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Abstract

Experimental animal and adult human data suggest that stress exposure is associated with

alterations in immune system function that may underlie increased susceptibility to disease and

behavioral disorders. The implications of these data for child psychology and psychiatry are not

yet clear. The current review seeks to distil and translate the relevant animal and adult human

work to children in order to advance a developmental model of psychoneuroimmunology. In

addition to reviewing key specific findings, we consider biological/conceptual models and

technical aspects of psychoneuroimmunology work in pediatric populations, and outline the

rationales and advantages of integrating hypotheses concerning neuroinflammation in

developmental studies of psychopathology.
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Introduction

The notion that stress may be bad for children’s health is not new. A half-century ago,

Meyer & Haggerty (Meyer, 1962) showed a dose-response pattern between stress in the

family and streptococcal infection in the child. Nevertheless, many decades on, we are still

far from understanding how robust the links are between stress and immunity, by what

mechanisms stress disrupts the developing immune system in the child, and how these

mechanisms may alter brain and behavioral development in childhood. That is in contrast to

a wealth of compiled research findings in these areas in animals and, to a lesser extent, in

adults. The current research review considers what is known about stress exposure and

immunity and behavioral development and psychopathology in children. We review basic

biology, and consider explanatory models, candidate mechanisms, practical issues

concerning existing and future studies, and the near- and medium-term clinical implications

of research findings.
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This review is organized in the following manner. We first provide several arguments for the

importance of neuroimmunology for child psychology and psychiatry. Our aim is to raise

the awareness of the relevance of immunology for normal and pathological development and

to inspire interest in this area. Second, we offer a primer on immune function; the aim here

is to provide a brief introduction to key concepts and molecules that will be needed to

interpret the concepts and findings that follow. It would not be reasonable to attempt a

comprehensive review (and there remains important unknowns in this area in any event),

and so some degree of simplifying is inevitable. The third section focuses on

psychoneuroimmunology (PNI), a paradigm that links basic immunological mechanisms to

brain and psychological and social factors, such as stress. It is in this section that we offer

mini-reviews of research on immune dysregulation in specific mental disorders, and

highlight some of the leading alternative developmental models for mechanisms linking

psychosocial experiences such as stress to immune function, brain, and behavioral health. In

the fourth section we focus on specific mechanisms by which stress exposure and stress

physiology – factors now common in studies of child behavioral health – alter immune

function. Stress and stress physiology receive particular attention because they provide a

natural bridge from current research approaches into studies of the developing immune

system. Fifth, we raise some methodological questions and comments that we derive from

published research, with attention to research strategy as well as, in a more limited way,

technical issues. The sixth and final section seeks to translate research findings and

questions to clinical problems and settings. Although we are some distance from immune-

targeted treatments for child mental disorders, there are clear benefits of seeking to integrate

neuroinflammation hypotheses in children's mental health, and some of these are

highlighted.

For practical reasons such as space, there are some areas that do not get substantial exposure

in this review. For example, we do not focus much attention on genetic factors and

epigenetic mechanisms of immune function, an area that is sizable and growing (see, for

example, Lim, Li, Holloway, & Rao, 2013). We do note, however, that studies

demonstrating the role of early social experiences such as caregiving on epigenetic changes

in the brain have now been extended to immune markers such as T cells (Provencal et al.,

2012). Also noteworthy in this regard is genetic evidence suggesting that genes associated

with immune function may influence depression and treatment response (Bufalino, Hepgul,

Aguglia, & Pariante, 2013). Additionally, it is naturally important to consider psycho-

biological and immune mechanisms within a broader evolutionary framework. We refer

readers to other treatments of this issue, including the ‘infection-defense hypothesis’

(Anders, Tanaka, & Kinney, 2013), which offers one example of how connections between

immune function and mental disorders may have evolutionary significance.

The relevance of immunology and neuroinflammation hypotheses for child

mental health

We begin with an account of why those working the area of child mental health would

consider immune function. One reason is that immunological hypotheses offer important

and compelling alternative explanations for the etiology of behavioral and
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neurodevelopmental disorders within psychology and psychiatry. The Maternal Immune

Activation (MIA) hypothesis for schizophrenia and neurodevelopmental disorders,

exemplified by influenza during pregnancy, is a well-known example (A. S. Brown, Begg,

et al., 2004; A. S. Brown, Hooton, et al., 2004; A. S. Brown, Susser, Lin, & Gorman, 1995).

For example, Brown et al. (A. S. Brown, Begg, et al., 2004) reported in their case control

study that 25% of cases diagnosed with schizophrenia spectrum disorder had mothers

exposed to influenza in the first trimester of pregnancy based on an index of antibody titer,

compared with 11% in controls. Other evidence, including data from in vitro and animal

studies (Bilbo et al., 2005; Kohman & Rhodes, 2013; Monje, Toda, & Palmer, 2003) and

non-human primate models (Short et al., 2010), shows that immunological activation in the

prenatal or early postnatal period predicts brain volume and neurogenesis that may underlie

behavioral and psychological outcomes. Similarly, favored biological mechanisms for

childhood psychopathology, such as the hypothalamic-pituitary-adrenal (HPA) axis and

sympathetic nervous system, are intricately and bi-directionally linked with the immune

system (see below). Still other developmental indicators that attract attention in

developmental psychopathology, such as sleep (Dahl & Lewin, 2002), are linked with and

confounded by immune system function. This short but diverse set of examples illustrates

how pervasive immune factors are likely to be in understanding causes or effects in child

mental health. Failing to consider immunological mechanisms may lead to mis-specifying

etiological models, with consequent problems for assessment and treatment.

Second, there is now a substantial body of adult human work – alongside extensive animal

work – on the links between psychological well-being and immunity that need translation to

pediatric samples. Specifically, we need to consider if, as is shown in adults, inflammation is

reliably linked with affective symptoms and may account for some of the attendant adverse

health risks attributed to psychopathology, such as cardiovascular disease. We return to this

issue in section 3.1. Engaging in research of this type could have sizable benefits for

improving the psychological and somatic health of the child, and further improve the public

health standing of child mental health in the broader debates on health and healthcare.

