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Abstract

The Maternal Immune Activation (MIA) hypothesis is a leading model for understanding 

prenatal influences on individual differences in, and clinical syndromes of, neurodevelopment. 

Experimental animal and human research has proliferated in recent years, and there is now 

a sizable research base. Several meta-analyses demonstrate general support for an association 

between prenatal immune activation and neurodevelopment in human research. However, 

questions remain about the nature of the immune activation, the network of underlying 

mechanisms involved, and the breadth of impact across behavioral phenotypes. Complementing 

recent reviews of results, the current review places particular emphasis on how advances 

in understanding mechanisms may be improved with greater attention to addressing the 

methodological variation and limitations of existing studies, and identifies areas for further clinical 

research.
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The Maternal Immune Activation (MIA) hypothesis proposes that activation of the pregnant 

women’s immune system may result in altered neurodevelopment of the fetus. The model 

has an established history in animal and human work; its increased prominence in recent 

years reflects greater appreciation for the role of the immune system in neurodevelopment 
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and the scientific and public health urgency to identify and mollify prenatal conditions 

that may have lasting impact on the child’s brain health. Many reviews and meta-analyses 

of the MIA literature have appeared in recent years(1–6). The review considers some of 

the outstanding questions that arise from the findings, concerning both mechanisms and 

methods. Our focus is on the application of MIA to human neurodevelopment, but recognize 

that MIA hypothesis is relevant beyond neurodevelopment(7) and that reliance on the animal 

work is essential for testing certain features of the model.

How is Maternal Immune Activation defined, and what is the nature of the 

exposure?

The MIA hypothesis offers a framework with wide application of sizable public health 

significance. That is because maternal immune activation may arise from a multitude of 

exposures, from distal markers such as seasonality or ambient pollution; clinical measures of 

immune-responsive features such as psychological stress or psychiatric symptoms; clinical 

measures of physical health such as obesity or autoimmune conditions; pathology reports 

of perinatal conditions such as chorioamnionitis; assessments of maternal infections and 

(febrile) illness; measures of immune markers in maternal circulation(3, 8–11).

Compounding this diversity of type is variation in collection methods. So, for example, 

reports of maternal prenatal illness, one of the most common targets, may derive from 

maternal self-reports or medical records. This difference methodology may lead to disparate 

rates of exposure and prediction of child outcomes. A recent report from the UK millennium 

cohort(12) is one of the very few studies to report both sources of maternal illness in 

relation to child outcomes. The authors found that maternal-reported infection (affecting 

7.4%) was associated with Autism Spectrum Disorder (adjusted OR 1.77) but hospital-

recorded infection (affecting 2.1%) was not (adjusted OR .97). Reliability of infection 

exposure may be improved by identifying a specific illness such as influenza(13–17) or 

urinary tract infection(18), but will miss important potential sources of immune activation. 

Alternatively, including serological evidence may augment reliability and validity of 

infection measures(14), but a summary of this literature was recently critically reviewed(19). 

These observations underscore the value in considering more than a single definition 

or source of illness/infection when testing MIA hypotheses. The UK millennium cohort 

study provides a valuable demonstration that large sample size – over 15,000 participants 

were included – does not inoculate against measurement differences and measurement 

unreliability that may underlie inconsistent results across studies.

The manner in which methods bound mechanism is equally evident when examining 

maternal immune markers. There are at least two methodological matters that bear directly 

on mechanism. One concerns how immune markers such as cytokines are assessed. Most 

studies of the MIA hypothesis examine circulating markers from blood draw. The contrast is 

with stimulated cytokines, where blood samples are exposed to select mitogens or antigens 

in vitro and responses are recorded. Results will vary between circulating and stimulated 

approaches, and there seems to be little connection between the two. Furthermore, rank-

order response among individuals varies across different stimulation conditions. A second 
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matter concerns which immune markers are targeted. The list of markers for assessing 

immune activation is larger and more complex than current research practice indicates. 

That is, the focus is on a very limited list of cytokines that reflect, promote or are 

otherwise involved in an inflammatory response, such as interleukin (IL)-6 and IL-1b 

or the acute phase protein C-reactive protein (CRP). In contrast, cytokines performing 

additional forms of immune activation are rarely assessed, as are immune molecules with 

complementary functions (e.g., angiogenesis) such as growth factors that are important 

for neurodevelopment. There is the further challenge that the function of a cytokine will 

depend on the immediate environment. It is likely unrealistic for human studies to capture 

the ambient cell environments that would determine if, for example, IL-6 functioned in 

a pro- or anti-inflammatory state, but there is solid evidence for this ambiguity(20). A 

further compounding problem is that often an individual marker (often assessed on a single 

occasion) is used as a proxy for a complex and dynamic process that changes over gestation.

The slow but steady shift in the laboratory from high sensitivity ELISAs to multiplex 

platforms may help some of these concerns because they enable a broader coverage 

of immune markers in pregnancy; indeed, many commercially available platforms can 

accommodate several dozen markers. This resolves the problem of reliance on few markers, 

but creates a new one: how to optimize bioinformatics and immunological knowledge 

to model many immune markers with complementary and diverse functions. There is 

as yet no established or replicated method for analyzing multiplex platform results that 

synchronizes both immunology and data science. Accordingly, methodological and data 

analytic refinements, with replications, will be essential for leading this new wave of 

research on maternal immune activation.

There is wide-spread appreciation that prenatal maternal infections that may alter fetal 

brain development extend beyond the classic TORCH agents (Toxoplasma gondii, rubella, 

cytomegalovirus, herpes simplex virus) to include an array of agents associated with 

infection and inflammation as well as potentially inflammatory states associated with 

psychological symptoms or health behaviors. The MIA hypothesis poses major public health 

concerns; this section sought to highlight some challenges for advancing methodology and 

understanding mechanism.

What are the mechanisms implied by maternal immune activation?

A core hypothesis of the MIA model, particularly as applied to influenza, is that it is 

the maternal response to the virus – inflammation – rather than the virus itself that 

is the putative cause of altered brain development in the child. That hypothesis may 

not extend to all exposures because certain viruses, notably Zika(21), cross the placenta 

and may have more direct impact on fetal brain development. The key point is that 

generalizing mechanisms from one viral, bacterial, or parasitic infection to another may 

not be warranted(22).

Nonetheless, much of the focus in MIA research is inflammation, and attention has been 

directed to pro-inflammatory molecules such as IL-6 at each stage of the causal cascade, 

from maternal circulation to placenta activation to the fetal/child brain; that is also the 
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case for many clinical markers of immune activation, including psychological stress and 

obesity(23–29). Given basic research findings showing that inflammatory molecules may 

impair neuronal development, prenatal maternal IL-6 is predicted to be associated with 

poorer cognitive and neurodevelopmental outcomes, as reported in several studies, e.g.,(30); 

however, the opposite effects have been reported for infant cognition(31).

Complementing non-human primate research on prenatal inflammation and offspring 

neurogenesis and brain volume(32–35) are human studies associating maternal prenatal 

concentration of IL-6 and newborn and infant brain imaging in typically developing 

samples, e.g.(30, 31). Another major line of research examines pre- or perinatal infection 

or inflammatory molecules such as IL-1, IL-6, and TNF-alpha with neonatal white 

matter damage(36). One other pro-inflammatory cytokine to feature is IL-17, particularly 

in relation to autism/ASD(37). Prenatal exposure to IL-17 is also notable because of 

the evidence of alterations of IL-17 concentrations in individuals with ASD and other 

neurodevelopmental disorders(38–40). The human mechanism-related studies so far reported 

are not easy to summarize because, e.g., in the case of brain imaging studies, different 

measures of brain imaging reported and existing studies typically rely on small samples. 

