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Abstract

Posttraumatic stress disorder (PTSD) is a highly prevalent, debilitating mental health condition.
A better understanding of contributory neurobiological mechanisms will lead to effective
treatments, improving quality of life for patients. Given that not all trauma-exposed individuals
develop PTSD, identification of pre-trauma susceptibility factors that can modulate posttraumatic
outcomes is important. Recent clinical evidence supports a strong link between inflammatory
conditions and PTSD. A particularly strong association has been reported between asthma and
PTSD prevalence and severity. Unlike many other PTSD-comorbid inflammatory conditions,
asthma often develops in children, sensitizing them to subsequent posttraumatic pathology
throughout their lifetime. Currently, there is a significant need to understand the neurobiology,
shared mechanisms, and inflammatory mediators that may contribute to comorbid asthma and
PTSD. Here, we provide a translational perspective of asthma and PTSD risk and comorbidity,
focusing on clinical associations, relevant rodent paradigms and potential mechanisms that may
translate asthma-associated inflammation to PTSD development.

Introduction

Posttraumatic stress disorder (PTSD) is a trauma-induced psychiatric condition with a
lifetime prevalence of approximately 4-5 % in civilians and 14-20% in combat veterans
(Kessler et al., 2005; Richardson et al., 2010; Koenen et al., 2017). Individuals with PTSD
experience chronic disability, comorbidity, as well as compromised quality of life (Watson,
2019). PTSD symptomology is characterized under the Diagnostic Statistical Manual

of Mental Disorders-5 (DSM-5) by re-experiencing and intrusive memories of trauma,
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avoidance of trauma reminders, hyperarousal and negative alterations in cognition and
mood lasting more than one month. Approved pharmacological treatments for PTSD such
as selective serotonin reuptake blockers have limited efficacy (~60% treatment response)
(Berger et al 2009), necessitating the need to identify underlying mechanisms and risk
factors associated with PTSD development.

Although exposure to intense psychological trauma is unfortunately common (Benjet et al.,
2016), for most trauma-exposed individuals, the re-experiencing of traumatic memories
and arousal symptoms resolve over time. However, in 10%-20% of cases symptoms
persist, resulting in PTSD (Kilpatrick et al 2013). It is unclear what factors promote

PTSD development; it is likely a combination of the intensity of trauma, genetics,

early life experiences and pre-existing disease. As a more complete understanding of

risk factors will facilitate the development of a more effective screening and treatment
regimen for individuals at elevated risk for PTSD, identification of pre-trauma factors that
increase susceptibility to PTSD development, and dissection of mechanisms modulating
posttraumatic outcomes is an area of high priority.

Chronic inflammation predisposes to PTSD

Mounting evidence in the past decade supports a role for inflammation in the
pathophysiology of PTSD (Pace and Heim, 2011; Passos et al., 2015; Deslauriers et

al., 2017a; Kim et al., 2020). Although substantial literature suggests that inflammatory
responses are exacerbated by PTSD, the alternative association - that inflammatory signals
promote PTSD development after trauma - has also been proposed (reviewed in (Sumner

et al., 2020). Numerous longitudinal studies (particularly military cohorts) investigated
whether pre-trauma inflammatory markers predicted the development of PTSD (Eraly et al,
2014, Breen et al 2015, Glatt et al 2013, van Zuiden et al 2012). These studies supported

an association between markers of increased immune activation and increased likelihood

of PTSD symptoms. Two studies employing gene expression measures at pre-deployment
demonstrated upregulation of immune networks in men who developed PTSD versus

those that did not (Glatt et al., 2013; Breen et al., 2015). In addition, increased rates of
comorbidity are observed between PTSD and somatic disorders of immune dysfunction such
as chronic idiopathic urticaria, rheumatoid arthritis, and asthma (Devoto et al., 2016; Hunkin
& Quarterly, 2012; Maloley et al., 2019). Despite the rising awareness of inflammation-
PTSD links, there is a poor understanding of potential underlying mechanisms.

Asthma and PTSD Link: Evidence from human literature

i) Epidemiological Studies

Accumulating evidence suggests that among physical illnesses, there is a strong link
between PTSD and asthma. An epidemiological study in Australian Vietnam \eterans
(O’Toole and Catts, 2008), studied the association of combat exposure and PTSD with
self-reported measures of physical health conditions including asthma, eczema, arthritis,
back and other musculoskeletal disorders, and hypertension. Interestingly, the strongest
association between PTSD and poor physical health (odds ratio (OR) - 5.38) concerned
asthma. Furthermore, the OR was even higher (8.26) after controlling for other psychiatric
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conditions and comorbidities such as depression. Given the lack of association of PTSD with
hay fever in this study, the authors concluded that the link between asthma and PTSD was
not due to allergic immune responses (i.e. Th2 cytokine production), but rather with other
non-Th2 associated immune responses active during allergic asthma, although other studies
reported an association of seasonal allergies with PTSD (OR 1.32) (Kelly and Poole, 2019).
Other studies reported elevated OR for PTSD in patients with asthma-related symptoms such
as airflow limitation (OR 3.2-8.8) (Kean et al., 2006; Spitzer et al., 2011). Increased asthma
prevalence has also been reported in individuals with PTSD following the 9/11 terrorist
attack (Shiratori and Samuelson, 2012). A large sample size, longitudinal study in Taiwanese
population also corroborates increased asthma prevalence in PTSD patients (Hung et al.,
2019). Collectively, these reports suggest a potential relationship between PTSD and asthma,
which is likely to play in a bidirectional manner.