Third, as accepted concepts such as the biopsychosocial medical model (Engel, 1977) and

psychoneuroimmunology (Ader, Cohen, & Felten, 1995) make clear, disciplinary

distinctions for understanding and improving health are artificial. Considering immune

system responses alongside behavioral response to stress in children is merely recognizing

biological realities of how the body operates. Fourth, there may be valuable treatment

implications for understanding immune system function in childhood psychological and

psychiatric disorders. If, for example, parenting interventions reduce stress exposure and

behavioral symptoms of the child (Scott & Dadds, 2009), then it is natural to wonder (based

on adult work) if there are consequent improvements to be expected in inflammatory

markers that may signal long-term benefits on metabolic, cardiovascular and immune

function. A recent study (Brotman et al., 2012) showing that conventional parenting

interventions (which did not target eating) predicted lower BMI in at-risk children several

years later is interesting in this regard because BMI is one of the more notable risks for

metabolic and cardiovascular disease in adulthood, and obesity is a robust cause of

inflammation.
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Fifth, expertise in child development and behavior is needed to advance the ongoing

research on stress and immune function. Research findings reviewed below demonstrate that

one or other measure of immune function is associated with socio-economic status, but these

findings do not provide clear direction for mechanistic or intervention research. That is

because socio economic status is not a particularly useful risk index because it is too

encompassing to identify mechanisms; neither is it a plausible intervention target. Work in

this area needs behavioral development and clinical expertise to assist in identifying specific

risk factors that mediate the social class effect on health, and to identify targets for

intervention. Robust sources of stress for children, such as parenting and family conflict, are

natural candidates to link with specific measures of immune function in children; these

studies are now needed.

Brief primer on the immune system and neuroimmunology

We avoid a detailed review of the immune system, but offer a primer on key ideas to help

build an organizational framework for collating the findings reviewed.

The human immune system is a well-orchestrated network of tissues, cells, and molecules

dispersed throughout the body and charged with protecting the host from foreign invasion.

Although often conceptually divided into innate and adaptive arms, they share similarities,

and there is distinct cross-talk and interplay between the two complementary systems. For

example, both the innate and adaptive systems execute three main functions: detecting

threat, responding with appropriate effector functions, and regulating the ensuing response.

Unique to the adaptive system is the generation of protective immune memory responses

that can be quickly activated upon subsequent encounters with specific pathogens (Chaplin,

2006).

The innate immune system is the host’s first line of defense and consists of several cell types

that detect invaders by means of non-specific pattern recognition receptors (Kollmann,

Levy, Montgomery, & Goriely, 2012). Macrophages, dendritic cells, neutrophils, and

epithelial cells are members of this group. Recognition triggers the production of effector

molecules, including reactive oxygen species, as well as the release of chemokines and

cytokines, both proinflammatory and immunosuppressive, that recruit cells and shape the

ensuing response. Antigen presenting cells (APC), such as dendritic cells, are activated, take

up antigen for processing, and travel to local lymphoid organs where they interact with T

cells and B cells of the adaptive immune system to initiate an antigen specific response

(Figure 1). CD4+ T helper cells (Th) are generated and differentiate into four main types,

Th1, Th2, Th17, and T regulatory cells based upon the cytokine milieu and the presence of

co-stimulatory molecules on the APCs (Miossec, Korn, & Kuchroo, 2009). Antigen specific

B cells and CD8+ T cells are also stimulated during this process in the secondary lymphoid

organs.

Interleukin(IL)-12 and interferon-γ (IFN-γ) produced by the innate system direct

development along the Type 1 axis, and the CD4+ Th1 response is dominated by the

production of interferon-γ (IFN-γ) and interleukin(IL)-2. These cytokines function to

activate macrophages and antigen specific cytotoxic CD8+ T lymphocytes to destroy host
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cells infected with intracellular pathogens (Chaplin, 2006). Type 2 responses are generated

when IL-4 is the predominant cytokine present and CD4+ Th2 cells participate in humoral,

anti-parasitic, and allergic responses. The presence of transforming growth factor beta

(TGF-β), IL-6, IL-21 and IL-23 induce the differentiation of CD4+ Th17 cells which direct

a strong proinflammatory response predominated by neutrophil activation that functions in

the elimination of extracellular pathogens (Miossec, et al., 2009). CD4+ Th17 cells are also

thought to play a role in inflammatory disorders and autoimmunity. In addition to these three

types of effector cells, CD4+ T cells exposed to TGF-β can also be induced to differentiate

into T regulatory cells with immunosuppressive and anti-inflammatory properties. B

lymphocytes are an additional component of the adaptive immune system and a critical

participant in the humoral response directed against extracellular pathogens. Through

cytokine influences and interactions with APCs and T cells in secondary lymphoid organs, B

cells develop into antibody secreting plasmablasts that travel to the bone marrow where they

complete their differentiation into long-lived plasma cells responsible for prolonged

antibody production (Chevrier et al., 2009; Pihlgren et al., 2006).

There are normative developmental changes in the immune system which may have

relevance for studying stress and potential developmental changes in the impact of stress on

the immune system. Changes in the immune response with age are best detected at the

extremes, with the newborn immune system notable for having several distinct differences

from that of older children and adults. Although innate pathogen detection via pattern

recognition receptors is intact in newborn cells, cytokine secretion is characterized by

decreased production of type 1 interferons and IL-12, with relative increased production of

the immunosuppressive cytokine IL-10. These differences are thought to underlie the well-

described CD4+ Th2 bias characteristic of the infant adaptive immune response (Lee et al.,

2008). Additionally, newborns and infants have robust Th17 responses compared to adults

but decreased production of the proinflammatory cytokines TNF-α and IL-1β (Kollmann, et

al., 2012; PrabhuDas et al., 2011). The antibody response of newborns and infants is also

notable for having a longer lead-time with a shorter maintained in the bone marrow

(Pihlgren, et al., 2006).

Older adults, by contrast, appear to have alterations in the relative frequencies of pattern

recognition receptors as well as decreased innate effector functions. These changes are

accompanied by elevated levels of the pro-inflammatory cytokines IL-6 and TNF-α,

referred to as “inflammaging”(Kollmann, et al., 2012). Additionally, later adulthood is

notable for the process of immune-senescence characterized by the accumulation of

terminally differentiated memory T cells combined with a paucity of naïve T cells able to

respond to new threats (Bauer et al., 2013). There is also a relative shift from Type 1 to Type

2 responses and diminished cell mediated immunity (Bauer, et al., 2013). Immuno-

senescence markers are linked with normal aging and it has been suggested that this process

may be hastened in stress-exposed individuals.

In contrast to developmental changes into old age, less is known about normative changes in

the immune system from childhood through young adulthood, and how these changes may

modulate the stress-sensitivity of the immune system. Nonetheless, significant windows of

vulnerability to immune system perturbations from prenatal life through adolescence have
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emerged, with evidence pointing to clinically relevant long-term responses from early

exposures (Dietert et al., 2000; Kollmann, et al., 2012). For example, recent work from our

lab indicates that prenatal maternal anxiety may alter adaptive immune function in the infant

(O'Connor et al., 2013), and data from other fields demonstrate that nutrition, environmental

exposures to drugs and chemicals, and exposures to microbes exert substantial effects on

immune system development from conception through early childhood (Dietert, DeWitt,

Germolec, & Zelikoff, 2010; Marques, O'Connor, Roth, Susser, & Bjorke-Monsen, 2013). A

further period of vulnerability is postulated from early childhood through adolescence when

immune memory is being established, although evidence of this is inconclusive.