An additional limitation of some studies is the focus on the pre-term baby, whose immune 

system is importantly different from a term baby(41). Furthermore, some of this work is 

also based on studies in low- and middle-income countries(42–46) in which nutritional 

deprivation and other confounding exposures may limit generalizability. Finally, studies 

relying on a single marker are limited because immune activation is unlikely to be 

adequately captured by a single marker, and may be a proxy for many kinds of changes 

in immunomodulation and metabolism(47, 48). These studies are, however, beginning to 

translate some of the key animal studies of mechanism.

Alternative mechanisms are attracting attention, as not all cytokines plausibly targeted in 

MIA research operate principally via inflammatory mechanisms. For example, transforming 

growth factor beta 1 (TGF-beta), which is involved in cell growth, proliferation and 

apoptosis, is linked to several clinical conditions such as schizophrenia(49, 50). Cytokines 

involved in angiogenesis (PlGF, VEGf) may also play an important role explaining the 

impact of maternal immune activation. Moreover, the number of studies documenting 

associations between maternal autoimmune disorders in pregnancy with neurodevelopmental 

disorders in the child(3) also argue for a mechanistic focus that is broader than 

inflammation.

Exposure to inflammation in utero is often presumed in studies of the MIA hypothesis, but 

immune activation may also or alternatively be associated with child neurodevelopment 

via multiple indirect pathways. Studies of prenatal maternal obesity offers several 

examples. Associations between maternal prenatal obesity with poor neurodevelopmental 

outcomes(51–54) may come about via inflammation(10, 55, 56) impact on the placenta(55, 

57, 58) and increased perinatal risk(59), as well as via associated pathways, including 

glucocorticoid channels, dietary or metabolic pathways, or the microbiome(60–63). 

Including the causal cascade of exposure is an important direction for future work.
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Several mechanistic questions are yet to be resolved in human studies of the MIA 

hypothesis. One is timing of the exposure. Whereas studies of the MIA in relation 

to schizophrenia suggest 1st or 2nd trimester exposure, no such evidence has yet been 

reported for other phenotypes, such as ADHD. Further research on timing of exposure 

may help clarify mechanism by exposing periods of ontogenetic vulnerability. A related 

matter needing attention is the blood-brain barrier, about little is known in relation to the 

MIA model, especially in humans(64–70). Changes in the blood-brain barrier permeability 

across gestation have obvious consequences for understanding the role of timing of 

exposures and fetal brain development. A further concern is severity. Experimental animal 

evidence implies that fetal/neonatal brain injury may result even where clinical markers of 

prenatal inflammation (from maternal or placental samples) is not clinically significant(71); 

that hastens further clinical research on the continuum of maternal immune activation. 

Also, research on sex differences may reveal hints about mechanism, and are especially 

needed given the differences in prevalence of many conditions associated with MIA. 

Sex differences moderating associations between maternal immune activation and brain 

or behavioral outcomes have been reported(72) and need replication. Furthermore, the 

substantial variability in response to MIA – with some but not others showing adverse 

effects – implies effect moderators, which could take many forms, and could hold clues 

for interventions. Individual differences in response to immune activation also raises the 

prospect of genetic influences; that hypothesis has received limited but nonetheless no 

reliable support so far(73).

One mechanism that we single out for particular attention is the role of the developing 

fetal/child immune system. The hypothesis here is that MIA may confer its effects on 

child neurodevelopment via its influence on the child’s immune system. Several lines of 

evidence suggest that this is plausible. For example, non-human primate models show 

lingering effects of maternal immune activation on the offspring immune system, which may 

underlie brain and behavioral effects(27). More available are studies linking immune system 

function with brain and behavior in children(74). A study of infants in Bangladesh found 

that IL-1b and IL-6 at 6 months were inversely associated with motor development at 24 

months and IL-4 was positively associated with cognitive development at 24 months(75). A 

separate study found that observational measure of fear at 17 months of age was positively 

associated with several cytokines; some (e.g., TNF-alpha) but not others (e.g., IL-10, 

INF-gamma) serve classic proinflammatory functions(76), suggesting that a model broader 

than inflammation may be needed. A case-control study found elevated concentrations of 

IL-8 and IL-1b in cord serum samples in children who later showed delayed cognitive 

ability, although the differences did not maintain after adjusting for confounders(77). Also, 

several reports in premature infants link immune markers collected at birth with individual 

differences in neurodevelopmental outcomes, such as ADHD(78). Associations between 

cytokines or chemokines in amniotic fluid and neurodevelopmental disorder has also 

been reported(79). These studies in diverse samples complement the substantial evidence 

base associating autism/ASD status with concurrently assessed immune markers(80, 81) 

and studies linking immune mechanisms with schizophrenia(82, 83) and suggest greater 

attention in MIA research on the offspring’s developing immune system.
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One compelling target in the fetal/child immune system for this MIA research is microglia, 

resident macrophages of the brain that are referred to as the brain’s resident immune 

system. Microglia are inaccessible (at least not directly so) for human studies, but animal 

studies demonstrate an essential function of microglia on synaptic pruning related to brain 

circuitry(84) and neural plasticity underlying efficient neural circuits(85, 86). Microglia 

also shape early brain development by phagocytosis of cellular debris and neural precursor 

cells(86–88). The inability to access microglia directly in human studies naturally limits this 

line of study, but indirect measures, and possible suggestions for future research, have been 

proposed using positron emission tomography (PET) that assesses radiotracers that bind to 

microglia(89) and models of microglia-like cells(90).

Finally, prenatal influences such as maternal immune activation on the developing T cells 

in the fetal brain requires additional attention. To date, evidence linking T cell and brain 

development are limited to animal studies, which show that CD4+ T cells (that produce, 

in particular, the cytokine IL-4) are a critical factor in normal brain development. In the 

absence of optimal numbers of these T cells, an imbalance between adaptive and innate 

responses ensues, and the subsequent pro-inflammatory skewing of the immune response 

(with higher levels of cytokines including IL-6, TNF-α, IL-1β and IL-17A) can result in 

behavioral deficits and poorer cognition(37, 91, 92). In support of these findings in rodent 

models is the human finding that decrements in adaptive T cell function and increased 

pro-inflammatory immune function is observed in children with Autism spectrum disorders 

(ASD)(93).

Challenges for establishing causal mechanisms

Animal models of the MIA hypothesis, which often rely on polyinosinic-polycytidylic 

acid (Poly (I:C)) and lipopolysaccharide (LPS) to mimic viral and bacterial infections, 

demonstrate the involvement of multiple neuronal mechanisms in the offspring brain such 

as neurogenesis, plasticity, and trafficking; effects on direct immune processes in the brain, 

e.g., involving microglia, are also well advanced. Although there are clearly methodological 

matters to be resolved(94), the evidence base for a causal effect is substantial and 

substantially attributable to the experimental control over the nature and timing of the 

exposure. In contrast, human studies of the MIA hypothesis rely on observational study 

designs which cannot de-confound pre-existing or co-occurring exposures that may impinge 

on or modify MIA effects; neither do they control timing, chronicity or severity of 

immune activation exposure that may be central for determining causal effects. These are 

notable limitations. Strategies for testing and deriving causal claims from observational 

and epidemiological approaches have been proposed(95) and in some cases applied, but 

demonstrating cause remains elusive.

Inferring causal mechanisms from developmental timing effects has been a central feature 

of the MIA hypothesis(96–98), but confirming gestational timing effects in observational 

studies of the MIA hypothesis is a challenge. Even establishing an in utero exposure may 

be complicated; for example, sources of maternal immune activation, such as pre-conception 

trauma(10) or pre-pregnancy obesity(99–101) may pre-date the pregnancy. Documenting in 
utero exposure to maternal immune activation will also require postnatal assessments, as 
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implied by evidence that exposure to maternal immune activation may not stop with birth 

but may carry on via breast milk(102–104).

What is the role of the placenta?