ii) Genetic studies

Although epidemiological studies support an association between asthma and PTSD, little

is known about the shared genetics underlying the causality of this association. Genetic
studies investigating asthma or PTSD suggest that both are moderately heritable conditions
that are additionally influenced by gene-environment interactions. In a recent meta-analysis
study, a pairwise genetic correlation found a high association between PTSD and asthma, the
strongest among somatic conditions (Nievergelt et al., 2019). Intriguingly, no correlations

of asthma were observed with other psychiatric conditions including major depression,
schizophrenia, bipolar disorder and ADHD. The Vietnam Era Twin Registry was used to
dissociate genetic versus environmental factors in asthma-PTSD risk in mono-and dizygotic
twins (Goodwin et al., 2007). PTSD symptoms were significantly associated with asthma
regardless of zygosity, suggesting contributions of both familial/genetic and environmental
in the asthma-PTSD link. Traumatic stress exposure may play an environmental role in
PTSD and asthma association. Accumulating evidence from GWAS studies (reviewed in
Rosenberg et al., 2014) suggest that stress and trauma may modulate susceptibility conferred
by inherited genetic variants. As an example, a pituitary adenylate cyclase-activating

peptide (PACAP) receptor ADCYAP1R1 gene variant associated with PTSD (Ressler et

al., 2011) was linked with an increased risk for asthma after interaction with exposure to
violence in children (Chen et al., 2013). Collectively, this evidence suggests that a potential
gene x environment interaction may underlie asthma-PTSD risk and comorbidity although
directionality has not been clearly investigated.

iii) PTSD Risk with asthma severity

In several studies, PTSD has been associated with severe asthma. For example, a study of
children with asthma in the Boston community demonstrated that PTSD symptoms were
found to be significantly elevated in children with severe asthma (Vanderbilt et al., 2008).

In a sample of adolescents, higher posttraumatic symptoms and risk for PTSD was reported
for individuals with severe asthma as compared to mild or no asthma (Kean et al., 2006).

A recent study reported higher prevalence of PTSD (50% of sample) in individuals with
moderate to severe asthma compared to other psychiatric conditions including depression
and anxiety disorders (Paquet et al., 2019). In another investigation, individuals with asthma
prior to PTSD developed more aggravated asthma symptoms after the development of
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PTSD, suggesting overlapping mediators and shared mechanisms (Underner et al., 2019).
Further prospective and longitudinal studies are needed to assess whether severe asthma and
associated immune dysregulation serve as a predisposition factor for the development of
PTSD.

Immune pathways in Asthma

More than 300 million people suffer from allergic asthma worldwide (Mos et al., 2017).
Allergic asthma is a chronic inflammatory lung disease characterized by transient periods
of shortness of breath, impaired breathing, wheezing, and coughing. These symptoms are
caused by aberrant immune responses to otherwise innocuous environmental proteins. This
results in airway inflammation due to eosinophilic and lymphocytic recruitment to the
lung, mucus hypersecretion, smooth muscle hypertrophy, airway remodeling, and production
of allergen-specific immunoglobulins, specifically IgE. Importantly, asthma is considered
a disease of childhood as ~ 11% of US children between the ages of 15 and 19 have

been diagnosed with asthma, making it the most common chronic inflammatory disease

in children (Asher and Pearce, 2014). Thus, unlike many other panic and PTSD-comorbid
conditions, childhood asthma can have a long-term effect, further enhancing its capacity to
sensitize and increase risk of PTSD development (Stowman et al., 2015).

Innate immune pathways in asthma

Asthma is associated with a well-defined, progressive activation of both innate and adaptive
immune responses to normally innocuous environmental antigens (allergens) (see Figure

1). Excellent reviews are available on the mechanisms underlying allergen-driven activation
of the immune system (Lambrecht et al., 2019; Hellings and Steelant, 2020). To briefly
summarize these reviews, activation of the innate immune system is driven by allergen-
associated pathogen associated molecular patterns (PAMPS) inhaled with allergens like
house dust mite (HDM). PAMP recognition by pattern recognition receptors (PRRS) on
epithelial cells lining the airways is key to immune responses to allergen. Activation of
PRRs (eg, Toll-like or C-type lectin receptors) leads to the production of inflammatory
mediators (GM-CSF, CCL20, TNFa, IL-1B) important in the recruitment and activation of
phagocytic antigen presenting cells like dendritic cells (DCs). In the airways, DCs encounter
allergen, become activated through associated TLRs activation, and migrate to draining
lymph nodes where they can activate naive T cells. Importantly, DC exposure to epithelial
cell-derived alarmins such as thymic cytokine thymic stromal lymphopoietin (TSLP), IL-25,
IL-33, and IL-1a, in the airways facilitates the differentiation of naive T cells interacting
with the DCs to T helper-2 (Th2) effector cells.

Adaptive immune pathways in asthma

Once allergen-specific Th2 cells develop, PRR-induced production of inflammatory
mediators then triggers recruitment of Th2 cells into the lungs. Cytokine produced by Th2
cells are central to asthma pathology. These include IL-4 (which induces IgE production by
B cells), IL-13 (which drives mucus production, AHR, and smooth muscle hypertrophy),
and IL-5 (which recruits and regulates survival of eosinophils). Indeed, there are many
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ongoing trials to test the efficacy of Th2 cytokine-blocking reagents in the treatment of
allergic asthma.

Although Th2 cytokines are thought to be important drivers of asthma symptomology,
there is a growing sentiment that more severe forms of asthma may involve additional,
non-Th2 derived cytokines. As PTSD is more pronounced in the context of severe allergic
asthma it is therefore important to distinguish factors driving mild versus severe asthma.
Recently, Th17 cells (and production of Th17-associated cytokines like IL-17A or IL-17F)
have been shown to promote more severe asthma when present with Th2 cells. Murine
asthma models eliciting mixed Th2/Th17 responses are associated with more severe airway
hyperresponsiveness and inflammation than purely Th2 responses (Wakashin et al., 2008;
Lajoie et al., 2010). This is in line with recent reports that suggest more severe asthma in
humans is also associated with a mixed Th2/Th17 immune response. In human asthmatics,
IL-17A levels in lung biopsies, sputum, and serum correlated with asthma severity (Molet
etal., 2001; Al-Ramli et al., 2009). Furthermore, asthmatics with mixed Th2/Th17 cells in
the bronchoalveolar lavage fluid exhibited the greatest airway obstruction, hyperreactivity,
and steroid use compared to Th2 or Th2/Th17-low subgroups (Irvin et al., 2014). However,
the importance of cytokines associated with general asthma (Th2 cytokines like IL-4, IL-5,
and IL-13) versus those associated severe asthma (Th17 cytokines like IL-17A) in PTSD
physiology is unclear.

