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Extensive evidence highlights the role of inflammatory processes in major depressive disorder (MDD).
However, most studies have examined a consistent set of inflammatory cytokines and there is evidence
that other immune-derived products may play a role in MDD. In this article, we present data from 3
complimentary studies that support the role of a novel cytokine, interleukin-33 (IL-33), in depression
risk. First, we show that a 2-SNP haplotype in the /L-33 gene (rs11792633 and rs7044343) moderated
the link between women’s history of childhood abuse and their history of recurrent MDD (rMDD), such
that the link between childhood abuse and rMDD was stronger among women with fewer copies of the
protective IL-33 CT haplotype. Second, linking these findings to differences in circulating cytokine
levels, we show in a separate sample that those with a history of rMDD had higher peripheral levels of
IL-33 and IL-1f compared with women with a single MDD episode or no history of MDD. Third,
providing initial evidence of brain regions underlying these effects using archival rat brain tissue, we
show that an acute stressor increased /L-33 expression in the paraventricular nucleus of the hypothalamus
and, to a lesser extent, the prefrontal cortex, key brain regions underlying stress response and emotion
regulation. These findings provide converging support for the potential role of 1L-33 in risk for recurrent

MDD.

General Scientific Summary

Previous research that explored the association between inflammation and depression mainly focused
on a consistent set of cytokines and other immune-derived molecules, including recently discovered
interleukin-33 (IL-33), have yet to be examined. This investigation provides initial evidence for the
association between IL-33, stress reactivity, and recurrent depression.
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A rapidly growing body of research suggests that immune-
derived signaling factors, including proinflammatory cytokines,
play an important role in the etiology and pathophysiology of
major depressive disorder (MDD; Capuron et al., 2002; Dantzer et
al., 2008; Levine et al., 1999; Musselman et al., 2001; Owen et al.,
2001; Raison et al., 2006). This said, not every MDD patient
exhibits increased inflammation, suggesting that the link between
inflammation and MDD may only be apparent among specific
subgroups of depressed individuals such as those with preexisting
vulnerabilities, including cognitive and genetic vulnerabilities or
histories of early life stress (Raison et al., 2006; Slavich & Irwin,
2014).

Although a number of classic cytokines have emerged from
human studies of MDD (e.g., IL-1p3, IL-6, IFN), a wide range of
other promising immune-derived products have yet to be explored
(Raison et al., 2006). In the present report, we focused on a
well-characterized member of the IL-1 cytokine family, IL-1{, and
a newly identified, multifunctional ligand within the IL-1 super-
family, IL-33 (Baekkevold et al., 2003; Figure 1). The first inter-
leukin to be described, IL-1[3, constitutes one of the most potent
molecules of the innate immune system. It is secreted from acti-
vated monocytes and macrophages and it initiates local and sys-
temic inflammatory effects by binding to its receptor complex,
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Figure 1.

which is a heterodimer consisting of IL-1 receptor Type I (IL-1R1)
and IL-1 receptor accessory protein (IL-1RAcP; Maes, Song, &
Yirmiya, 2012; Sims & Smith, 2010). IL-1$ drives peripheral
inflammation and neuroinflammation by further stimulating its
own production as well as up-regulating the production of other
inflammatory cytokines both peripherally and in the central ner-
vous system (CNS; Sone et al., 1994; Xiao, Xia, Ferin, & Ward-
law, 1999). As such, IL-13 was shown to be involved in multiple
inflammation-associated conditions, including psoriasis, multiple
sclerosis, Crohn’s disease, asthma, and ulcerative colitis (Sims &
Smith, 2010). Notably, there is also evidence for its involvement in
MDD, though some studies fail to confirm this association (Dow-
lati et al., 2010; Maes et al., 2012). Specifically, extensive research
suggests that individuals with current MDD evidenced increased
circulating levels of IL-1 as well as increased stimulated produc-
tion of IL-1@ (Heiser, Lanquillon, Krieg, & Vedder, 2008; Maes et
al., 1991; Piletz et al., 2009; Suarez, Lewis, Krishnan, & Young,
2004). However, recent meta-analytic findings that excluded stud-
ies of induced cytokine production failed to support the association
between circulating levels of IL-1$3 and current MDD (Dowlati et
al., 2010).