The placenta would have many important roles in an MIA model of fetal brain development 

given its role in transporting nutrients and gases; eliminating waste; transferring or blocking 

the transfer of viruses, immune markers, drugs, and environmental chemicals; altering 

the maternal immune system to prevent rejection; producing steroid and peptide/protein 

hormones. Its role as a source or modulator of prenatal inflammation has been widely 

discussed(105–107); histopathological markers of inflammation in the placenta have been 

well-characterized(108, 109) and associated with brain development in animal(110) and 

human studies(105, 111). Furthermore, clinical conditions considered as possible stand-

ins for immune activation, such as obesity, are associated with compromised placental 

function(58, 112, 113).

Importantly, because the placenta is amenable to detailed interrogation, it is a natural target 

for mechanism-focused research in humans. However, aside from some notable examples, 

such as IL-6 signaling in trophoblasts(26), the role of the placenta is under-developed in 

particularly human research. Ignoring placental mechanisms will mis-specify the nature of 

prenatal influences, including maternal immune activation. Placenta perfusion studies raise 

doubts about transfer of certain cytokines across the placenta(114), but that would not 

rule out other mechanisms by which maternal circulating cytokines might alter placenta 

biology with implications for fetal brain development(115). Moving forward, incorporating 

placental mechanisms in MIA hypothesis testing, from modest efforts such as including 

medical record reports of chorioamnionitis to more intensive assessments that require timely 

collection and processing of placenta tissue, will advance our understanding of the causal 

cascade from maternal immune activation to child brain development.

How do immune activation models address pregnancy-specific immune 

adaptations?

It has been appreciated for some time that pregnancy is an immune-challenged state because 

of adaptations needed to accommodate the semi-allograft (i.e., the fetus) to promote a 

healthy pregnancy and, moreover, that these changes alter the pregnant mother’s response to 

viruses and infectious agents(116). One dominant model of the pregnancy-related immune 

changes was that pregnancy shifts T cell responses from Th1 to Th2(117). That could 

explain a number of clinical observations as well as variation in pregnancy outcomes(118, 

119); that hypothesis also aligns with pregnancy hormone-induced changes as, for example, 

progesterone inhibits short-term IFN-gamma synthesis and T cell differentiation into Th1 

cells(120, 121) and estrogen enhances Th2 responses(122). However, this model is now 

generally regarded as too simple to explain all immune changes in pregnancy, e.g., fetal 

tolerance at the maternal-fetal interface, microchimerism, changes in T cell subsets and 

plasticity and response to fetal antigens(123–126).
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These diverse pregnancy-induced changes set an important context for testing MIA 

hypotheses and suggest a number of applications. One is that immune activation is just 

one of the kinds of pregnancy-induced changed to the maternal immune system that may 

be relevant for understanding individual differences in fetal brain development. A second 

is that immune markers that signal inflammation in the non-pregnant individual may not 

carry the same meaning or have the same effect in a pregnancy individual. That may be 

especially relevant when using inflammatory states in pregnancy as a stand-in for immune 

activation or when seeking to understand the possible links between inflammatory markers 

and other health behaviors and biological markers, such as stress or affective symptoms. A 

third implication concerns timing of exposures and assessment frequency. It is not possible 

to capture a dynamically changing maternal immune system on a single occasion or very 

limited assessment schedule; characterizing a changing system requires multiple measures 

across gestation.

Which aspects of offspring neurodevelopment may be most responsive to 

prenatal immune activation?

A majority of studies of the MIA paradigm consider one of two clinical diagnoses/

syndromes, schizophrenia(14, 16, 127) and autism/ASD(128, 129). Other clinical diagnoses 

and syndromes are much less widely studied, and a small set of studies have associated 

measures of maternal immune activation with individual differences in cognitive abilities 

within the normal range(130–132). A recent meta-analysis(3) also included ADHD and 

Tourette syndrome, with a trend for an association with the former. Other meta-analyses 

have taken a broader approach to assessing the phenotype, but rely on few studies of this 

broader set of phenotypes(11).

A biological model of why MIA would lead to a selective targeting of neurodevelopmental 

(endo)phenotypes is not apparent in most studies or in patterns of results. That may get 

revised with integrated behavior- and brain-based studies. Alternatively, immune activation 

exposure may not be specific to neurodevelopmental mechanisms, brain regions, or clinical 

syndromes. That might result if the effects of immune activation on the developing brain 

are wide-spread and multifaceted. In this context, it is notable that animal studies provide 

a very long list of brain changes induced by maternal immune activation, including 

enlarged ventricles, volumetric and neuronal changes in many parts the brain (dentate 

gyrus, amygdala, prefrontal cortex), altered neuronal trafficking, reduced dendritic spine 

density, reduced synaptic density, altered synaptic pruning, altered cortical organization, 

and possibly increased microglia density and activation(35, 133, 134). Complementing 

these brain changes are many kinds of changes in neurotransmitter systems; GABAergic, 

dopaminergic, glutamatergic, serotonergic, and cholinergic systems have all been identified 

as being altered in animal MIA studies(133). An unavoidable translation of these findings 

is that human research needs to consider a diverse array of neurodevelopmental processes 

rather than a small number of clinical syndromes. Applying the NIMH Research Domain 

Criteria (RDoC) is one model for such work, and is evident in recent studies that associate 

measures of infant and child brain imaging data with prenatal maternal immune activity and 

activation(24, 135).
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A follow-up question is when in development putative effects of maternal immune 

activation on the child would be detected. If, as implied by the experimental animal 

work, maternal immune activation in pregnancy substantially alters many brain regions 

and neurodevelopmental mechanisms, then effects would be detected early on. Studies 

of typically developing and clinical samples of infants and children(24, 135, 136) may 

therefore be especially valuable for assessing the MIA hypothesis and its clinical and public 

health significance.

What are the treatment implications from the MIA findings?

Efforts are underway to translate research findings on prenatal exposures for child health 

outcomes, including many prenatal exposures that may have their impact via maternal 

immune activation. Research findings show that these psychological and health behavior-, 

activity- and yoga-based interventions can be effective for reducing prenatal distress and 

improving prenatal health(137–139). Reliable evidence that these kinds of interventions 

modify maternal immune activation (consequently or independently of the clinical target) is 

not yet available, but provide a starting point for examining if/how altering prenatal maternal 

immune activation may not necessitate the use of anti-inflammatory pharmacology.

The sizable evidence base and clinical guidelines on the use of analgesics and antipyretics 

in pregnancy is another context for understanding the impact of the MIA model. Widespread 

use of these medications means that many observational studies exist on safety and 

efficacy(140, 141). The MIA hypothesis would suggest that deciphering safety data for the 

developing fetus needs to weigh the impact of illness exposure, with which medication 

exposure is inextricably linked. Indeed, some reports of the MIA hypothesis include 

medication not as the exposure but rather as a proxy for maternal immune activation. There 

are parallel difficulties in studies of anti-depression medication in pregnancy on child health 

outcomes.

A further clinical implication is to broaden the assessment and outcome context of immune 

manipulations to include neurodevelopmental assessments. Vaccinations for influenza in 

pregnancy is an example. The flu vaccine, which continues to attract attention for its 

safety in pregnancy(142), may be a valuable preventive interventions for schizophrenia and 

other adverse perinatal and obstetric outcomes that derive from influenza/maternal immune 

activation. Reducing rates of influenza and associated immune activation may benefit many 

forms of neurodevelopment outcomes in children.

Conclusion

The MIA hypothesis for human neurodevelopment has wide public health significance, a 

well-developed set of animal models, several plausible target mechanisms, and empirical 

evidence dating back decades. On the other hand, as recent meta-analyses show, there is 

sizable diversity of what is used as an index of maternal immune activation. A thesis of 

this paper is that the definition of immune activation is currently too restricted within 

each study and too diverse across studies to identify the mechanisms involved. Recently 

published guidelines for promoting rigor and reproducibility for MIA studies in animal 
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was recently proposed(94). Something of the kind may be needed for human studies of 

the MIA hypothesis in order to improve the clarity of the findings, advance understanding 

of mechanisms (and moderators), and offer practical future steps on measurement and 

assessment in clinical studies and, eventually, clinical practice.