Asthma-relevant immune mediators in PTSD: Clinical studies

Several excellent reviews have been published that summarize studies reporting altered
cytokines, chemokines and T cells in PTSD subjects (Wang et al., 2016, 2017b;
Michopoulos et al., 2017; Kim et al., 2020). However, in this section we will primarily
discuss immune mediators relevant to severe asthma physiology as described above,
including Th2 and Th17 cells and related cytokines. PTSD patients were reported to

have increased PBMC counts, and a linear correlation between PBMC counts and anxiety
symptoms (Zhou et al., 2014). PTSD patients demonstrated a decreased frequency of
circulating regulatory T cells and an increased frequency of Th1 cells, while the frequency
of Th2 cells was unaltered. In another study, IL-5 (a Th2-associated cytokine) was
associated with hostility scores in military personnel although trauma and PTSD were not
investigated in this group (Mommersteeg et al., 2008). These observations, coupled with
evidence showing weaker associations between PTSD and other Th2-associated allergic
disorders (hay fever) (O’Toole and Catts, 2008), and the particularly strong association
between PTSD and severe asthma (itself more associated with other immune responses)
suggest that Th2 responses may not play a defining role in the asthma PTSD-link.

As stated above, Th17 cells are particularly associated with more severe forms of
asthma. Although Th17 cells were not different in PTSD patients, there was a significant
linear correlation of peripheral blood mononuclear Th17 cell counts and PTSD score,
suggesting a potential association between Th17 cells and PTSD symptomology (Zhou
et al., 2014). Consistent with a Th17/IL-17A-PTSD association, concentration of serum
IL-17A was significantly higher in PTSD subjects (Zhou et al., 2014). Furthermore, the
same study investigated microRNA (miRs) expression coupled with Ingenuity Systems
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Pathway Analysis and revealed a upregulation of IL-23 expression heavily involved in Th17
induction. In subjects with rheumatoid arthritis, higher IL-17A levels were observed in
patients with PTSD compared to those without (Maloley et al., 2019). In another group

of combat veterans tightly controlled for trauma type, higher levels of IL-17A, as well as
IL-2 and IFN-y) were reported in the plasma and saliva of PTSD subjects compared to the
trauma-exposed no-PTSD group (Wang et al., 2016). Importantly, compared to Th17 cells
producing IL-17A alone, Th17 cells producing a mixture of IL-17A, IL-2 and IFNy have
proven to be more pro-inflammatory (Ghoreschi et al., 2010). Collectively these studies
support that immune mediators elevated in the context of severe asthma, particularly Th17/
IL17A may contribute to PTSD/asthma association.

Mechanistic Insights on the PTSD/severe asthma link: Pre-clinical models

Preclinical paradigms can provide valuable mechanistic insights that complement

clinical observations. Several rodent paradigms have been developed to simulate PTSD
relevant behavioral, or asthma-relevant physiological/immunological responses. Given the
availability of several PTSD and asthma models (see Tables 1 & 2), assessment of the
relationship and mechanistic interaction between the two is plausible, yet, surprisingly,
rigorous studies to assess this link are currently lacking. Here, we describe rodent studies
where animals were exposed to either traumatic stress (relevant to PTSD) or allergens
(relevant to asthma). We highlight studies where asthma-relevant inflammatory mediators
were assessed in PTSD paradigms or behavioral measures relevant to psychiatric outcomes
were investigated following allergen exposure.

PTSD-relevant preclinical models.

The interaction of stress with asthma induction and severity is well established (see

(Chen and Miller, 2007; Bailey et al., 2009; Haczku and Panettieri, 2010; Barnthouse and
Jones, 2019; Lopes et al., 2020)). As clinical evidence in PTSD patients strongly supports
the contribution of immune mediators, many pre-clinical studies have assessed traumatic
stress-evoked global changes in pro- and anti-inflammatory molecules. In this section,

we selectively focus on paradigms validated for PTSD-relevant behavior and physiology
where alterations in adaptive immune mediators relevant to asthma were assessed regardless
of whether the behavior / physiology outcomes were found to alter asthma pathology, or
vice versa (see Table 1). Although not directly examining the asthma-PTSD link, these
studies report a temporal association of altered inflammatory mediators with PTSD-relevant
behavior, suggesting their potential use for assessment of asthma physiology.

(i) Chronic Social Defeat Paradigm

The social defeat stress (SDS) model has been used extensively to simulate depression

and anxiety associated behaviors, however recent studies suggest relevance to posttraumatic
pathophysiology (Deslauriers et al., 2018). Mice exposed to repeated SDS demonstrated
increased anxiety-like behavior, microglial alterations and increased neuronal activity within
the amygdala, and these changes were associated with increased blood levels of Th2 cells
and pro-inflammatory cytokines (Munshi et al., 2020). Mechanistically, SDS can induce the
priming of dendritic cells (Powell et al., 2011) that are important in shaping the primary
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adaptive immune response in asthma (see Fig 1). Recent studies suggest a contribution of
norepinephrine (NE), a sympathetic hormone upregulated in PTSD (Southwick et al., 1999;
Strawn and Geracioti et al., 2008), in regulation of T cell activation in isolated splenocytes
(Case et al., 2016). In SDS exposed mice increased T cell activation was accompanied by
elevated levels of tyrosine hydroxylase a catecholaminergic biosynthetic enzyme (Moshfegh
et al., 2019). Interestingly, SDS increased circulating IL17A levels and splenic IL-17A
expression was positively correlated with increased expression of tyrosine hydroxylase
(Table 1). Consistent with this hypothesis, one study investigated the effects of chronic SDS
exposure in a murine model of allergic asthma (Bailey et al., 2009). Psychosocial stress
exposure exacerbated the airway hyperactivity response to allergen exposure and increased
anxiety-like behavior and significantly elevated levels of Th2-associated inflammatory
cytokines, such as IL-4, IL-5, and IL-13 observed in lung tissue. Another study reported
SDS-evoked alterations in the adaptive immune response that was associated with stress
susceptibility and resilience (Ambrée et al., 2019). Significantly higher numbers of splenic
IL-17A producing CD4" and CD8* T cells were observed only in susceptible animals
compared to control mice. Collectively, these studies support the utility of the SDS model
for studying T cell alterations that are relevant to the development of allergic asthma.