Psychoneuroimmunology

Knowledge of some of the basic building blocks of the immune system now need to be

placed in the context of neural development and in a psychological context.

Psychoneuroimmunology (PNI), broadly defined as the study of the linkages between

psychological processes, the nervous system, and the immune system, formally emerged in

the mid-1970’s with the seminal work of Ader and Cohen (Ader & Cohen, 1975). A key

observation undergirding the basis of PNI was that changes in immune function could be

behaviorally conditioned in a manner analogous to the classical conditioning studies of

Pavlov and his canine subjects. In this early study, rats were exposed to the novel taste of

saccharin (the conditioned stimulus or CS) and then injected with the immunosuppressive

drug cyclophosphamide (the unconditioned stimulus or UCS); cyclophosphamide produces

sickness in the rats and subsequent conditioned taste aversion. Three days following this

pairing, rats were injected with sheep red blood cells (SRBC) and subjected to various

stimuli. Rats that were re-exposed to saccharin at the time of immunization had lower

agglutinating antibody titers to SRBC compared to rats that were not re-exposed to

saccharin. Several other stringent control groups included in the protocol provided solid

evidence of the effects of behavioral conditioning leading to suppression of antibody

responses. Ader and colleagues later established that antibody responses could not only be

suppressed, but could also be enhanced, by behavioral conditioning protocols, using antigen

itself (keyhole limpet hemocyanin) as the UCS and a chocolate milk solution as the CS

(Ader, Kelly, Moynihan, Grota, & Cohen, 1993).

Several additional lines of evidence converged to establish as incontrovertible the

connections between the immune system and the brain. First, a variety of central nervous

system (CNS) manipulations in rats, including lesioning the pituitary, suppressed antibody

production to SRBC, decreased skin contact hypersensitivity to dinitrochlorobenzene, and

decreased the severity of adjuvant-induced arthritis. Skin graft survival was also prolonged

in hypophysectomized rats compared with controls (Nagy & Berczi, 1978). Reciprocally,

antigenic challenge with SRBC was shown to decrease hypothalamic noradrenergic activity

in rodents, one of the first suggestions that the communication between the brain and the

immune system is bidirectional (Besedovsky et al., 1983). Second, Felten and colleagues

observed sympathetic innervation of the spleen and other lymphoid organs, and that

peripheral catecholamine levels modulate a variety of immune responses; in particular, loss

of splenic catecholamines resulted in impaired T and B cell immunity and proliferative

responses (Felten et al., 1987; Madden, Felten, Felten, Sundaresan, & Livnat, 1989). Third,
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changes in numerous hormone or neurotransmitter levels produce a range of changes in

immune function, and vice versa, at least in part because lymphoid cells express receptors

for a wide variety of hormones and transmitters, including glucocorticoid receptors (Wira &

Munck, 1970), β-adrenergic receptors (Fuchs, Albright, & Albright, 1988), and prolactin

and growth hormone receptors (Kelley, Arkins, & Li, 1992). Thus, a variety of receptors

with essential roles in child behavior and psychopathology also play a role in controlling

immune responses.

It is now abundantly clear that the CNS regulates the immune system and that the immune

system helps shape CNS development. In addition to the early studies of Besedovsky and

colleagues suggesting that antigen exposure could alter noradrenergic activity in the brain

(Besedovsky et al., 1983), Watkins and colleagues observed that cytokines (reviewed in

(Watkins, Maier, & Goehler, 1995)) could signal the brain indirectly via stimulation of the

vagus nerve. At about the same time, Banks and colleagues showed that proinflammatory

cytokines, including interleukin (IL)-6, IL-1 and tumor necrosis factor (TNF)-α can be

transported across the blood brain barrier, thus directly altering CNS function (Banks,

Kastin, & Broadwell, 1995) and activating astrocytes and microglia (see below), which then

make more of these cytokines.

Finally, although it was once thought that the CNS should be devoid of lymphoid cells for

optimum function, it is now known that immune cells traffic in and out of the brain. T

lymphocytes that are CD4+ but not restricted to Th1 or Th2 phenotypes reside in the CNS

and, at least in rodent models, are imperative for many aspects of brain and cognitive

function – such as the case of hippocampal neurogeneis (Wolf et al., 2009) – a function

termed “protective autoimmunity” by Kipnis and colleagues (Schwartz & Kipnis, 2011).

Indeed, a newly emerging dogma in neuroimmunology is that these T cells and microglia

(see below) are critical for maintaining brain plasticity. These findings provide the necessary

cellular basis for connecting the immune system and the brain, and demonstrate that the

brain can no longer be considered an immune privileged site. In addition, these data suggest

a rich interdependence of the immune system and the nervous system for normal health and

psychological function.

Accumulating evidence indicates that microglia, the resident macrophages of the brain,

provide surveillance and maintenance functions and, importantly, play an essential role in

the non-injured brain to promote healthy normal neurodevelopment. Microglia are also

rapidly gaining attention because of their possible role in the development of

psychopathology. For example, a recent study using a knock-out mouse model (Paolicelli et

al., 2011) identified microglia as the critical cell type performing synaptic pruning, an

essential function for normal development; mice with experimentally reduced microglia

displayed immature brain circuitry. Results such as these underscore the immune system's

role in neural plasticity, or the ongoing cellular changes in the brain by which synapses are

formed, modified and pruned to create efficient neural circuits (Luo & O'Leary, 2005).

Animal studies have also demonstrated that microglia can directly phagocytose cellular

debris and neural precursor cells and thereby shape early brain development (Cunningham,

Martinez-Cerdeno, & Noctor, 2013; Stevens et al., 2007). Several other features of microglia

are notable. One is that rodent studies show that microglia activation is increased with stress
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exposure, and that this effect can be decreased by drugs such as minocycline, which inhibits

microglia activation; moreover, a specific deficiency in microglia has been associated with

abnormal grooming in mice that appears to model OCD like behaviors in humans (Beumer

et al., 2012). Equally important is the observation that there is a change in microglia form

and function (e.g., what they release, including IL-1β) in development, which may be

especially evident in certain brain regions such as the hippocampus, cortex and amygdala;

these changes likely underlie the role that microglia may play in developmental

programming of the brain from early immune activation (Bilbo, 2013), a topic addressed

below. The evidence on microglia is based largely on the rodent model. Direct human

evidence for the role of microglia is not possible except in post-mortem studies; however,

positron emission tomography (PET) scan studies that assess radiotracers that specifically

bind to microglia have been used to infer activated microglia activity in the brain in several

disorders, e.g. (Suzuki et al., 2013).