Acknowledgements:

Support was provided by NIH UG/UH OD023349, MH097293, MH073019 and the Wynne Center for Family 
Research.

References

1. Estes ML, McAllister AK. Maternal immune activation: Implications for neuropsychiatric disorders. 
Science. 2016; 353(6301): 772–7. [PubMed: 27540164] 

2. Hantsoo L, Kornfield S, Anguera MC, Epperson CN. Inflammation: A Proposed Intermediary 
Between Maternal Stress and Offspring Neuropsychiatric Risk. Biol Psychiatry. 2019; 85(2): 97–
106. [PubMed: 30314641] 

3. Han VX, Patel S, Jones HF, Nielsen TC, Mohammad SS, Hofer MJ, et al. Maternal acute and 
chronic inflammation in pregnancy is associated with common neurodevelopmental disorders: a 
systematic review. Transl Psychiatry. 2021; 11(1): 71. [PubMed: 33479207] 

4. Careaga M, Murai T, Bauman MD. Maternal Immune Activation and Autism Spectrum Disorder: 
From Rodents to Nonhuman and Human Primates. Biol Psychiatry. 2017; 81(5): 391–401. 
[PubMed: 28137374] 

5. Jiang NM, Cowan M, Moonah SN, Petri WA Jr. The Impact of Systemic Inflammation on 
Neurodevelopment. Trends Mol Med. 2018; 24(9): 794–804. [PubMed: 30006148] 

6. Brown AS, Meyer U. Maternal Immune Activation and Neuropsychiatric Illness: A Translational 
Research Perspective. Am J Psychiatry. 2018; 175(11): 1073–83. [PubMed: 30220221] 

7. Goldstein JA, Norris SA, Aronoff DM. DOHaD at the intersection of maternal immune activation 
and maternal metabolic stress: a scoping review. Journal of developmental origins of health and 
disease. 2017; 8(3): 273–83. [PubMed: 28196555] 

8. Torrey EF, Torrey BB, Peterson MR. Seasonality of schizophrenic births in the United States. Arch 
Gen Psychiatry. 1977; 34(9): 1065–70. [PubMed: 901136] 

9. Volk HE, Park B, Hollingue C, Jones KL, Ashwood P, Windham GC, et al. Maternal immune 
response and air pollution exposure during pregnancy: insights from the Early Markers for Autism 
(EMA) study. J Neurodev Disord. 2020; 12(1): 42. [PubMed: 33327930] 

10. Blackmore ER, Moynihan JA, Rubinow DR, Pressman EK, Gilchrist M, O’Connor TG. Psychiatric 
symptoms and proinflammatory cytokines in pregnancy. Psychosomatic medicine. 2011; 73(8): 
656–63. [PubMed: 21949424] 

11. Sanchez CE, Barry C, Sabhlok A, Russell K, Majors A, Kollins SH, et al. Maternal pre-pregnancy 
obesity and child neurodevelopmental outcomes: a meta-analysis. Obes Rev. 2018; 19(4): 464–84. 
[PubMed: 29164765] 

12. Hall HA, Speyer LG, Murray AL, Auyeung B. Prenatal Maternal Infections and Children’s 
Neurodevelopment in the UK Millennium Cohort Study: A Focus on ASD and ADHD. J Atten 
Disord. 2021: 10870547211015422.

13. Parboosing R, Bao Y, Shen L, Schaefer CA, Brown AS. Gestational influenza and bipolar disorder 
in adult offspring. JAMA Psychiatry. 2013; 70(7): 677–85. [PubMed: 23699867] 

14. Brown AS, Begg MD, Gravenstein S, Schaefer CA, Wyatt RJ, Bresnahan M, et al. Serologic 
evidence of prenatal influenza in the etiology of schizophrenia. Archives of general psychiatry. 
2004; 61(8): 774–80. [PubMed: 15289276] 

15. Brown AS, Cohen P, Harkavy-Friedman J, Babulas V, Malaspina D, Gorman JM, et al. A.E. 
Bennett Research Award. Prenatal rubella, premorbid abnormalities, and adult schizophrenia. 
Biological psychiatry. 2001; 49(6): 473–86. [PubMed: 11257233] 

O’Connor and Ciesla Page 10

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



16. Brown AS, Hooton J, Schaefer CA, Zhang H, Petkova E, Babulas V, et al. Elevated maternal 
interleukin-8 levels and risk of schizophrenia in adult offspring. The American journal of 
psychiatry. 2004; 161(5): 889–95. [PubMed: 15121655] 

17. Brown AS, Schaefer CA, Wyatt RJ, Goetz R, Begg MD, Gorman JM, et al. Maternal exposure to 
respiratory infections and adult schizophrenia spectrum disorders: a prospective birth cohort study. 
Schizophrenia bulletin. 2000; 26(2): 287–95. [PubMed: 10885631] 

18. Easter SR, Cantonwine DE, Zera CA, Lim KH, Parry SI, McElrath TF. Urinary tract infection 
during pregnancy, angiogenic factor profiles, and risk of preeclampsia. Am J Obstet Gynecol. 
2016; 214(3): 387 e1–7. [PubMed: 26450405] 

19. Selten JP, Termorshuizen F. The serological evidence for maternal influenza as risk factor for 
psychosis in offspring is insufficient: critical review and meta-analysis. Schizophr Res. 2017; 183: 
2–9. [PubMed: 27856157] 

20. Scheller J, Chalaris A, Schmidt-Arras D, Rose-John S. The pro- and anti-inflammatory 
properties of the cytokine interleukin-6. Biochim Biophys Acta. 2011; 1813(5): 878–88. [PubMed: 
21296109] 

21. Richard AS, Shim BS, Kwon YC, Zhang R, Otsuka Y, Schmitt K, et al. AXL-dependent infection 
of human fetal endothelial cells distinguishes Zika virus from other pathogenic flaviviruses. Proc 
Natl Acad Sci U S A. 2017; 114(8): 2024–9. [PubMed: 28167751] 

22. Adams Waldorf KM, McAdams RM. Influence of infection during pregnancy on fetal 
development. Reproduction. 2013; 146(5): R151–62. [PubMed: 23884862] 

23. Saliba E, Henrot A. Inflammatory mediators and neonatal brain damage. Biol Neonate. 2001; 
79(3-4): 224–7. [PubMed: 11275656] 

24. Rasmussen JM, Graham AM, Gyllenhammer LE, Entringer S, Chow DS, O’Connor TG, et 
al. Neuroanatomical Correlates Underlying the Association Between Maternal Interleukin-6 
Concentration During Pregnancy and Offspring Fluid Reasoning Performance in Early Childhood. 
Biological psychiatry Cognitive neuroscience and neuroimaging. 2021.