(i) Predator Stress Paradigm

Predator-stress consists of a single exposure to a predator, either unprotected, with a physical
barrier, or exposure to a predator odor. These manipulations result in enduring behavioral
and physiological alterations including general avoidance, exaggerated fear response, and
hyperarousal (Deslauriers et al., 2018). Some studies have explored immune involvement
and T cell activity/trafficking following predator stress (Table 2). Immunodeficient mice
exposed to predator odor demonstrate higher anxiety and startle response compared

to immunosufficient mice suggesting that adaptation to predator odor stress requires a
controlled adaptive immune response (Cohen et al., 2006). Furthermore, T cell trafficking
into BBB-devoid areas such as the choroid plexus was associated with resilience in predator
stress. Direct induction of T cell recruitment into the brain (via immunization with a peptide
derived from myelin, pMOGg35_s5) also induced this resilient phenotype, suggesting that
increasing T cell numbers in the brain was associated with resilience.

(iii) Inescapable Footshock Stress paradigm

Repeated exposure to inescapable footshocks (IFS) has been used for simulating learned
helplessness characteristic of depression. However, given that footshocks are highly aversive
and fear inducing, they constitute an intense traumatic stressor and thus have also been used
in rodent PTSD paradigms (Deslauriers et al., 2018; Conoscenti and Fanselow, 2019). In
several studies (Beurel et al., 2013, 2018; Beurel and Lowell, 2018; Medina-Rodriguez et
al., 2018), activation of Th17 T cells was observed in the hippocampus of mice susceptible
to learned helplessness, but not in resilient mice (Beurel et al., 2013). Furthermore, Th17
cell transfer promoted learned helplessness while impairing novelty suppressed feeding and
social interaction behaviors. Pharmacological inhibition of Roryt (a transcription factor
necessary for Th17 cell differentiation) prevented these behaviors, supporting a central role
and sufficiency of Th17 cells in IFS-evoked behavioral deficiencies. In a follow up study
(Beurel et al., 2018), tagged donor Th17 cells were localized to the hippocampus and
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prefrontal cortex of host mice suggesting potential infiltration of peripheral Th17 cells into
these sites were driving behavioral alterations.

(iv) Single Prolonged Stress (SPS) Paradigm

The rodent SPS paradigm is widely used to simulate intense traumatic stress experience that
is relevant to PTSD. SPS involves successive exposure to three stressors (restraint, swim and
ether inhalation) (Yamamoto et al., 2009). SPS exposure results in behavioral/physiological
changes that are relevant to PTSD, particularly impaired fear extinction, neuroendocrine
dysfunction, increased startle, and sleep disturbances (reviewed in (Deslauriers et al.,

2017b; Souza et al., 2017; Lisieski et al., 2018). Few studies have explored immune cell
alterations following SPS exposure. SPS-exposed rats displayed increased plasma and brain
concentrations of IL-1p, IFN-y, and TNF-a concurrent with deficits in fear extinction
(Wang et al., 2018). Increased expression of brain TNF-a, IL-1f and IL-6 following SPS
was reported in rats that exhibit impairments in cognitive memory and increased anxiety
associated behaviors (Lee et al., 2016, 2018). Currently, SPS effects on the adaptive immune
system are not known.

Across models, studies support that post trauma behaviors are influenced by adaptive and
innate immune responses in the periphery. Thus, it is conceivable that chronically altered
homeostatic balance of T cell populations observed in asthma may impact posttraumatic

outcomes. However, these relationships have not been investigated.

Asthma-relevant preclinical models

Although current rodent models of asthma simulate inflammatory, structural and
physiological features associated with asthma in humans (reviewed in Nials and Uddin,
2008; Chapman et al., 2014; Martin et al., 2014; Kianmehr et al., 2016), studies

expanding these models to include behavioral measurements are limited. In this section,

we discuss studies where an allergen-induced lung dysfunction was coupled with behavioral
measurements that may be relevant to posttraumatic pathophysiology. The most commonly
used asthma protocols in rodents - Ovalbumin (OVA) and house dust mite (HDM) extract-
based protocols - and their effects on behaviors is discussed in this section (see Table 2).

i) Ovalbumin Model

In OVA-based models, animals are systemically sensitized by OVA injection (i.e.
intraperitoneally) often in the presence of an adjuvant such as aluminum salts or the
gram-negative bacterial cell wall component, lipopolysaccharide (LPS). To induce localized
pulmonary inflammatory responses, sensitized mice are given ovalbumin either as an aerosol
or through intranasal/intratracheal challenge. This protocol promotes robust inflammatory
responses relevant to asthma, including local production of Th2 cytokines (IL-4, IL-5,
IL-13), airway eosinophilia, excessive mucus production, elevated IgE levels and airway
hyperreactivity (AHR). The effects of OVA-induced asthma on conditioned passive
avoidance behavior using a light dark box have been reported. For example, OVA sensitized
mice showed significant avoidance of the dark compartment (usually preferable to mice)
after this area was associated with OVA treatment, suggesting a conditioned place avoidance
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associated with the aeroallergen (Costa-Pinto et al., 2005). Additionally, OVA administration
induced significant Fos activation in stress and emotion regulatory areas of the brain: the
central nucleus of the amygdala and the hypothalamus. In another study, sensitization and
challenge with OVA increased anxiety-associated behaviors in the social interaction and
open field tests while simultaneously increasing expression of Th2 cytokines (IL-4, IL-5,
IL-13) in the prefrontal cortex (Tonelli et al., 2009). Furthermore, increased immobility
behaviors in the forced swim and tail suspension tests representing depression-like behaviors
were reported in OVA-challenged mice (Zuo et al., 2014). OVA-sensitized mice also display
potentiated stress-evoked anxiety-like behaviors and increased Th2-associated cytokines
(Bailey et al., 2009) suggesting a potential role of Th2-associated responses in modulation of
behavior.