Although the evidence for immune activity in brain development is very strong, the precise

nature of these connections is complicated, and not yet fully explicated. Thus, for example,

experimental animal manipulations demonstrate that IL-1 can both facilitate and impair

learning and memory (see, for example, the review of Yirmiya & Goshen, 2011). Similarly,

microglia have been shown to have neuroprotective as well as destructive influence on brain

development and function. The complex nature of these findings underscores the

multifaceted nature of the interactions between the immune system and neural development

and the likely involvement of many factors; developmental programming is certainly one of

these.

Clinical findings on psychoneuroimmunology

Our research review and synthesis focuses on human rather than animal work because of our

translational research aims. A starting point to illustrate psychoneuroimmunology (PNI) in

humans is the seminal work of Kiecolt-Glaser and colleagues. They have shown that

variation in stress, either experimentally induced or a product of circumstance, is associated

with compromised immune function and physical health in adults: stress predicts higher

rates of illness following pathogen exposure, protracted wound healing, poorer response to

immunization, and alterations in several specific indicators of immune function at tissue and

cell levels (Bonneau, Kiecolt-Glaser, & Glaser, 1990; Christian, Graham, Padgett, Glaser, &

Kiecolt-Glaser, 2006; Ebrecht et al., 2004; Fagundes, Glaser, & Kiecolt-Glaser, 2013;

Glaser & Kiecolt-Glaser, 2005; Kiecolt-Glaser, McGuire, Robles, & Glaser, 2002; Powell,

Allen, Hufnagle, Sheridan, & Bailey, 2011). Equally compelling is the work of Cohen and

colleagues, who showed, via a powerful design, that stress is associated with susceptibility

to illness (Cohen, Tyrrell, & Smith, 1991). Other cornerstone findings include the

demonstration that negative affect predicts response to immunization. One example of this

was reported by Marsland and colleagues (Marsland, Cohen, Rabin, & Manuck, 2001) in the

case of hepatitis B antibody response. The wealth of studies in adults that is now available

means that it is no longer sensible to research if there are stress-brain/behavior-immune

links; it is no longer a plausible null hypothesis that there are not links. Rather,

contemporary research focuses on mechanisms and consideration of particular phenotypes

that may be of interest.
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Evidence of immune dysregulation in specific childhood mental disorders

Of particular relevance to this review is research assessing parallels between immunology

and psychopathology in adult and pediatric samples; these findings may contribute to a

developmental model of PNI (see next section) and provide a broader context for assessment

and treatment of child mental health problems.

An abundance of research in adults associates multiple markers of neuro-inflammation with

psychiatric symptoms (Dantzer, O'Connor, Lawson, & Kelley, 2011; Howren, Lamkin, &

Suls, 2009; J. C. (O'Connor et al., 2009; O'Donovan et al., 2010). Tremendous growth in our

understanding of a possible role of proinflammatory cytokines, for example, extends to

multiple psychiatric and psychological disorders, including anxiety, depression and

cognitive function (Capuron & Miller, 2011). Moreover, at least some types of depression

may be causally mediated by chronic increases in proinflammatory cytokines (Raison &

Miller, 2011), which affect many brain regions and, in particular, instruct the hypothalamus

to initiate a robust constellation of depressive-like symptoms, including fever, fatigue,

anhedonia, and decreased activity, originally known as “sickness behavior.” These

associations are now being scrutinized for what they may tell us about mechanisms and

treatment options.

Evidence linking altered immune function and pediatric behavioral or emotional symptoms

is far more limited (Birmaher et al., 1994; Keller, El-Sheikh, Vaughn, & Granger, 2010) and

dominated by studies of medically ill children (Mackner, Pajer, Glaser, & Crandell, 2010;

Sokal et al., 1998). A recent review of the pediatric evidence of cytokines and depression

(Mills, Scott, Wray, Cohen-Woods, & Baune, 2013) is noteworthy for several reasons. One

is that a number of studies were identified, and were shaped by an array of plausible

biological models. It was not clear from these studies that there was generally greater

inflammation (e.g., higher levels of pro-inflammatory cytokines) in depressed children and

adolescents – the hypothesis borrowed from the adult literature. On the other hand, an

important caveat is that the range of methods in the studies was too broad to permit formal

meta-analysis; that is in contrast to the existence of several meta-analyses of the adult

literature (Howren, et al., 2009). Difficulties in summarizing pediatric research findings on

depression and immune function mimic difficulties in summarizing findings on stress

exposure and immune function in children, e.g., (Slopen, Koenen, & Kubzansky, 2012).

Inevitably, further studies in this area may clarify where the signals exist, but more attention

is needed to methodological detail and operationalizing stress, symptoms, and immune

function and the mediating mechanisms; a consideration of methodological issues for

research is given later in the review. In any event, it is clear from the Mills et al. (2013)

review and other reports that a number of specific and plausible mechanisms may explain

why childhood psychopathology may be connected with dysregulation in the immune

system. That is the broader significant point and the reason for stimulating further research

in this field.

Abnormalities in immune function have been widely-reported in neurodevelopmental

disorders, notably autism, in both pediatric and adult samples (Ashwood et al., 2011;

Croonenberghs, Bosmans, Deboutte, Kenis, & Maes, 2002; Suzuki, et al., 2013). In the case

of autism, there are many plausible mechanisms for an association. The role of microglia
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and T cells in brain development are natural candidates, and it is no coincidence that these

immune targets have attracted particular attention. However, although the neuroimmunology

of autism is probably more advanced than other childhood (onset) psychiatric disorders,

basic questions remain about the relevance of these findings for etiology and treatment. That

is partly because so many kinds of immune system abnormalities have been reported

(including in animal models); understanding how these abnormalities relate to each other

and to the neurodevelopmental abnormalities underlying autism will require further clinical

and experimental investigation. A role for the immune system in other neurodevelopmental

disorders is also suspected. One notable example is Pediatric Autoimmune Neuropsychiatric

Disorders Associated with Streptococcal infections (PANDAS), which describes a sudden

onset of symptoms of obsessive-compulsive and tic disorders/Tourette Syndrome (and

perhaps other symptoms, including mood) following streptococcal infection (Garvey, Giedd,

& Swedo, 1998; Swedo, Garvey, Snider, Hamilton, & Leonard, 2001; Swedo & Grant,

2005). It should be anticipated that future research findings will expose further examples of

immune system involvement in neuropsychiatric symptoms and syndromes, and this may

provide additional opportunities for investigating mechanisms of action.

Alongside the accumulating evidence of associations between immune function and

childhood psychopathology, it must be remembered that the immune system has essential,

neuroprotective roles in healthy brain development, as reviewed in the prior section. That

means that immune-mediated effects of psychopathology may derive from a range of

processes, from exaggerated or abnormal stimulation to a lack of normal immune function

activity to support neuronal development.