25. Yanni D, Korzeniewski SJ, Allred EN, Fichorova RN, O’Shea TM, Kuban K, et al. Both antenatal 
and postnatal inflammation contribute information about the risk of brain damage in extremely 
preterm newborns. Pediatr Res. 2017; 82(4): 691–6. [PubMed: 28549057] 

26. Wu WL, Hsiao EY, Yan Z, Mazmanian SK, Patterson PH. The placental interleukin-6 signaling 
controls fetal brain development and behavior. Brain Behav Immun. 2017; 62: 11–23. [PubMed: 
27838335] 

27. Rose DR, Careaga M, Van de Water J, McAllister K, Bauman MD, Ashwood P. Long-term altered 
immune responses following fetal priming in a non-human primate model of maternal immune 
activation. Brain Behav Immun. 2017; 63: 60–70. [PubMed: 27876552] 

28. Christian LM, Porter K. Longitudinal changes in serum proinflammatory markers across pregnancy 
and postpartum: effects of maternal body mass index. Cytokine. 2014; 70(2): 134–40. [PubMed: 
25082648] 

29. Gumusoglu SB, Fine RS, Murray SJ, Bittle JL, Stevens HE. The role of IL-6 in neurodevelopment 
after prenatal stress. Brain Behav Immun. 2017; 65: 274–83. [PubMed: 28546058] 

30. Rudolph MD, Graham AM, Feczko E, Miranda-Dominguez O, Rasmussen JM, Nardos R, et al. 
Maternal IL-6 during pregnancy can be estimated from newborn brain connectivity and predicts 
future working memory in offspring. Nat Neurosci. 2018; 21(5): 765–72. [PubMed: 29632361] 

31. Spann MN, Monk C, Scheinost D, Peterson BS. Maternal Immune Activation During the Third 
Trimester Is Associated with Neonatal Functional Connectivity of the Salience Network and Fetal 
to Toddler Behavior. J Neurosci. 2018; 38(11): 2877–86. [PubMed: 29487127] 

32. Monje ML, Toda H, Palmer TD. Inflammatory blockade restores adult hippocampal neurogenesis. 
Science. 2003; 302(5651): 1760–5. [PubMed: 14615545] 

33. Kohman RA, Rhodes JS. Neurogenesis, inflammation and behavior. Brain, behavior, and 
immunity. 2013; 27(1): 22–32.

34. Bilbo SD, Levkoff LH, Mahoney JH, Watkins LR, Rudy JW, Maier SF. Neonatal infection induces 
memory impairments following an immune challenge in adulthood. Behavioral neuroscience. 
2005; 119(1): 293–301. [PubMed: 15727533] 

O’Connor and Ciesla Page 11

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Short SJ, Lubach GR, Karasin AI, Olsen CW, Styner M, Knickmeyer RC, et al. Maternal 
Influenza Infection During Pregnancy Impacts Postnatal Brain Development in the Rhesus 
Monkey. Biological psychiatry. 2010; 67(10): 965–73. [PubMed: 20079486] 

36. Dammann O, Leviton A. Maternal intrauterine infection, cytokines, and brain damage in the 
preterm newborn. Pediatr Res. 1997; 42(1): 1–8. [PubMed: 9212029] 

37. Choi GB, Yim YS, Wong H, Kim S, Kim H, Kim SV, et al. The maternal interleukin-17a 
pathway in mice promotes autism-like phenotypes in offspring. Science. 2016; 351(6276): 933–9. 
[PubMed: 26822608] 

38. Akintunde ME, Rose M, Krakowiak P, Heuer L, Ashwood P, Hansen R, et al. Increased production 
of IL-17 in children with autism spectrum disorders and co-morbid asthma. J Neuroimmunol. 
2015; 286: 33–41. [PubMed: 26298322] 

39. Al-Ayadhi LY, Mostafa GA. Elevated serum levels of interleukin-17A in children with autism. J 
Neuroinflammation. 2012; 9: 158. [PubMed: 22748016] 

40. Suzuki K, Matsuzaki H, Iwata K, Kameno Y, Shimmura C, Kawai S, et al. Plasma cytokine profiles 
in subjects with high-functioning autism spectrum disorders. PLoS One. 2011; 6(5): e20470. 
[PubMed: 21647375] 

41. Tissieres P, Ochoda A, Dunn-Siegrist I, Drifte G, Morales M, Pfister R, et al. Innate immune 
deficiency of extremely premature neonates can be reversed by interferon-gamma. PLoS One. 
2012; 7(3): e32863. [PubMed: 22427899] 

42. Collinson AC, Moore SE, Cole TJ, Prentice AM. Birth season and environmental influences 
on patterns of thymic growth in rural Gambian infants. Acta Paediatr. 2003; 92(9): 1014–20. 
[PubMed: 14599061] 

43. Ahmed S, Mahabbat-e Khoda S, Rekha RS, Gardner RM, Ameer SS, Moore S, et al. Arsenic-
associated oxidative stress, inflammation, and immune disruption in human placenta and cord 
blood. Environ Health Perspect. 2011; 119(2): 258–64. [PubMed: 20940111] 

44. Ahmed S, Moore SE, Kippler M, Gardner R, Hawlader MD, Wagatsuma Y, et al. Arsenic exposure 
and cell-mediated immunity in pre-school children in rural Bangladesh. Toxicol Sci. 2014; 141(1): 
166–75. [PubMed: 24924402] 

45. Moore SE, Prentice AM, Wagatsuma Y, Fulford AJ, Collinson AC, Raqib R, et al. Early-life 
nutritional and environmental determinants of thymic size in infants born in rural Bangladesh. 
Acta Paediatr. 2009; 98(7): 1168–75. [PubMed: 19432828] 

46. Raqib R, Alam DS, Sarker P, Ahmad SM, Ara G, Yunus M, et al. Low birth weight is associated 
with altered immune function in rural Bangladeshi children: a birth cohort study. Am J Clin Nutr. 
2007; 85(3): 845–52. [PubMed: 17344508] 

47. Vuolteenaho K, Koskinen A, Kukkonen M, Nieminen R, Paivarinta U, Moilanen T, et al. Leptin 
enhances synthesis of proinflammatory mediators in human osteoarthritic cartilage--mediator role 
of NO in leptin-induced PGE2, IL-6, and IL-8 production. Mediators Inflamm. 2009; 2009: 
345838. [PubMed: 19688109] 

48. Tang CH, Lu DY, Yang RS, Tsai HY, Kao MC, Fu WM, et al. Leptin-induced IL-6 production 
is mediated by leptin receptor, insulin receptor substrate-1, phosphatidylinositol 3-kinase, Akt, 
NF-kappaB, and p300 pathway in microglia. J Immunol. 2007; 179(2): 1292–302. [PubMed: 
17617622] 

49. Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely G, et al. Identification 
of a unique TGF-beta-dependent molecular and functional signature in microglia. Nat Neurosci. 
2014; 17(1): 131–43. [PubMed: 24316888] 

50. Umeda-Yano S, Hashimoto R, Yamamori H, Okada T, Yasuda Y, Ohi K, et al. The regulation 
of gene expression involved in TGF-beta signaling by ZNF804A, a risk gene for schizophrenia. 
Schizophr Res. 2013; 146(1-3): 273–8. [PubMed: 23434502] 

51. Buss C, Entringer S, Davis EP, Hobel CJ, Swanson JM, Wadhwa PD, et al. Impaired Executive 
Function Mediates the Association between Maternal Pre-Pregnancy Body Mass Index and Child 
ADHD Symptoms. PLoS One. 2012; 7(6): e37758. [PubMed: 22719848] 

52. Torres-Espinola FJ, Berglund SK, Garcia-Valdes LM, Segura MT, Jerez A, Campos D, et al. 
Maternal Obesity, Overweight and Gestational Diabetes Affect the Offspring Neurodevelopment 

O’Connor and Ciesla Page 12

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at 6 and 18 Months of Age--A Follow Up from the PREOBE Cohort. PLoS One. 2015; 10(7): 
e0133010. [PubMed: 26208217] 

53. Jo H, Schieve LA, Sharma AJ, Hinkle SN, Li R, Lind JN. Maternal prepregnancy body mass 
index and child psychosocial development at 6 years of age. Pediatrics. 2015; 135(5): e1198–209. 
[PubMed: 25917989] 

54. Hinkle SN, Schieve LA, Stein AD, Swan DW, Ramakrishnan U, Sharma AJ. Associations between 
maternal prepregnancy body mass index and child neurodevelopment at 2 years of age. Int J Obes 
(Lond). 2012; 36(10): 1312–9. [PubMed: 22964791] 

55. Aye IL, Lager S, Ramirez VI, Gaccioli F, Dudley DJ, Jansson T, et al. Increasing maternal body 
mass index is associated with systemic inflammation in the mother and the activation of distinct 
placental inflammatory pathways. Biol Reprod. 2014; 90(6): 129. [PubMed: 24759787] 