Importantly, alterations in important fear regulatory regions have been noted in asthma.
Increased prefrontal activity and anxiety is reported in asthma patients (Rosenkranz et

al., 2012), and OVA-challenged rats showed increased anxiety behavior coupled with
elevated mPFC activity, amygdala delta-gamma coupling, and functional connectivity
within mPFC-amygdala circuits (Dehdar et al., 2019). Interestingly, a central role of mPFC-
amygdala dysfunction has also been reported in PTSD (Gilboa et al., 2004; Milad et al.,
2009) suggesting that asthma can target brain regions relevant to PTSD pathophysiology.
Collectively, OVA sensitization/challenge models support behavioral effects and peripheral-
central inflammation in forebrain areas regulating stress and emotion and could be further
refined for PTSD-relevant behaviors and physiology.

ii) House Dust Mite extract (HDM) treatment paradigm

There is an increasing shift towards natural allergens for experimental models of asthma.
One widely utilized allergen is and extract of house dust mite (HDM). This allergen offers
several benefits over OVA models including translational relevance (~85% of asthmatics
demonstrate sensitivity to HDM) (Nelson et al., 1996; Gregory and Lloyd, 2011) and

that asthma phenotypes can be induced following mucosal allergen exposures (i.e. through
the lung) without prior systemic sensitization. This mirrors the development of asthma in
humans, where allergen exposure typically occurs via the inhaled route. HDM contains
multiple PAMPs that can fully activate and damage respiratory epithelial cells and allow for
robust activation of both innate and adaptive immune responses (see Fig 1).

The impact of HDM-induced asthma on behaviors relevant to psychiatric conditions is
limited, however available data suggest a potentiating effect of HDM-induced asthma on
behavioral changes. Anxiety-related behaviors in animals with airway inflammation induced
by early life HDM exposure (starting postnatal day 7) versus labored breathing (induced
by methacholine starting postnatal day 22) (Caulfield et al., 2017) has been assessed.

Only animals with labored breathing, but not airway inflammation, had reduced open arm
exploration in the elevated plus maze. Importantly, Al appeared to reverse the effects

of LB breathing on anxiety or depression associated behaviors suggesting that airway
dysfunction was an important driver of the observed behavioral changes. More recently
this same group explored the impact of peri-adolescent exposures on behaviors in adult
animals (Caulfield et al., 2018). Interestingly, the effects of peri-adolescent asthma models
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could be dichotomized based on the frequency of neonatal (postnatal day 3-5) ultrasonic
vocalizations (USV). LB-exposed neonates with high USV demonstrated increased anxiety
like behaviors, whereas those with low USV demonstrated decreases in such behaviors.

As high calling mice were found to have lower IL-5 expression, this further supports the
hypothesis that Th2 cytokines responses may limit anxiety like behaviors in this model.
However, early airway inflammation reduced adult latency to immobility in the forced
swim test with no dichotomization by USV. This may suggest developmental effects on
depression-associated behaviors related to inflammation (Caulfield et al., 2018).

Recently, using an HDM-induced model of allergic asthma in A/J mice, a strain which
develops a mixed Th2/Th17 response (Lewkowich et al., 2008; Lajoie et al., 2010) and
steroid refractory features observed in severely asthmatic humans (Serra et al., 2018), we
observed effects of intra-tracheal HDM treatment on fear extinction behavior, with no
significant differences in anxiety, depression or panic associated behaviors (Lewkowich et
al., 2020). Importantly, impaired fear extinction is a hallmark of PTSD (Milad et al., 2009),
and contributes to the persistence of trauma memories (Jovanovic et al., 2010; Maddox et
al., 2019). Interestingly, although pulmonary inflammation induced by HDM was associated
with increased recruitment of both IL-13 and I1L-17A-producing cells to the lungs, only
IL-17A producing cells were elevated in the brains of HDM-exposed A/J animals. The
increased frequency of IL-17A-producing cells in the brain was accompanied by microglial
alterations in specialized blood-brain-barrier (BBB) compromised circumventricular area,
subfornical organ, suggesting that local IL-17 production may be important in regulating
microglial, and neural circuit function. Furthermore, post extinction measurements

revealed increased AFosB staining within areas regulating fear extinction; the medial
prefrontal cortex and basolateral amygdala in HDM treated mice. Collectively, these data
show modulation of brain immune mechanisms and fear circuits by peripheral airway
inflammation. HDM-fear conditioning models may be useful for understanding mechanisms
underlying the risk and comorbidity of asthma-PTSD.

The asthma-PTSD link - Potential peripheral-CNS associations and

contributory mechanisms

The brain has historically been considered immune privileged as compared to other organs,
based on protection against the peripheral milieu and the apparent absence of a lymphatic
system, a view that has been challenged by recent studies (Louveau et al., 2018). Complex
tight junctions between adjacent endothelial cells in the cerebral vasculature make up a
‘physical barrier’ called the blood brain barrier (BBB). The BBB facilitates the entry of
required nutrients into the brain, and excludes larger molecules, and immune cells, such
as T cells, from entering the CNS. However, mounting evidence suggest that multiple
mechanisms enabling communication between peripheral and CNS compartments may
operate in the absence of pathological BBB breakdown. Excellent reviews have been
published on communication pathways and neuroimmune links between the periphery and
brain (Ransohoff et al., 2003; Quan and Banks, 2007; Shechter et al., 2013; Dantzer,
2018)). In this section we briefly discuss potential routes by which asthma-associated,
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T-cell-mediated immune perturbations in bronchopulmonary and humoral compartments
may regulate brain areas and circuits relevant to PTSD (See Fig 2).