IL-33 is abundantly expressed in the CNS, with the brain and
spinal cord being the organs with the highest mRNA levels of
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Cellular mechanisms of IL-33 and their relation to MDD risk. (1) Early life stress precipitates

increased expression of neuroimmune genes, potentially via norephinephrine and epinephrine release, (2) which
includes secretion of IL-33 by endothelial cells and astrocytes. (3) IL-33 is known to interact with a heterodi-
meric complex comprised of ST2 and IL-1RAcP, which are coupled to both NF-kB and P38 MAPK signaling
pathways, ultimately driving the expression of other cytokines and chemokines. (4) It should be noted that ST2
can also be released from cells in soluble form, where it serves to inactivate extracellular IL-33 by serving as
a decoy receptor. (5) IL-33 may impact MDD risk directly by modulating neuronal circuits responsible for affect
regulation, or (6) indirectly by promoting the expression of other key cytokines/chemokines known to moderate
MDD risk. See the online article for the color version of this figure.
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IL-33 in the body (Schmitz et al., 2005). IL-33 is constitutively
expressed in endothelial cells, microglia, and astrocytes, whereas
its receptors are mainly located on microglia and astrocytes
(Moussion, Ortega, & Girard, 2008; Yasuoka et al., 2011).
Inflammation-inducing stimuli, such as pathogen-associated mo-
lecular patterns (PAMPs), including lipopolysaccharide (LPS) and
double-stranded RNA (dsRNA), as well as PAMPs with added
adenosine triphosphate (ATP), increase IL-33 mRNA levels in
astrocytes (Hudson et al., 2008). Moreover, 1L-33 secreted from
cells treated with PAMPs + ATP induce the production of proin-
flammatory cytokines in mast cells (Hudson et al., 2008). Addi-
tionally, IL-33 mRNA expression is upregulated following sub-
arachnoid hemorrhage in neurons and astrocytes (Huang et al.,
2015). Therefore, 1L-33 activity in the brain may constitute a
critical factor in CNS inflammatory processes. Upon release, IL-33
interacts with a heterodimeric receptor complex comprised of the
ST2 receptor and IL-1 RAcP (Kakkar & Lee, 2008; Liew, Pitman,
& Mclnnes, 2010). IL-33/ST-2 binding activates nuclear factor
kappa B (NF-kB) and p38 mitogen-activated protein kinases
(MAPK), culminating in altered expression of proinflammatory
cytokines, chemokines, and Th2-associated cytokines (Allakh-
verdi, Smith, Comeau, & Delespesse, 2007; Mirchandani, Sal-
mond, & Liew, 2012). Specifically, IL-33 induces the production
of proinflammatory mediators in microglia and mast cells in a
dose-dependent manner (Moulin et al., 2007; Yasuoka et al.,
2011). Mature IL-33 protein also associates with chromatin mate-
rial within the nucleus, serving as a transcriptional regulator, and
has been proposed as a novel “alarmin,” that primes host defense
during impending threats (Moussion, Ortega, & Girard, 2008b).
IL-33 is a multimodal cytokine with diverse functions in differ-
ent systems and plays a significant role in multiple diseases,
including cardiovascular disease (Kakkar & Lee, 2008), rheuma-
toid arthritis (Xu, Zhang, Zhang, & Ye, 2013), respiratory allergy
and asthma (Makrinioti, Toussaint, Jackson, Walton, & Johnston,
2014), and atopic dermatitis (Cevikbas & Steinhoff, 2012). There
is also evidence for the involvement of IL-33 in brain pathology,
including Alzheimer’s disease (Chapuis et al., 2009). Moreover,
there is evidence from one study of increased circulating 1L-33
levels among individuals diagnosed with bipolar disorder (Barbosa
et al., 2014). Thus, IL-33 appears to be embedded within key
signaling pathways that are known to link cytokine signaling with
MDD (Allakhverdi et al., 2007; Kakkar & Lee, 2008), yet its
association with MDD has not yet been directly examined.
Based on this apparent functional role of IL-33, we queried the
human brain database of the Allen Brain Atlas (Allen Human
Brain Atlas, 2015) to determine whether IL-33 might be expressed
in anatomical regions known to be critical for affective function,
including the paraventricular nucleus of the hypothalamus (PVN),
superior, middle, and inferior frontal gyri, amygdala, and cingulate
gyrus. Our analyses revealed that 1L-33 expression was signifi-
cantly increased in the PVN (12.5-fold change), cingulate gyrus
(11.2-fold change), amygdala (37.5-fold change), and inferior
frontal gyrus (8.8-fold change), relative to the occipital pole, a
structure largely unrelated to affective processes. In contrast, IL-33
was not differentially expressed in the superior or middle frontal
gyri. Additionally, /L-33 was higher on this list of differential
expression than any of the other more commonly examined
cytokine-related genes (e.g., IL-1@3, IL-6) in all of our areas of
interest, except for superior and middle frontal gyri. Together,