Developmental models of psychoneuroimmunology

As described above in the discussion of basic immunology mechanisms, there are many

acknowledged kinds of developmental changes within the immune system that span the life-

course; equally dramatic developmental changes have been described in neuroendocrine

functions that mediate stress perception and stress physiology. That implies that a single

model to account for linkages between psychological factors, brain, and immune system

communication will not be invariant over the life-span (Ader, 1983; Coe, 1996; Moynihan,

Heffner, Caserta, & O'Connor, 2013). Accordingly, models are needed to account for why,

for example, stress-immune associations may vary across development and by what

mechanisms there may be a carrying-forward of effects of early immune activation on

subsequent brain, behavioral, and health outcomes.

One major research focus relevant to a developmental PNI model connects stress exposures

in childhood with immune function and health outcomes in adulthood, e.g. (Fagundes, et al.,

2013; Felitti et al., 1998; Miller, Chen, & Parker, 2011; Taylor, Lehman, Kiefe, & Seeman,

2006; Wegman & Stetler, 2009). These studies extend a long history of experimental animal

work (Coe, 1993; Coe & Laudenslager, 2007; Coe, Lubach, Schneider, Dierschke, &

Ershler, 1992). The most common study design to demonstrate associations uses

retrospective reports of childhood stress to predict adult health and biomarkers of disease.

These investigations show that childhood stress exposure such as low socio-economic status

or more specific risks such as adverse rearing and trauma predict disorders of multiple
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systems, including autoimmune disease, cardiovascular, periodontal, and respiratory

diseases, cancer, and other ailments (Almeida et al., 2010; D. W. Brown et al., 2010; Chen,

Miller, Kobor, & Cole, 2010; Dube et al., 2009; Felitti, et al., 1998; Jackson, Kubzansky,

Cohen, Weiss, & Wright, 2004; Lemieux, Coe, & Carnes, 2008; Wegman & Stetler, 2009).

A stronger methodological case – with largely comparable effects – comes from a smaller

number of prospective longitudinal studies in which childhood stress is assessed directly and

then linked with subsequent biomarkers of health e.g.(Caspi, Harrington, Moffitt, Milne, &

Poulton, 2006; Danese et al., 2009; Miller & Chen, 2010; Miller et al., 2009). Importantly,

this substantial evidence base does not indicate if childhood risk exposure has more

immediate impact on biomarkers of health in childhood. That is, it is not yet clear when in

development the health effects (in terms of end stage disease or biomarker risks) of early

stress exposure are reliably detectable.

A critical question for research is whether or not the child's immune system is susceptible to

the effects of stress and, if so, whether the mechanisms responsible parallel what has been

reported in animal and adult work. As we noted earlier, there is comparatively little research

on individual differences in the normative changes in immune system function in the first

decade of life, and even less research considering what this variation means for

susceptibility to stress. The lack of relevant pediatric research means that contrary

predictions might be made concerning stress exposure and immune function in children,

namely: a) the effects of stress exposure on immune function have a childhood onset; b) the

effects of stress exposure on immunity are not detectable in childhood because there has not

been an appreciable or cumulative load and/or children’s “immunological reserves” are

greater than adults’ – or that immune systems in adults are simply more vulnerable; c)

children’s immune systems, because they are still in development, are especially vulnerable

to the effects of stress. Differentiating among these contrasting developmental hypotheses is

essential because they have sizably different implications for clinical and public health.

One germane line of investigation has adopted a cumulative stress hypothesis. Explicit in the

“allostatic load” model, this approach focuses on the wear and tear of stress on the body

over a prolonged period of time (Juster, McEwen, & Lupien, 2010; McEwen & Wingfield,

2003; Seeman, Epel, Gruenewald, Karlamangla, & McEwen, 2010). The notion here is that,

for example, adaptive neuroendocrine responses to short-term stress exposure will, if

activated persistently, have deleterious effects on the body and hasten the onset of disease in

the long term. What is not clear is how prolonged the exposure needs to be in order to

observe effects, but it is notable that the majority of these studies, which largely focus on

neuroendocrine responses, focus on adult outcomes (for exception, see (Evans, 2003; Evans,

Kim, Ting, Tesher, & Shannis, 2007; Flaherty et al., 2009)). By extension, it may be that

stress exposure – and the attendant adaptive short-term neuroendocrine and immune

responses – will have deleterious effects on the immune system only if stress exposure is

prolonged and the adaptive short-term responses are transformed into maladaptive chronic

disease processes.

Although still too few in number to differentiate among alternative hypotheses, PNI studies

in children have appeared in recent years and raise further questions and clinical directions.

One study (Caserta et al., 2008) of an ambulatory, generally well sample of 5–10 year-olds
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assessed on 7 occasions, reported significant links between family stress and “early onset”

alteration of immune function. Specifically, a major index of caregiving and family stress,

parental psychiatric symptoms, predicted increased levels of febrile illness as defined by

detailed health diary data. Less anticipated, and more striking, was the finding that parental

psychiatric symptoms predicted enhanced natural killer (NK) cell functioning independent

of recent illnesses. That latter finding hints that there may be, in early development,

activation of the immune system in response to early stress that may later take the form of

down-regulation (as childhood stress is linked with weaker immune response in adults); see

also (Mills, et al., 2013). Other immune function analyses from the same study indicated that

an index of family stress was associated with poorer immune control of latent

cytomegalovirus (CMV). Interestingly, parallel findings have been reported on the effects of

early severe stress on poor control of latent virus in both normative stress-exposed children

(Slopen, McLaughlin, Dunn, & Koenen, 2013) and children who experienced early

institutional rearing (Shirtcliff, Coe, & Pollak, 2009). A subsequent report (Caserta, Wyman,

Wang, Moynihan, & O'Connor, 2011) indicated that the proinflammatory cytokine IL-6 was

lower among those who expressed high self-efficacy; a lack of link between IL-6 and

standard depressive symptoms, which appears robust in adults (Howren, et al., 2009), was

not found, but a trend for its emergence among the oldest children (in early adolescence)

was suggested.

The list of potentially important immune markers is too long (see below), the variation in

how and when stress is operationalized is too diverse, and the number of published studies is

too few to yield robust replications on the links between stress and immune function in

children, e.g., see (Mills, et al., 2013; Slopen, et al., 2012). What the empirical studies do

suggest, however, is a basis for further clinical study. It is too soon to tell if the links

between stress and immune markers in children are as robust as they appear to be in adults,

but the pediatric studies have at the least begun to clarify why the SES-health gradient

extends to children (Chen, Martin, & Matthews, 2007; Chen, Matthews, & Boyce, 2002).