[) Pulmonary Vagal- Brain Stem pathway

The vagus nerve provides a primary pathway for immune-brain communication (reviewed
in Mazzone and Undem, 2016), and vagal sensory mechanisms may play an important role
in conditions such as asthma. Neural tracing studies have shown vagal afferent fibers from
the jugular and nodose ganglia innervating lower airways (Berthoud and Neuhuber, 2000).
Afferent neurons communicate with the diffuse neuroendocrine system in lungs comprising
of neuroepithelial cell bodies that serve as airway sensors for irritant stimuli (Hale et al.,
2012). It is likely that intratracheal allergens in asthma and related inflammatory cytokines
activate vagal nerve afferents. Signals from the nodose ganglion have been reported to
communicate with the brain stem via C fibers (Hale et al., 2012), targeting the vagal

nerve nuclei, primarily nucleus of solitary tract (NTS), which in turn innervates cortical
and subcortical areas such as the hypothalamus to regulate sympathetic/cardiovascular and
neuroendocrine responses (Ulrich-Lai and JP, 2009).

Of relevance to asthma, previous work has shown that pulmonary neuroepithelial cells
(PNECsS) are required for the Th2 immune response in asthma, as Ascl1-mutant mice

that have no PNECs demonstrate a suppressed asthma response (Sui et al., 2018). OVA
sensitization resulted in activation of the dorsolateral part of the NTS in the absence of
activation of the area postrema, a CVVO, supporting that localized inflammation in the lung
can signal to the brain via vagal pathways, in the absence of circulating proinflammatory
mediators (Hale et al., 2012). The pulmonary-vagal-brain stem communication pathway
thus provides a direct mechanism by which asthma-relevant immune mediators and

lung airway distension can generate appropriate autonomic, endocrine, and behavioral
responses via central pathways. Sensitized sympathetic tone and abnormal neuroendocrine
hypothalamic pituitary adrenal response are observed in PTSD patients (Pitman et al.,
2012). Furthermore, NTS projections to fear regulatory areas such as the hippocampus,
amygdala, and prefrontal cortex may be relevant to dysregulated fear memory reported

in PTSD patients. Interestingly, in rats exposed to SPS, a PTSD-relevant paradigm, vagal
nerve stimulation improved extinction of fear and reduced acoustic startle and anxiety-like
behavior (Souza et al., 2017) supporting the relevance of vagal inputs in regulation of
PTSD-relevant behaviors.

II) Sensory Circumventricular Organs

Circumventricular organs (CVOs), are specialized areas located in proximity to brain
ventricles and characterized by a compromised BBB with fenestrated capillaries (McKinley
et al., 2003; Miyata, 2015). Sensory CVVOs comprising of the subfornical organ (SFO)
vascular organ of lamina terminalis (OVLT) in the forebrain and area postrema (AP) in

the hindbrain contain neuronal cell bodies in close apposition to blood capillaries and
ventricular CSF. Lymphopenic Rag2(—/-) mice reconstituted with GFP-expressing CD4(+)
and CD8(+) T cells display an abundance of lymphoid cells within the circumventricular
organs similar to the choroid plexus and meninges (Song et al., 2016), suggesting that

the CVOs represent potential homing sites whereby T cell populations can impact brain

Brain Behav Immun. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Johnson et al.

Page 12

function. Due to these features and their efferent projections to several forebrain and hind
brain areas, CVO-resident neurons have the unique capacity to detect alterations in the
blood-CSF milieu and impact physiological and behavioral responses (McKinley et al.,
1998; Johnson et al., 2013). In addition, CVOs such as the AP receive direct innervation
from the vagus (Ferguson, 1991) enabling further communication with lung-nodose ganglion
pathway (discussed above). SFO neurons have been reported to modulate neuroendocrine
responses and behavior via projections to the hypothalamus, BNST and prefrontal cortex
(McKinley et al., 2003; Krause et al., 2011). Studies from our group have shown regulation
of panic and PTSD relevant fear behaviors via microglial chemosensory mechanisms and
angiotensin receptor type 1 (AT1R) within the SFO (Vollmer et al., 2016; Winter et al.,
2019). Interestingly, renin angiotensin system (RAS) has been implicated in allergic asthma
(Kim and Im, 2019), as well as PTSD (Khoury et al., 2012). Recently, using a murine HDM
model of severe allergic asthma, we reported alterations in microglia within the SFO that
temporally coincided with increased Th17 cells in the brain and preceded the development
of deficits in fear extinction (Lewkowich et al., 2020). This suggests a potential role of

the CVOs, particularly, the SFO in translating asthma-relevant inflammation into behaviors
relevant to PTSD.

[lI) The choroid plexus blood—cerebrospinal fluid interphase

The choroid plexus (CPx), a secretory CVO, gates the blood CSF barrier and serves as an
immunological interface allowing the exchange of signals between the periphery and brain
(Ransohoff and Engelhardt, 2012). Accumulating evidence supports the CPx, composed

of vascular and connective tissue and surrounded by specialized epithelial monolayer,

as a site through which adaptive immune cells, particularly T cells, can regulate brain
function (reviewed in (Baruch and Schwartz, 2013). Interestingly, mice lacking integrin

4 on pulmonary epithelial cells display increased sensitivity to asthma development, and
increased bipolar-like behaviors that were associated with increased airway inflammation
and interleukin 4 receptor a expression in the CPx (Han et al., 2018) suggesting that
elevated Th2-like responses may contribute to altered behavior. However, the CPx also
serves as an important site for Th17 entry into the brain (reviewed in Cipollini et al., 2019).
Previous studies have reported that the CPx regulates the trafficking of homeostatic T cells
into the non-inflamed CNS for surveillance and pathogenic Th17 cells in early stages of
EAE (Ransohoff et al., 2003). Importantly, IL-17A upregulates CCL20 expression on CPx
epithelial cells enabling the entry of CCR6+ Th17 cells into the brain (Reboldi et al., 2009).
After CPx-gated entry into the CSF, Th17 cells can distribute into the perivascular space as
well as activate neurons within the sensory CVOs. It has been proposed that following
traumatic stress, immune surveillance function of the CPx may be altered promoting
maladaptive signaling and behavioral manifestations (Kertser et al., 2019). Collectively,
this supports a key role of the CPx in adaptive immune modulation of brain function under
physiological as well as pathological states such as severe asthma where chronic elevations
in Th2 and Th17 cells are observed.