these findings suggest that IL-33 is uniquely positioned, from both
signaling and anatomical perspectives, to emerge as an important
link in the cytokine theory of MDD. In this investigation, we used
existing data from three separate samples to ask questions about
the plausible role of IL-33 in depression using a parallel, as
opposed to a serial, approach.

Study 1

In Study 1, we tested a Gene X Environment (G X E) model of
risk for MDD. One of the strongest environmental influences on
MDD in humans is stress, which strongly regulates the expression
of inflammatory molecules (de Kloet, Joels, & Holsboer, 2005;
Iwata, Ota, & Duman, 2013). In rodent models, stress exposure
initiates time-dependent and site-selective changes in inflamma-
tory cytokines, suggesting a key role for central cytokines as
mediators of the downstream consequences of stress (Hueston &
Deak, 2014). These findings are consistent with human studies
showing that circulating proinflammatory cytokine concentrations
increase in response to psychosocial stressors (Carroll et al., 2011;
Slavich, Way, Eisenberger, & Taylor, 2010) and that psychosocial
stress moderates the link between inflammation and depression
(Héfner et al., 2011). Although different types of early life stress,
ranging from severe maltreatment to less severe variations in
caretaking environment, are associated with increased risk for
MDD risk, they vary in the magnitude of the adverse impact on the
circuits involved in MDD development (Essex et al., 2011; Heim
& Binder, 2012; Slavich & Irwin, 2014). Of the various forms of
early life stress, childhood abuse is one of the most robust predic-
tors of long-term risk for depression (Goodman & Brand, 2000;
Springer, Sheridan, Kuo, & Carnes, 2003), has lasting biological
effects that increase susceptibility for developing future MDD
(Fumagalli, Molteni, Racagni, & Riva, 2007; Kessler, Davis, &
Kendler, 1997), and meta-analyses of previous G X E studies has
suggested that it may be more strongly related future MDD in the
context of genetic risk than other, more proximal stressors
(e.g.,Karg, Burmeister, Shedden, & Sen, 2011). Childhood abuse
could be conceptualized as a form of targeted rejection, a class of
negative interpersonal events that has been strongly linked to
cytokine expression in other research (for a review, see Slavich &
Irwin, 2014). This said, not all children exposed to maltreatment
go on to develop depression (Cicchetti, 2013) suggesting the
presence of important moderating factors, including genetic influ-
ences, that may help to determine which individuals are at a greater
risk for depression following childhood abuse (Moffitt, Caspi, &
Rutter, 2006). Thus, our goal in Study 1 was to determine whether
genes that code for IL-33 and IL-1B moderate the impact of
childhood abuse on risk for MDD. Supporting the role of inflam-
matory factors, there is evidence that early life stress leads to
increased inflammation during adulthood in animals and humans
(Danese, Pariante, Caspi, Taylor, & Poulton, 2007; Fagundes &
Way, 2014). Therefore, we hypothesized that variation in the /L-33
and /L-1f genes would moderate the impact of childhood abuse on
participants’ risk for MDD. Because recurrent MDD (rMDD) is
characterized by distinct genetic, neurobiological, and hormonal
profiles compared with a single episode of MDD (sMDD; Admon
et al., 2015; Holsen et al., 2013; Lewinsohn, Allen, Seeley, &
Gotlib, 1999), carries greater risk for adverse and chronic conse-
quences (Burcusa & Iacono, 2007), and is less responsive to
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antidepressant medication (Kaymaz, van Os, Loonen, & Nolen,
2008), we examined sMDD and rMDD separately.