56. Schmatz M, Madan J, Marino T, Davis J. Maternal obesity: the interplay between inflammation, 
mother and fetus. J Perinatol. 2010; 30(7): 441–6. [PubMed: 19907427] 

57. Denison FC, Roberts KA, Barr SM, Norman JE. Obesity, pregnancy, inflammation, and vascular 
function. Reproduction. 2010; 140(3): 373–85. [PubMed: 20215337] 

58. Challier JC, Basu S, Bintein T, Minium J, Hotmire K, Catalano PM, et al. Obesity in pregnancy 
stimulates macrophage accumulation and inflammation in the placenta. Placenta. 2008; 29(3): 
274–81. [PubMed: 18262644] 

59. Scott-Pillai R, Spence D, Cardwell CR, Hunter A, Holmes VA. The impact of body mass index on 
maternal and neonatal outcomes: a retrospective study in a UK obstetric population, 2004-2011. 
BJOG. 2013; 120(8): 932–9. [PubMed: 23530609] 

60. Ippoliti F, Canitano N, Businaro R. Stress and obesity as risk factors in cardiovascular diseases: 
a neuroimmune perspective. Journal of neuroimmune pharmacology : the official journal of the 
Society on NeuroImmune Pharmacology. 2013; 8(1): 212–26. [PubMed: 23329173] 

61. Sullivan EL, Grayson B, Takahashi D, Robertson N, Maier A, Bethea CL, et al. Chronic 
consumption of a high-fat diet during pregnancy causes perturbations in the serotonergic system 
and increased anxiety-like behavior in nonhuman primate offspring. The Journal of neuroscience : 
the official journal of the Society for Neuroscience. 2010; 30(10): 3826–30. [PubMed: 20220017] 

62. Tenenbaum-Gavish K, Hod M. Impact of maternal obesity on fetal health. Fetal Diagn Ther. 2013; 
34(1): 1–7. [PubMed: 23774085] 

63. Leddy MA, Power ML, Schulkin J. The impact of maternal obesity on maternal and fetal health. 
Reviews in obstetrics & gynecology. 2008; 1(4): 170–8. [PubMed: 19173021] 

64. Dziegielewska KM, Ek J, Habgood MD, Saunders NR. Development of the choroid plexus. 
Microsc Res Tech. 2001; 52(1): 5–20. [PubMed: 11135444] 

65. Ek CJ, Dziegielewska KM, Habgood MD, Saunders NR. Barriers in the developing brain and 
Neurotoxicology. Neurotoxicology. 2012; 33(3): 586–604. [PubMed: 22198708] 

66. Saunders NR, Ek CJ, Habgood MD, Dziegielewska KM. Barriers in the brain: a renaissance? 
Trends Neurosci. 2008; 31(6): 279–86. [PubMed: 18471905] 

67. Stolp HB, Dziegielewska KM, Ek CJ, Habgood MD, Lane MA, Potter AM, et al. Breakdown 
of the blood-brain barrier to proteins in white matter of the developing brain following systemic 
inflammation. Cell Tissue Res. 2005; 320(3): 369–78. [PubMed: 15846513] 

68. Stolp HB, Ek CJ, Johansson PA, Dziegielewska KM, Potter AM, Habgood MD, et al. Effect of 
minocycline on inflammation-induced damage to the blood-brain barrier and white matter during 
development. Eur J Neurosci. 2007; 26(12): 3465–74. [PubMed: 18088277] 

69. Stolp HB, Johansson PA, Habgood MD, Dziegielewska KM, Saunders NR, Ek CJ. Effects of 
neonatal systemic inflammation on blood-brain barrier permeability and behaviour in juvenile and 
adult rats. Cardiovascular psychiatry and neurology. 2011; 2011: 469046. [PubMed: 21547250] 

70. Reyes TM, Fabry Z, Coe CL. Brain endothelial cell production of a neuroprotective cytokine, 
interleukin-6, in response to noxious stimuli. Brain Res. 1999; 851(1-2): 215–20. [PubMed: 
10642846] 

71. Elovitz MA, Brown AG, Breen K, Anton L, Maubert M, Burd I. Intrauterine inflammation, 
insufficient to induce parturition, still evokes fetal and neonatal brain injury. Int J Dev Neurosci. 
2011; 29(6): 663–71. [PubMed: 21382466] 

O’Connor and Ciesla Page 13

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



72. Mac Giollabhui N, Breen EC, Murphy SK, Maxwell SD, Cohn BA, Krigbaum NY, et al. Maternal 
inflammation during pregnancy and offspring psychiatric symptoms in childhood: Timing and sex 
matter. J Psychiatr Res. 2019; 111: 96–103. [PubMed: 30690329] 

73. Benros ME, Trabjerg BB, Meier S, Mattheisen M, Mortensen PB, Mors O, et al. Influence of 
Polygenic Risk Scores on the Association Between Infections and Schizophrenia. Biol Psychiatry. 
2016; 80(8): 609–16. [PubMed: 27364036] 

74. O’Connor TG, Moynihan JA, Caserta MT. Annual Research Review: The neuroinflammation 
hypothesis for stress and psychopathology in children - developmental psychoneuroimmunology. 
Journal of child psychology and psychiatry, and allied disciplines. 2014; 55(6): 615–31.

75. Jiang NM, Tofail F, Moonah SN, Scharf RJ, Taniuchi M, Ma JZ, et al. Febrile illness and 
pro-inflammatory cytokines are associated with lower neurodevelopmental scores in Bangladeshi 
infants living in poverty. BMC pediatrics. 2014; 14: 50. [PubMed: 24548288] 

76. O’Connor TG, Scheible K, Sefair AV, Gilchrist M, Blackmore ER, Winter MA, et al. Immune and 
neuroendocrine correlates of temperament in infancy. Dev Psychopathol. 2017; 29(5): 1589–600. 
[PubMed: 29162168] 

77. Varner MW, Marshall NE, Rouse DJ, Jablonski KA, Leveno KJ, Reddy UM, et al. The association 
of cord serum cytokines with neurodevelopmental outcomes. Am J Perinatol. 2015; 30(2): 115–22. 
[PubMed: 24936937] 

78. Allred EN, Dammann O, Fichorova RN, Hooper SR, Hunter SJ, Joseph RM, et al. Systemic 
Inflammation during the First Postnatal Month and the Risk of Attention Deficit Hyperactivity 
Disorder Characteristics among 10 year-old Children Born Extremely Preterm. J Neuroimmune 
Pharmacol. 2017; 12(3): 531–43. [PubMed: 28405874] 

79. Abdallah MW, Larsen N, Grove J, Bonefeld-Jorgensen EC, Norgaard-Pedersen B, Hougaard DM, 
et al. Neonatal chemokine levels and risk of autism spectrum disorders: findings from a Danish 
historic birth cohort follow-up study. Cytokine. 2013; 61(2): 370–6. [PubMed: 23267761] 

80. Ashwood P, Enstrom A, Krakowiak P, Hertz-Picciotto I, Hansen RL, Croen LA, et al. Decreased 
transforming growth factor beta1 in autism: a potential link between immune dysregulation and 
impairment in clinical behavioral outcomes. J Neuroimmunol. 2008; 204(1-2): 149–53. [PubMed: 
18762342] 

81. Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Pessah IN, Van de Water J. Altered T cell 
responses in children with autism. Brain, behavior, and immunity. 2011; 25(5): 840–9.