An alternative developmental model of PNI derives from a range of early experience

models, such as “developmental programming” that underlies research on the developmental

origins of health and disease (DOHaD) (Glover, O'Connor, & O'Donnell, 2010; Hanson &

Gluckman, 2011; Swanson, Entringer, Buss, & Wadhwa, 2009). A core feature of the

programming model is that exposures during particularly sensitive periods in ontogeny

“program” or “set” biological systems (e.g., glucose metabolism, microglia activation), with

the effects carried forward into adulthood (Beumer, et al., 2012; Gluckman, Hanson,

Cooper, & Thornburg, 2008). Importantly, the bulk of DOHaD-related research examines

adult health outcomes; few assess childhood onset effects (Ibanez, Ong, Dunger, & de

Zegher, 2006).

The degree to which immune function may be programmed is an area of considerable

interest and importance. One particular application of the programming model uses prenatal

maternal anxiety or stress as an initiator of a possible immune programming effect. Human

evidence is not yet conclusive, but certainly suggestive. Several reports link prenatal

maternal anxiety or stress to asthma (Khashan et al., 2012; Lefevre et al., 2011) and

infectious diseases (Nielsen, Hansen, Simonsen, & Hviid, 2011) in children. Studies that
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assess specific immune mechanisms are far less common, but equally suggestive. For

example, infants whose mothers were characterized as anxious in pregnancy, according to

self-report and clinical evaluation, exhibited poorer adaptive immune response at 6 months

of age according to both in vitro and in vivo methods (O'Connor, et al., 2013). Those

findings are broadly consistent with a retrospective study of prenatal maternal stress and

cytokine production in adulthood (Entringer et al., 2008), and with other reports linking

immune markers in cord blood with prenatal stress (Duijts et al., 2008; Marques, et al.,

2013; Sternthal et al., 2009; Wright et al., 2010). These results do not establish a

programming mechanism, but they do highlight how the human immune system is

vulnerable to and responds to exposures from the prenatal period. Furthermore, these human

findings complement the now substantial animal evidence for long-term effects of pre- or

neonatal infection on brain development and later immune response that substantiate a

programming hypothesis, perhaps operating in part through microglia (Bilbo, 2013). It is an

interesting possibility that immune mechanisms may be at play to explain other potential

programming effects. For example, the association between maternal (pre-pregnancy) BMI

and symptoms of ADHD in children has been reported in several studies and is inferred as a

possible programming effect (Rodriguez et al., 2008). The underlying mechanisms may be

immunological insofar as experimental animal data show that a maternal high fat diet

(admittedly not identical to BMI) is associated with a wide range of immunological effects

in the brain (see, for example, Bilbo & Tsang, 2010).

A further conceptual point is that there is substantial variability in virtually all known

markers of immune function, including susceptibility to infectious disease and antibody titer

response to immunization. These individual differences provide the starting point for

developmental PNI hypotheses about vulnerability and resilience. We know that there is

wide variation in children's psychological and behavior responses to stress, even stress as

severe as institutional rearing (Gunnar & van Dulmen, 2007; O'Connor, Marvin, Rutter,

Olrick, & Britner, 2003; Smyke et al., 2007). Models and analyses examining stress-immune

function links in children must also attend to the possibility of protective and moderating

factors; the general shape of these is unknown, but examples have been provided (Fuligni et

al., 2009). Similarly, there is a need to consider specific psychological processes such as

cognitive coping strategies, and how these are also shaped by development and experience.

One of the few reported examples indicated that the cognitive style of self-efficacy was

associated with lower levels of the pro-inflammatory cytokine IL-6 (Caserta, et al., 2011).

Forming developmental models will also require integrating findings from the life – course.

One possible illustration is T cell function in advanced cognitive decline (Vescovini et al.,

2010), but there are others. Developmental concepts such as immune-senescence and

“inflammaging,” derived from studies of aging, may provide some hints for where to look

for effects of stress exposure in pediatric samples.

A final conceptual point for a developmental or any other kind of model of PNI is that it

would not make much evolutionary sense for a species if the immune system, which is

essential for survival and (reproductive) fitness, could be significantly compromised from an

exposure as common in the natural (pre-historic and contemporary) environment as stress.

The implication is that it may not be profitable to define immune outcomes in terms of
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“deficits” but rather to conceptualize how the immune system adapts to stress exposures.

This is the notion behind the predictive adaptive response (Gluckman, Hanson, & Spencer,

2005), and highlights the evolutionary context that is required for understanding human

development.

Stress mechanisms and PNI

Developmental studies of risk, resilience, and psychopathology now commonly incorporate

biological markers; probably the most popular of these is cortisol, a downstream product of

the hypothalamic-pituitary-adrenal (HPA) axis (M. Gunnar & Quevedo, 2007; O'Donnell et

al., 2013). We highlight this because cortisol, and glucocorticoids more generally, have

clear, demonstrated effects on the immune system. Moreover, bi-directional associations

between the stress (e.g., HPA) and immune systems imply a natural confounding in

research. Thus, studies examining cortisol and stress system physiology will also be

assessing changes in or induced by immune function mechanisms. So, for example, studies

that assess the role of early stress exposure on HPA axis function must also consider the role

of immune system changes induced by stress and in concert with HPA axis disturbance. This

is a re-emerging theme in this review: immune function mechanisms provide an important

alternative hypothesis for many studies of child development and psychopathology, and

require direct testing. Opportunities to expand pediatric studies of stress and stress

physiology to immune system function are plentiful; we discuss these in the next section.

One fundamental task for research is to document how stress alters immune function.

Sheridan (Avitsur, Stark, & Sheridan, 2001) was one of the first to demonstrate, in an animal

model, that glucocorticoid resistance is one likely mechanism linking prolonged stress

exposure to altered immune function. More specifically, decreased receptor sensitivity to

glucocorticoids that may result from prolonged stress and glucocorticoid exposure may

reduce the anti-inflammatory effect of glucocorticoids; consequently, stressed individuals

exhibit (persistent) inflammation, leading to a variety of disease states.

The prediction that glucocorticoid receptor insensitivity is associated with excessive innate

immune responses and increased inflammation is straightforward. Indeed, Miller et al.

(Miller & Chen, 2010) have shown that, over a period of 1.5 years, adolescent girls living in

an environment marked by chronic family stress showed increasing production of IL-6 and

associated glucocorticoid resistance that mirrored the inflammatory profile. Recent work

(Cole, Hawkley, Arevalo, & Cacioppo, 2011) suggests that dysregulated gene expression—

favoring glucocorticoid receptor down-regulation and elevated inflammatory cytokines—

occurs in specific immune cell subtypes, plasmacytoid dendritic cells, and monocytes

(antigen presenting cell, APC) and B lymphocytes. Application to adaptive immunity is less

clear (Hunzeker et al., 2011; Kelly, Juern, Grossman, Schauer, & Drolet, 2010). In an

animal model, Sheridan and colleagues (Avitsur et al., 2007; Avitsur, Powell, Padgett, &

Sheridan, 2009) reported that mice in disrupted social settings develop glucocorticoid

insensitivity and have increased markers of adaptive immune responses to influenza virus A

infection. However, it remains to be determined if prolonged exposure to social disruption

would result in a sustained increase in adaptive responses or eventual immune suppression.