IV) Meningeal Lymphatic System

Recent work (Louveau et al., 2018; Brioschi and Colonna, 2019) has identified entry points
for immune cells and cytokines through distinct anatomical routes in the meninges, a
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three-layered membrane comprising of the dura, subarachnoid and pia mater that covers
the brain parenchyma. Fluorescently labelled T cells injected intravenously can be detected
in the leptomeningeal spaces (Carrithers et al., 2000), suggesting T cell diapedesis and
bypassing of the BBB. Furthermore, meningeal lymphatic vessels allow drainage of T cells
from CSF to cervical lymph nodes, providing an opportunity for generation and trafficking
of reactive T cells into the parenchyma. Thus, meningeal mechanisms provide another
interface for peripheral immune system interaction with the CNS. Under physiological
conditions, T cells within the subarachnoid space have been reported to regulate learning
and memory, as RAG deficient mice, which are devoid of adaptive immune cells, show
cognitive impairments (Derecki et al., 2010; Kipnis et al., 2012). In EAE, Th17 cells can
enter the meningeal subarachnoid space after crossing the blood-CSF barrier via the choroid
plexus, and eventually extravasate into brain parenchyma after reactivation mechanisms at
the meningeal-cervical lymph node site (Zepp et al., 2011; Shechter et al., 2013; Brioschi
and Colonna, 2019). Of relevance to the central role of Th17/IL-17A in asthma and cortical
dysfunction evident in PTSD, recent studies report a homeostatic role of meningeal y617 T
cells and physiological release of IL-17A by these cells in regulating anxiety-like behavior
in mice via IL-17A receptor in cortical glutamatergic neurons (Alves de Lima et al.,

2020). It is currently unclear whether chronic T cell inflammation in asthma could alter
neuroimmune homeostasis within leptomeningeal spaces or impact y817 T cell/IL-17A-
mediated regulation of cortical neurons. The capacity of meningeal T cells to modulate
cognitive and anxiety-like behaviors makes this interphase an important candidate for future
investigations in asthma paradigms and traumatic stress associated models of relevance to
PTSD.

V) Blood-Brain Barrier (BBB) Interphase

T cell extravasation through the BBB is reported in conditions such as multiple sclerosis
and encephalomyelitis (Kebir et al., 2007; Balasa et al., 2020). Similarly, exposure to
inhaled, asthma relevant exposures such diesel exhaust, disrupts the BBB (Hartz et al., 2008;
Heidari Nejad et al., 2015). Further, postmortem studies have shown an accumulation of
particulate matter in cerebral capillaries and frontal lobes of individuals from areas of high
air pollution (Wang et al., 2017a) and evidence suggests that nanoparticles can compromise
the tight-junction proteins constituting the BBB (Wang et al., 2017a). Such conditions may
facilitate the passage of peripheral T cells that are chronically elevated in severe asthmatics
into brain parenchyma. Beyond inhaled toxicants, pro-inflammatory cytokines like IL-17A
are relatively small molecules, and have been demonstrated to cross the BBB through both
passive, and active transport mechanisms (Banks and Erickson, 2010; Huppert et al., 2010).

In particular, IL-17A-BBB interactions have been extensively studied in the context

of multiple sclerosis and its rodent model counterpart, experimental autoimmune
encephalomyelitis (EAE) (Komiyama et al., 2006; Rothhammer et al., 2011; Du et al.,
2016). IL-17A can rapidly increase BBB permeability by modifying the localization of tight
junction proteins and endothelial changes (Rahman et al., 2018). The endothelial cells of

the BBB express functional IL-17A receptors and upon IL-17A binding, decrease expression
of claudin-5, a protein that maintains the tight junctions necessary for the integrity of the
BBB (Cipollini et al., 2019). With the breakdown, other cytokines and T helper cells are now
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able to penetrate the brain in a pathological context. It is promising that IL-17A facilitates
this breakdown, as it indicates its ability to act in not already compromised BBBs. It is
conceivable that similar 1L-17A-mediated disruption of the BBB may occur in severe asthma
associated with a mixed Th2/Th17 response.

Conclusions and Future Directions

As described in preceding sections, evidence from clinical and epidemiological studies,

as well as limited preclinical observations supports a strong association between asthma
and PTSD, although and mechanistic links have yet to be explored. Based on existing
knowledge, several questions need to be addressed. The directionality between asthma

and PTSD needs to be investigated in longitudinal studies. Furthermore, as current cross
sectional studies have mostly focused on combat exposure or events like 9/11 (Goodwin

et al., 2007; O’Toole and Catts, 2008; Shiratori and Samuelson, 2012; Underner et al.,
2019), an important consideration would be to dissociate the contribution of psychological
versus environmental triggers in promoting PTSD or asthma symptomology. Given the
prevalence of asthma in younger population, studies in pediatric cohorts with an emphasis
on psychiatric assessments and long-term outcomes is necessary. There is growing evidence
that events occurring early in life, both before and after birth, are significantly associated
with the risk of asthma (reviewed in (Renz and Skevaki, 2021), and pre-gestational
inflammatory insults can promote later development and persistence of asthma. In this
regard neurodevelopmental maternal immune activation models, especially those involving
Th17/1L-17A mediated behavioral deficits and cortical dysfunction may be relevant (Choi
et al., 2016; Reed et al., 2020). It would also be important to assess contribution of

stress, genetics and other inflammatory conditions in modulating asthma-PTSD physiology.
Perhaps most crucial is the need to develop suitable preclinical paradigms for mechanistic
understanding of asthma-PTSD, focusing on assessment of asthma and PTSD-relevant
physiological and behavioral outcomes as well as tissue analysis of immune mediators in
the brain and periphery. These models will also be relevant for identification and testing

of novel targets and therapeutic agents. Although preliminary evidence from our group
and others (Beurel et al., 2013; Caulfield et al., 2017, 2018; Alves de Lima et al., 2020;
Lewkowich et al., 2020) suggests a role for severe-asthma related Th17/IL-17A in PTSD-
relevant behaviors and comorbidities, future studies are required to determine how T cell
mediators impact brain function at a cell-circuit level. Moreover, as IL-17A is produced

in excess in many other chronic inflammatory conditions, elucidating the mechanisms
through which 1L-17A may mediate these effects may have wide reaching implications

for the co-morbid PTSD that accompanies many other pro-inflammatory conditions. As
outlined by us, several periphery-brain communication pathways exist that can translate
asthma-related inflammation into the CNS. In conclusion, we highlight asthma and PTSD
association, an emerging and relevant area of research investigation that will not only
provide information on body-brain communication pathways but further our understanding
on the risk, comorbidity and treatment of these highly prevalent conditions.
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Highlights
. Genetic and epidemiological evidence supports a severe asthma-PTSD
association
. Asthma, particularly severe forms, involve mixed T helper Th2 and Th17
immune cells
. Links between Th2/Th17, and behavior are seen in rodent models of asthma
and PTSD
. Peripheral immune-brain pathways may translate asthma inflammation to
PTSD
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Figure 1: Immune mechanisms active during allergic asthma response.
(1) Pathogen Associated Molecular Patterns (PAMPS) on inhaled allergens are recognized by