82. Na KS, Jung HY, Kim YK. The role of pro-inflammatory cytokines in the neuroinflammation and 
neurogenesis of schizophrenia. Prog Neuropsychopharmacol Biol Psychiatry. 2014; 48: 277–86. 
[PubMed: 23123365] 

83. Sekar A, Bialas AR, de Rivera H, Davis A, Hammond TR, Kamitaki N, et al. Schizophrenia risk 
from complex variation of complement component 4. Nature. 2016; 530(7589): 177–83. [PubMed: 
26814963] 

84. Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, et al. Synaptic pruning 
by microglia is necessary for normal brain development. Science. 2011; 333(6048): 1456–8. 
[PubMed: 21778362] 

85. Luo L, O’Leary DD. Axon retraction and degeneration in development and disease. Annu Rev 
Neurosci. 2005; 28: 127–56. [PubMed: 16022592] 

86. Bilbo SD. Frank A. Beach award: programming of neuroendocrine function by early-life 
experience: a critical role for the immune system. Hormones and behavior. 2013; 63(5): 684–91. 
[PubMed: 23474365] 

87. Cunningham CL, Martinez-Cerdeno V, Noctor SC. Microglia regulate the number of neural 
precursor cells in the developing cerebral cortex. The Journal of neuroscience : the official journal 
of the Society for Neuroscience. 2013; 33(10): 4216–33. [PubMed: 23467340] 

88. Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS, Nouri N, et al. The classical 
complement cascade mediates CNS synapse elimination. Cell. 2007; 131(6): 1164–78. [PubMed: 
18083105] 

89. Suzuki K, Sugihara G, Ouchi Y, Nakamura K, Futatsubashi M, Takebayashi K, et al. Microglial 
activation in young adults with autism spectrum disorder. JAMA Psychiatry. 2013; 70(1): 49–58. 
[PubMed: 23404112] 

O’Connor and Ciesla Page 14

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



90. Sheridan SD, Thanos JM, De Guzman RM, McCrea LT, Horng JE, Fu T, et al. Umbilical cord 
blood-derived microglia-like cells to model COVID-19 exposure. Transl Psychiatry. 2021; 11(1): 
179. [PubMed: 33741894] 

91. Filiano AJ, Gadani SP, Kipnis J. Interactions of innate and adaptive immunity in brain development 
and function. Brain Res. 2015; 1617: 18–27. [PubMed: 25110235] 

92. Ellwardt E, Walsh JT, Kipnis J, Zipp F. Understanding the Role of T Cells in CNS Homeostasis. 
Trends Immunol. 2016; 37(2): 154–65. [PubMed: 26775912] 

93. Mead J, Ashwood P. Evidence supporting an altered immune response in ASD. Immunol Lett. 
2015; 163(1): 49–55. [PubMed: 25448709] 

94. Kentner AC, Bilbo SD, Brown AS, Hsiao EY, McAllister AK, Meyer U, et al. Maternal immune 
activation: reporting guidelines to improve the rigor, reproducibility, and transparency of the 
model. Neuropsychopharmacology. 2019; 44(2): 245–58. [PubMed: 30188509] 

95. Hill AB. The Environment and Disease: Association or Causation? Proc R Soc Med. 1965; 58: 
295–300. [PubMed: 14283879] 

96. Hulshoff Pol HE, Hoek HW, Susser E, Brown AS, Dingemans A, Schnack HG, et al. Prenatal 
exposure to famine and brain morphology in schizophrenia. The American journal of psychiatry. 
2000; 157(7): 1170–2. [PubMed: 10873931] 

97. Brown AS, van Os J, Driessens C, Hoek HW, Susser ES. Further evidence of relation between 
prenatal famine and major affective disorder. The American journal of psychiatry. 2000; 157(2): 
190–5. [PubMed: 10671386] 

98. Brown AS, Susser ES, Lin SP, Neugebauer R, Gorman JM. Increased risk of affective disorders in 
males after second trimester prenatal exposure to the Dutch hunger winter of 1944-45. The British 
journal of psychiatry : the journal of mental science. 1995; 166(5): 601–6. [PubMed: 7620744] 

99. Huang L, Liu J, Feng L, Chen Y, Zhang J, Wang W. Maternal prepregnancy obesity is associated 
with higher risk of placental pathological lesions. Placenta. 2014; 35(8): 563–9. [PubMed: 
24930988] 

100. Wylie A, Sundaram R, Kus C, Ghassabian A, Yeung EH. Maternal prepregnancy obesity and 
achievement of infant motor developmental milestones in the upstate KIDS study. Obesity (Silver 
Spring). 2015; 23(4): 907–13. [PubMed: 25755075] 

101. Huang L, Yu X, Keim S, Li L, Zhang L, Zhang J. Maternal prepregnancy obesity and child 
neurodevelopment in the Collaborative Perinatal Project. Int J Epidemiol. 2014; 43(3): 783–92. 
[PubMed: 24569381] 

102. Panagos PG, Vishwanathan R, Penfield-Cyr A, Matthan NR, Shivappa N, Wirth MD, et al. 
Breastmilk from obese mothers has pro-inflammatory properties and decreased neuroprotective 
factors. J Perinatol. 2016; 36(4): 284–90. [PubMed: 26741571] 

103. Sims CR, Lipsmeyer ME, Turner DE, Andres A. Human milk composition differs by maternal 
BMI in the first 9 months postpartum. Am J Clin Nutr. 2020; 112(3): 548–57. [PubMed: 
32401302] 

104. Whitaker KM, Marino RC, Haapala JL, Foster L, Smith KD, Teague AM, et al. Associations 
of Maternal Weight Status Before, During, and After Pregnancy with Inflammatory Markers in 
Breast Milk. Obesity (Silver Spring). 2017; 25(12): 2092–9. [PubMed: 28985033] 

105. Chau V, McFadden DE, Poskitt KJ, Miller SP. Chorioamnionitis in the pathogenesis of brain 
injury in preterm infants. Clin Perinatol. 2014; 41(1): 83–103. [PubMed: 24524448] 

106. Freeman JM. Chorioamnionitis, cytokines, and brain injury. Pediatrics. 2003; 112(1 Pt 1): 206–7; 
author reply -7.

107. Patrick LA, Smith GN. Proinflammatory cytokines: a link between chorioamnionitis and fetal 
brain injury. J Obstet Gynaecol Can. 2002; 24(9): 705–9. [PubMed: 12360365] 

108. Katzman PJ. Chronic inflammatory lesions of the placenta. Semin Perinatol. 2015; 39(1): 20–6. 
[PubMed: 25455621] 

109. Kim CJ, Romero R, Chaemsaithong P, Kim JS. Chronic inflammation of the placenta: definition, 
classification, pathogenesis, and clinical significance. Am J Obstet Gynecol. 2015; 213(4 Suppl): 
S53–69. [PubMed: 26428503] 

O’Connor and Ciesla Page 15

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



110. Burd I, Brown A, Gonzalez JM, Chai J, Elovitz MA. A mouse model of term chorioamnionitis: 
unraveling causes of adverse neurological outcomes. Reprod Sci. 2011; 18(9): 900–7. [PubMed: 
21421895] 

111. Chau V, Poskitt KJ, McFadden DE, Bowen-Roberts T, Synnes A, Brant R, et al. Effect of 
chorioamnionitis on brain development and injury in premature newborns. Ann Neurol. 2009; 
66(2): 155–64. [PubMed: 19743455] 

112. Walker CK, Krakowiak P, Baker A, Hansen RL, Ozonoff S, Hertz-Picciotto I. Preeclampsia, 
placental insufficiency, and autism spectrum disorder or developmental delay. JAMA pediatrics. 
2015; 169(2): 154–62. [PubMed: 25485869] 

113. Myatt L, Maloyan A. Obesity and Placental Function. Semin Reprod Med. 2016; 34(1): 42–9. 
[PubMed: 26734917] 

114. Aaltonen R, Heikkinen T, Hakala K, Laine K, Alanen A. Transfer of proinflammatory cytokines 
across term placenta. Obstet Gynecol. 2005; 106(4): 802–7. [PubMed: 16199639] 

115. Bonnin A, Goeden N, Chen K, Wilson ML, King J, Shih JC, et al. A transient placental source of 
serotonin for the fetal forebrain. Nature. 2011; 472(7343): 347–50. [PubMed: 21512572] 

116. Harris JW. Influenza occurring in pregnant women: a statistical study of thirteen hundred and fifty 
cases. JAMA. 1919; 72: 978–80.