In support of the latter, the work of Cohen et al. shows that low SES during early childhood
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results in poorer immune response to infection with common cold viruses in adulthood

(Cohen, Doyle, Turner, Alper, & Skoner, 2004).

The pattern of elevated inflammatory cytokine responses to chronic stress mimics the

process of “inflammaging” or immunosenescence in older adults, characterized by declining

adaptive responses, expanded late effector CD8+ T cell pools and decreased naïve T cell

numbers (Franceschi et al., 2007; McElhaney & Effros, 2009; Pawelec, Larbi, &

Derhovanessian, 2010). One possible model is that chronic (or perhaps early) stress

accelerates the typical process of immune-senescence via exaggerated immune responses in

childhood. Other mechanisms are also likely, but have not yet attracted robust evidence.

Practical scientific considerations for developmental PNI research

There are many practical and technical issues to consider in studying the interactions among

psychological exposures and experiences, the brain, and the immune system, and how these

may change across development. The most obvious is how best to obtain immune-

informative data from children. Although some studies have employed saliva samples, and

this may be adequate for some purposes in some conditions, the vast majority of research

questions will require blood collection. That may seem a good deal more intrusive than

saliva, but anecdotal data on the acceptability of blood collection from venipuncture is

generally positive among those in the field, and institutional review boards should also

provide little resistance to blood draw (although these are notoriously varied across site, it is

deemed “minimal risk” in many settings). The key message is that sampling blood is not yet

conventional, but should not pose substantial impediments. More specific questions, such as

how much volume can be collected, are determined by established safety guidelines. For

example, one convention for obtaining blood from healthy children is that the amount drawn

may not exceed the lesser of 50 ml or 3 ml per kg in an 8-week period, and collection may

not occur more frequently than 2 times per week. The amount of blood needed will also of

course depend on the questions being posed, but the maximum allowable is certainly

adequate for multiple kinds of analyses. Research utilizing multiplexing (e.g., luminex)

technology is gaining momentum; its principle advantage is that it requires remarkably little

sample, perhaps as little as a pinprick or heel stick. However, technical questions remain

about the comparability with traditional high sensitivity assays, the “gold standard” in the

field.

A further major consideration is storage and processing of the blood. Assays requiring

analyses only on fresh (i.e., not frozen) samples do create practical constraints and demands,

such as the need for swift transportation and substantial coordination with the lab

technicians. Although, in this regard, there is a wealth of research demonstrating the

feasibility of blood collection, processing, and storage in the field. There is then the time

demands on processing samples, which may take hours or even days, which will set limits

on when data are collected (e.g., to avoid lab staffing through evenings and the week-end).

Probably the most challenging practical and scientific question is which aspects of immune

function should be explored. There is no consensus that some markers are more sensitive or

predictive than others. Experimental animal work reviewed above shows that stress alters
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both innate and adaptive immunity, but it is not clear from available data if the innate or

adaptive immune system is more susceptible to stress. Of course, such a distinction is partly

artificial, as the interplay between the two suggests that an impact on one may at least

indirectly alter the other (Franceschi, et al., 2007; McElhaney & Effros, 2009). More

fundamentally, the complexity of the immune system means that, inevitably, no single study

would be equipped to examine each of the multiple aspects of the functioning immune

system, let alone the dynamic, systemic nature of its actions. For example, among those

studies assessing variation in cytokines, the vast majority focus on just a few of the plausible

many candidates. That could lead to misspecification of effects given that cytokines are

pleiotropic and can act in antagonistic or synergistic or redundant manner with other

cytokines. Guidance for developing protocols for researching PNI in children is suggested

from adult studies – although much of the work is still in the development/exploratory

phase. What is clear is that general statements about prenatal anxiety or childhood stress

influencing the “immune system” are too broad and vague to be very illuminating. Going

forward, it will be important to clarify which specific aspects of immune function are

targeted, and the methods by which an association is demonstrated.

Several markers and paradigms that may be incorporated into a developmental PNI program

of study are offered below (Table 1). Measuring circulating cytokines is among the most

common approach, with a limited handful of proinflammatory (IL-6, TNF-alpha) and anti-

inflammatory (IL-4, IL-10) cytokines typically included. It is important to distinguish the

assessment of circulating (unstimulated) cytokines from an assessment of stimulated

cytokines, that is, examining cellular response to an antigen or mitogen. Results will differ

substantially between the stimulated and unstimulated methods, and this could lead to

problems in interpretation of effects. There is then the question of in vivo (e.g., assessing

antibody titer following inoculation) and in vitro (e.g., assessing cell responder frequencies

under various conditions) immune measures. Here again, the point is not that there is a

“best” index but rather that the particular measure of immune system function be centered in

a clear psychobiological model. There is, at present, too little consideration of why certain

biomarkers of immune system function were measured but others were not.

Another paradigm for studying stress-immune-behavior links is to examine viral

recrudescence, that is, the emergence of an otherwise latent virus, or a “breaking through” of

the virus. Examples in the literature of this include the Epstein-Barr virus and a number of

herpes viruses. A final set of immune measures to consider are functional health outcomes.

Gathering actual data on illness proclivity is a time-intensive assessment, but has distinct

advantages over global ratings of health. An example of using illness diary data to assess

functional health outcomes was recently reported (Caserta, et al., 2008). Empirically, illness

data are quite distinct from specific measures of immune functioning, and the reality is that

specific measures of immune processes (pro-inflammatory cytokines) are not stand-ins for

disease states or other functional outcomes such as febrile illness.

Finally, studies of cytokines and other immune biomarkers must account for a host of

confounds and complexities, from diurnal variation and sleep quality, e.g. (M. F. O'Connor

et al., 2009) to recent illnesses (Caserta, et al., 2008). And, efforts to incorporate

psychological factors in studies of immune function should not ignore lessons from basic
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immunology, such as the critical role of history of exposure to infectious agents. An

example of how early exposure to infectious agents may moderate the impact of stress on

immune function was recently reported (McDade, Hoke, Borja, Adair, & Kuzawa, 2013).

Additionally, investigations must attend to the developmental changes because, as noted

elsewhere in this review, there are substantive normative changes in the immune markers as

a function of age (although what it is about age that might influence these outcomes in not

yet clear). For example, the dramatic degree of changes in the normally functioning immune

system was demonstrated for lymphocyte subsets (Shearer et al., 2003). A table of research

paradigms for studying PNI and some associated evidence is provided in Table 1.