Pattern Recognition Receptors (PRRs) expressed by airway epithelial cells, which produce
cytokines and chemokines upon activation. (2) Chemokines, such as CCL20, recruit lung
Dendritic cells (DCs) to the epithelial cell barrier where they encounter allergen and become
activated. (3) Activated DCs migrate to the draining lymph node (LN) where they present
allergen in the context of Major Histocompatability Class 1l molecules (MHCII) to activate
naive CD4+ T cells and induce differentiation into cytokine-producing effector T helper

2 (Th2) cells. (4) These Th2 cells produce IL-4, which induces B cells to class switch

to IgE. (5) IgE produced by B cells binds to FceRI on the surface of lung-resident mast
cells. Once mast cell-bound IgE is crosslinked by allergen, mast cells can degranulate to
release mediators, such as histamine, that induce inflammation and contribute to many of the
hallmark airway symptoms of allergic asthma. (6) Activated, allergen-specific Th2 cells also
migrate from the lymph node to the lung where they proliferate and produce I1L-13 that acts
upon epithelial cells to induce goblet cell hyperplasia and mucus production, and smooth
muscle cells (SMC) to induce proliferation and mediate airway hyperresponsiveness (AHR).
Th2 cells also produce IL-5, which recruits and prolongs the survival of eosinophils. (7) In
severe asthma, Th17 cells also differentiate in the LN and migrate to the airways where they
produce IL-17A, which both enhance the effects of IL-13, and recruit polymorphonuclear
(PMN) cells to the airways.

Airway Epithelium
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Figure 2. llustration of potential routes by which asthma-associated airway inflammation may
impact brain physiology and behavior

(A) Pulmonary vagal-brain stem pathway. Afferent nerve fibers from sensory ganglia
innervate pulmonary neuroendocrine cells. Intratracheal allergens and related inflammatory
signals can activate vagal nerve afferents innervating brainstem nuclei that project to
forebrain areas regulating emotional behavior, neuroendocrine and autonomic responses. (B)
Sensory circumventricular organs. Fenestrated, “leaky”, blood vessels and peri-ventricular
location allow CVOs to sense blood and CSF milieu and permit diffusion of cytokines

and T cell extravasation. Presence of neuronal cell bodies projecting to forebrain-hindbrain
centers controlling cardiovascular, neurovascular and behavioral responses makes CVOs
particularly attractive in body-to-brain signaling. (C) Choroid plexus-blood-cerebrospinal
fluid interphase. Specialized monolayer of epithelial cells (EC) facilitates the entry of
adaptive immune mediators, particularly T cells from blood into the CSF compartment

and interstitial spaces thereby modulating brain homeostasis and function. (D) Meningeal
lymphatic system. Meningeal interphase provides a site for T cell diapedesis, as well

as, T cell drainage from the CSF into cervical lymph nodes, providing an opportunity

for generation and trafficking of reactive T cells into the parenchyma for modulating

brain physiology and behavior.(E) Blood-brain barrier interphase: A protective barrier
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under homeostatic conditions, BBB integrity can be compromised by chronic exposure to
pollutants, nanoparticles and stress. Elevated cytokine levels can increase BBB permeability
by modifying tight junction proteins and endothelial cells allowing extravasation of immune
mediators into the brain.
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Table 1:

Animal models of PTSD-relevant behavior pertinent to asthma-related inflammatory mediators

Model

Behavior

Immune Response

Citations

Chronic Social Defeat Stress (SDS)  *Social avoidance TMature Th2
TCued/context fear *Pro-inflammatory profile Munshi et al., 2020
TAnxiety (i.e. IL-17A, 1L-4) Moshfegh et al., 2019
TDendritic priming Powell et al., 2011
Bailey et al., 2009
Ambrée et al., 2019
Predator Stress Paradigm (PSP) T Anxiety T-cell mediated Wilson et al., 2013
1 Startle T-cell entrance via BBB Vargas-Caraveo, 2015

Cohen et al., 2006
Lewitus et al., 2008

Inescapable Footshock Stress (IFS)

TLearned helplessness

1Th17 differentiation in susceptible

Beurel et al., 2013, 2018

T Anhedonia TCNS Th17 Beurel & Lowell, 2018
Madina-Rodriguez et al., 2018
Single Prolonged Stress (SPS) T Anxiety *General inflammation
| Cogpnition Peripheral: IL-1B, TNFa Wang et al., 2018
| Memory Central: IL-1 B, IFNy Leeetal., 2016

Leeetal., 2018
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Table 2:

Animal models of asthma pertinent to PTSD-relevant behaviors

Model Behavior Immune Response Citations

T Anxiety Antibodies: IgE Costa-Pinto et al., 2005
Ovalbumin | Spatial learning 1gG1 Bei etal., 2013
(non-CNS, non-self ~ TFear Response T-cell: Th2 cyokines,  Tonelli et al., 2009
antigen) IL-17, Treg Dehdar et al., 2019

TNFa Zuo et al., 2014

House Dust Mite T Anxiety Cortisol

* Anhedonia Th2 cytokines: IL-4,  Caulfield et al., 2017

T Extinction Freezing  IL-5, IL-13 Caulfield et al., 2018

Lewkowich et al., 2020
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