117. Wegmann TG, Lin H, Guilbert L, Mosmann TR. Bidirectional cytokine interactions in the 
maternal-fetal relationship: is successful pregnancy a TH2 phenomenon? Immunol Today. 1993; 
14(7): 353–6. [PubMed: 8363725] 

118. Hill JA, Polgar K, Anderson DJ. T-helper 1-type immunity to trophoblast in women with 
recurrent spontaneous abortion. JAMA : the journal of the American Medical Association. 1995; 
273(24): 1933–6. [PubMed: 7783303] 

119. Kalu E, Bhaskaran S, Thum MY, Vishwanatha R, Croucher C, Sherriff E, et al. Serial estimation 
of Th1:th2 cytokines profile in women undergoing in-vitro fertilization-embryo transfer. Am J 
Reprod Immunol. 2008; 59(3): 206–11. [PubMed: 18275514] 

120. Piccinni MP, Giudizi MG, Biagiotti R, Beloni L, Giannarini L, Sampognaro S, et al. Progesterone 
favors the development of human T helper cells producing Th2-type cytokines and promotes 
both IL-4 production and membrane CD30 expression in established Th1 cell clones. J Immunol. 
1995; 155(1): 128–33. [PubMed: 7541410] 

121. Shah NM, Imami N, Johnson MR. Progesterone Modulation of Pregnancy-Related Immune 
Responses. Frontiers in immunology. 2018; 9: 1293. [PubMed: 29973928] 

122. Huber SA, Kupperman J, Newell MK. Hormonal regulation of CD4(+) T-cell responses in 
coxsackievirus B3-induced myocarditis in mice. J Virol. 1999; 73(6): 4689–95. [PubMed: 
10233928] 

123. Aluvihare VR, Kallikourdis M, Betz AG. Regulatory T cells mediate maternal tolerance to the 
fetus. Nat Immunol. 2004; 5(3): 266–71. [PubMed: 14758358] 

124. Erlebacher A Mechanisms of T cell tolerance towards the allogeneic fetus. Nat Rev Immunol. 
2013; 13(1): 23–33. [PubMed: 23237963] 

125. Kraus TA, Engel SM, Sperling RS, Kellerman L, Lo Y, Wallenstein S, et al. Characterizing the 
pregnancy immune phenotype: results of the viral immunity and pregnancy (VIP) study. J Clin 
Immunol. 2012; 32(2): 300–11. [PubMed: 22198680] 

126. Kinder JM, Stelzer IA, Arck PC, Way SS. Immunological implications of pregnancy-induced 
microchimerism. Nat Rev Immunol. 2017; 17(8): 483–94. [PubMed: 28480895] 

127. Brown AS, Susser ES, Lin SP, Gorman JM. Affective disorders in Holland after prenatal exposure 
to the 1957 A2 influenza epidemic. Biological psychiatry. 1995; 38(4): 270–3. [PubMed: 
8547451] 

128. Lyall K, Ames JL, Pearl M, Traglia M, Weiss LA, Windham GC, et al. A profile and review of 
findings from the Early Markers for Autism study: unique contributions from a population-based 
case-control study in California. Mol Autism. 2021; 12(1): 24. [PubMed: 33736683] 

129. Atladottir HO, Henriksen TB, Schendel DE, Parner ET. Autism after infection, febrile episodes, 
and antibiotic use during pregnancy: an exploratory study. Pediatrics. 2012; 130(6): e1447–54. 
[PubMed: 23147969] 

O’Connor and Ciesla Page 16

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



130. Ghassabian A, Albert PS, Hornig M, Yeung E, Cherkerzian S, Goldstein RB, et al. Gestational 
cytokine concentrations and neurocognitive development at 7 years. Transl Psychiatry. 2018; 
8(1): 64. [PubMed: 29531226] 

131. Lee YH, Papandonatos GD, Savitz DA, Heindel WC, Buka SL. Effects of prenatal bacterial 
infection on cognitive performance in early childhood. Paediatr Perinat Epidemiol. 2020; 34(1): 
70–9. [PubMed: 31837043] 

132. O’Connor TG, Cielsa AA, Sefair AV, Thorbnburg LL, Brown AS, Glover V, et al. Maternal 
Prenatal Infection and Anxiety Predict Neurodevelopmental Outcomes in Middle Childhood. 
Journal of Abnormal Psychology. in press.

133. Bergdolt L, Dunaevsky A. Brain changes in a maternal immune activation model of 
neurodevelopmental brain disorders. Prog Neurobiol. 2019; 175: 1–19. [PubMed: 30590095] 

134. Weir RK, Forghany R, Smith SE, Patterson PH, McAllister AK, Schumann CM, et al. Preliminary 
evidence of neuropathology in nonhuman primates prenatally exposed to maternal immune 
activation. Brain Behav Immun. 2015; 48: 139–46. [PubMed: 25816799] 

135. Graham AM, Rasmussen JM, Rudolph MD, Heim CM, Gilmore JH, Styner M, et al. Maternal 
Systemic Interleukin-6 During Pregnancy Is Associated With Newborn Amygdala Phenotypes 
and Subsequent Behavior at 2 Years of Age. Biol Psychiatry. 2018; 83(2): 109–19. [PubMed: 
28754515] 

136. Croen LA, Qian Y, Ashwood P, Zerbo O, Schendel D, Pinto-Martin J, et al. Infection and 
Fever in Pregnancy and Autism Spectrum Disorders: Findings from the Study to Explore Early 
Development. Autism Res. 2019; 12(10): 1551–61. [PubMed: 31317667] 

137. Dimidjian S, Goodman SH, Sherwood NE, Simon GE, Ludman E, Gallop R, et al. A pragmatic 
randomized clinical trial of behavioral activation for depressed pregnant women. J Consult Clin 
Psychol. 2017; 85(1): 26–36. [PubMed: 28045285] 

138. Sanchez-Polan M, Franco E, Silva-Jose C, Gil-Ares J, Perez-Tejero J, Barakat R, et al. Exercise 
During Pregnancy and Prenatal Depression: A Systematic Review and Meta-Analysis. Frontiers 
in physiology. 2021; 12: 640024. [PubMed: 34262468] 

139. Grivell RM, Yelland LN, Deussen A, Crowther CA, Dodd JM. Antenatal dietary and lifestyle 
advice for women who are overweight or obese and the effect on fetal growth and adiposity: the 
LIMIT randomised trial. BJOG. 2016; 123(2): 233–43. [PubMed: 26841216] 

140. Bauer AZ, Kriebel D, Herbert MR, Bornehag CG, Swan SH. Prenatal paracetamol exposure and 
child neurodevelopment: A review. Horm Behav. 2018; 101: 125–47. [PubMed: 29341895] 

141. Dathe K, Fietz AK, Pritchard LW, Padberg S, Hultzsch S, Meixner K, et al. No evidence of 
adverse pregnancy outcome after exposure to ibuprofen in the first trimester - Evaluation of the 
national Embryotox cohort. Reprod Toxicol. 2018; 79: 32–8. [PubMed: 29763655] 

142. Mehrabadi A, Dodds L, MacDonald NE, Top KA, Benchimol EI, Kwong JC, et al. Association 
of Maternal Influenza Vaccination During Pregnancy With Early Childhood Health Outcomes. 
JAMA. 2021; 325(22): 2285–93. [PubMed: 34100870] 

O’Connor and Ciesla Page 17

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	How is Maternal Immune Activation defined, and what is the nature of the exposure?
	What are the mechanisms implied by maternal immune activation?
	Challenges for establishing causal mechanisms
	What is the role of the placenta?

	How do immune activation models address pregnancy-specific immune adaptations?
	Which aspects of offspring neurodevelopment may be most responsive to prenatal immune activation?
	What are the treatment implications from the MIA findings?
	Conclusion
	References

