ladd-Acosta, C.; Li, M.; Caruso, D.; Hong, X.; Kaczaniuk, J.; Stuart, E.A.; Fallin, M.D.; Wang, X. Prenatal Exposure to

Fever Is Associated with Autism Spectrum Disorder in the Boston Birth Cohort. Autism Res. 2017, 10, 1878–1890. [CrossRef]
39. Hornig, M.; Bresnahan, M.A.; Che, X.; Schultz, A.F.; Ukaigwe, J.E.; Eddy, M.L.; Hirtz, D.; Gunnes, N.; Lie, K.K.; Magnus, P.; et al.

Prenatal Fever and Autism Risk. Mol. Psychiatry 2018, 23, 759–766. [CrossRef]
40. Gustavson, K.; Ask, H.; Ystrom, E.; Stoltenberg, C.; Lipkin, W.I.; Surén, P.; Håberg, S.E.; Magnus, P.; Knudsen, G.P.; Eilertsen, E.;

et al. Maternal Fever during Pregnancy and Offspring Attention Deficit Hyperactivity Disorder. Sci. Rep. 2019, 9, 9519. [CrossRef]
41. Aronsson, F.; Lannebo, C.; Paucar, M.; Brask, J.; Kristensson, K.; Karlsson, H. Persistence of Viral RNA in the Brain of Offspring to

Mice Infected with Influenza A/WSN/33 Virus during Pregnancy. J. Neurovirol. 2002, 8, 353–357. [CrossRef] [PubMed]
42. Khan, V.R.; Brown, I.R. The Effect of Hyperthermia on the Induction of Cell Death in Brain, Testis, and Thymus of the Adult and

Developing Rat. Cell Stress. Chaperones 2002, 7, 73. [CrossRef] [PubMed]
43. Korf, J.; Anderson, G.M.; Hoekstra, P.J.; Limburg, P.C.; Kallenberg, C.G.M.; Minderaa, R.B. Neurobiology and Neuroimmunology

of Tourette’s Syndrome: An Update. Cell. Mol. Life Sci. 2004, 61, 886–898. [CrossRef] [PubMed]
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