Clinical implications for child psychology and psychiatry

Public health attention is sharply focused on the adverse effects of stress on children’s

current and long-term health and how these findings may be translated to practice (Marie-

Mitchell & O'Connor, 2013; WHO, 2007; Wise & Blair, 2007). Indeed, many of those

conditions associated with greatest disease burden or disability adjusted life years (DALYs)

are thought to be products of stress exposure and seem likely to be at the intersection of

inflammation and behavioral/psychiatric disorders - the particular focus of the pediatric

neuroinflammation hypothesis.

Several lines of clinically-oriented research will be informed by ongoing programs of

research in developmental PNI. One involves the integration of health and immune markers

in behaviorally-oriented family and parenting interventions. Evidence that these programs

improve behavioral adjustment is substantial (see, for example, Scott et al., 2010). It is now

time to consider if these behavioral improvements (and the stress physiology and other

biological mechanisms that are altered in tandem with behavior change) have carry-over

salutary effects on somatic health and might explain individual differences to susceptibility

to infectious disease. One interesting recent example (Brotman, et al., 2012) was the report

that a standard parenting intervention (“The Incredible Years”) predicted lower BMI and

clinical obesity several years later in two samples of high-risk youth, despite not targeting

eating and activity in the intervention. The lesson here is that positive changes induced by

positive parenting may have salutary health effects on the child, and that a broader

biobehavioral outcome assessment is needed.

In addition, as most child mental health practitioners are now well aware, there is an

“epidemic” of adult-like diseases in children, including metabolic/inflammatory diseases

that may be linked with early stress and social disparities (Wise, 2007, 2009). Child mental

health scientists and clinicians need to be equipped to manage and contribute to these

changing health concerns. A developmental PNI perspective is equipped to integrate

behavioral science within a broader health context, and stimulate mechanistic research that

could reveal novel intervention options. Moreover, this model offers clear and practical

guidance for where to “look for” the effects of stress exposure throughout the body.

There is not yet sufficient evidence to support immune-targeted treatment for child mental

health and behavioral disorders. However, some notable findings have been reported,

including the addition of minocycline, an anti-inflammatory drug that reduces microglial
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activation (it has other actions as well), to anti-psychotic drugs for adult schizophrenia

(Chaudhry et al., 2012; Miyaoka et al., 2008). Other promising examples of immune-

targeted treatments, as a primary or adjunctive therapy, for adult psychopathology have been

reported, such as a recent report using a TNF-alpha antagonist to treat depression (Raison et

al., 2013). An example of immune factors altering treatment using conventional

psychopharmacological agents was also recently reported (Warner-Schmidt, Vanover, Chen,

Marshall, & Greengard, 2011); results demonstrated that anti-inflammatory agents had an

antagonistic effect on the impact of anti-depressants. Perhaps somewhat parallel is research

on the impact of standard psychopharmacology treatments on immune parameters. In one of

the few studies in this area relevant to child mental health, Henje Blom and colleagues

(Henje Blom et al., 2012) reported that IL-6 was elevated in adolescent girls not treated with

SSRIs for emotional disorders. Many other studies suggest that psychopharmacological

treatments alter immune parameters (De Berardis et al., 2010), but so far only the

experimental animal studies provide causal evidence that that immune system changes

induced by psychopharmacology treatments may be relevant to their effects on brain and

behavior.

At present there simply is not enough of an evidence base to introduce PNI in the child

mental health clinic for treatment purposes. On the other hand, the potential advantages of

integrating the models and methods of PNI in the clinic for research purposes are

substantial, and essential to circumvent the inability of experimental animal research

findings to inform practice. Applied PNI research may well yield medium-term gains in

improving the shape of biopsychosocial interventions for promoting lasting positive health

outcomes in children.

Conclusion

Translating experimental animal work on the links between stress, behavior, and immunity

to human health has occupied basic and clinical scientists for many years. We now have a

strong evidence base indicating that acute and chronic stress likely has, at least in some

circumstances, direct and indirect influence on immune function; in more functional terms,

prolonged stress exposure can diminish response to immunization, increase susceptibility to

illness, and exacerbate inflammation and existing conditions. Furthermore, these

connections between psychological, brain, and immune function are bi-directional rather

than uni-directional. To a considerable degree, these findings are based on adults. The

transition from a model that focused on pathology (e.g., stress exposure reduces immune

response) to one that also emphasizes immune mechanisms in the normal and healthy brain

provides one impetus for devising developmental models of PNI and to examine PNI in

pediatric samples. What is clear at this stage is that these ongoing efforts may substantially

alter how child (mental) health is conceptualized and promoted.
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Key points

• Research findings are beginning to outline the immune system's essential roles

in normal neurodevelopment, and show how psychological stress may impair

somatic health in children.

• The inter-disciplinary field of psychoneuroimmunology may have practical

application to child psychology and psychiatry.

• Psychoneuroimmunology research findings provide a cellular basis for

connecting the immune system and the brain, demonstrating that the brain is not

an immune-privileged site.

• Developmental models are needed to describe the connections between stress

exposure, the brain, and the immune system; findings so far reported in adults

may not extend to (young) children.
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Figure 1. Key features and functions of the adaptive immune response
Some key features of the adaptive immune response; see text for description. Circles

represent cell types. Arrows indicate direct (one-headed) or bi-directional (double-headed)

effects. Dashed lines indicate cell differentiation. Molecules above lines indicate catalyst for

effect.

(Abbreviations: IL: interleukin; IFN-γ: interferon-γ; TGF: transforming growth factor; Ig:

immunoglobulin; Th: T helper cells; Treg: T regulatory cell.)

O'Connor et al. Page 28

J Child Psychol Psychiatry. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

O'Connor et al. Page 29

Table 1

Example markers of immune function for pediatric studies

Biological construct Data (sample) source Treatment Example markers

Immune outcomes/markers

Disease states, illness history, illness
susceptibility

Parent Report, Medical
record N/A Autoimmune diseases, (febrile)

illnesses, allergic diseases/asthma

Circulating Inflammation/ pro-inflammatory
cytokines Serum N/A CRP, IL-6, TNF-alpha

Stimulated Inflammation/ pro-inflammatory
cytokines PBMCs ± LPS or other antigens

or mitogens CRP, IL-6, TNF-alpha

Antibody titer to vaccine Serum N/A Antigen-specific antibodies

T cell frequencies to vaccine PBMC Re-stimulation with
vaccine antigen Responder cell frequencies

Viral recrudescence Late effector CD8+
populations specific for CMV PBMC N/A CD8+CD28-CD57+ population

Natural killer cell function PBMC Incubate cells with
labeled tumor cell targets

Possible mechanisms

Glucocorticoid resistance and innate
immunity Whole blood ± LPS

±-hydrocortisone IL-6

Note: CRP: C-reactive protein; IL: interleukin; LPS: lipopolysaccharides; PBMC: peripheral blood mononuclear cells; N/A: not applicable. Under
the “Treatment” column, we give examples of the kinds of laboratory manipulations that have been made to evoke the immune response in in vitro
assessments.
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