Although research characterizing functional haplotypes in the
IL-33 gene is limited, there is evidence that two (rs11792633 and
rs7044343) or three (rs1157505, rs11792633, and rs7044343)
SNPs in the promoter/enhancer region of the /L-33 gene form a CT
or a CCT haplotype. To date, these haplotypes have been studied
in relation to Alzheimer’s disease (AD) but not depression. For
example, both haplotypes were overrepresented in participants
who suffered from Alzheimer’s disease and did not carry APOE e4
allele (Chapuis et al., 2009; Yu et al., 2012). Chapuis et al. (2009)
reported decreased mRNA expression of IL-33 in the brains of
individuals with AD, compared with controls. Presence of the CCT
haplotype was also associated with higher cerebral amyloid angi-
opathy, a pathological hallmark of AD. Consistent with this, in
vitro studies have shown that overexpression of IL-33 led to
decreased expression of AR (Fryer et al., 2003). Together, these
findings indirectly suggest that CCT and CT haplotypes are asso-
ciated with decreased expression of IL-33, which may confer
increased risk for the development of AD or other neuropatholog-
ical conditions. Given this, we hypothesized that the presence of
the /L-33 CT/CCT haplotype would buffer the impact of childhood
abuse on MDD risk. Similarly, building from evidence that two
SNPs in the promoter/enhancer region of the [L-I3 gene
(rs1143627, rs16944) form an AG haplotype that is associated with
decreased IL-1 protein secretion (Borkowska et al., 2011; Hall et
al., 2004), we predicted that the presence of the IL-1(3 AG haplo-
type would also buffer the impact of childhood abuse on MDD
risk.

Method

Participants. A total of 241 women were recruited from the
community based on their histories of MDD: tMDD (n = 76),

Table 1
Descriptive Statistics for Sample 1

sMDD (n = 40), and no MDD (n = 125). Of the participants
(average age = 40.11, SD = 6.79), 4.1% (n = 10) were diagnosed
with current MDD, 8.71% (n = 21) with a current anxiety disor-
der, and 3.3% (n = 8) with comorbid current MDD and anxiety
disorder. Exclusion criteria for all groups included the presence of
schizophrenia, organic mental disorder, a history of alcohol or
substance dependence within the last 6 months, or lifetime history
of bipolar disorder. The majority of the participants (87.9%) was
Caucasian, and the median annual family income was $50,001—
$55,000. Women in the three MDD groups did not differ signifi-
cantly in age, ethnicity, BMI, or lifetime tobacco use. However,
women in the sMDD and rMDD groups, compared with women in
the no MDD group, reported lower annual income, greater rates of
childhood abuse, and higher levels of current depressive symptoms
(see Table 1). The project was approved by the Binghamton
University’s institutional review board.

Measures. Lifetime histories of psychiatric disorders were
assessed using the Structured Clinical Interview for DSM-IV Axis
I Disorders (SCID-I; First, Spitzer, Gibbon, & Williams, 2002). A
subset of 20 SCID-I interviews was coded by a second interviewer
and interrater reliability for diagnoses of MDD was excellent (k =
1.00).

Participants’ current symptoms of depression were assessed
using the Beck Depression Inventory-II (BDI-II; Beck, Steer, &
Brown, 1996). In this sample, this measure showed excellent
internal consistency (a = .91).

Histories of abuse were assessed using the Childhood Trauma
Questionnaire (CTQ; Bernstein & Fink, 1997). In this sample, the
CTQ exhibited good internal consistency (emotional abuse: a =
.86, physical abuse: a = .85, sexual abuse: o = .96). Using the
established cutoffs on the CTQ, moderate levels of abuse were
defined as an emotional abuse (EA) subscale score greater than 12,
a physical abuse (PA) subscale score greater than 9, and/or sexual

No MDD sMDD MDD
(n = 125) (n = 40) (n = 176) FIx2
Age (M and SD) 40.85 (6.32) 39.38 (7.14) 39.49 (7.31) 1.28
Ethnicity (% Caucasian) 93.6" 80.0° 82.9%0 7.99"
Median annual income 60,001-65,000* 35,001-40,000° 35,001-40,000° 11.67*
BMI (M and SD) 28.65 (7.02) 29.36 (6.92) 29.98 (9.07) 71
Lifetime tobacco use
(% smoked = 100 ea) 28.0% 47.5° 44.7° 8.21"
IL-1 B AG haplotype
(% within MDD)
0 copies 10.4 7.5 13.2 4.52
1 copy 44.8 30 38.2
2 copies 44.8 62.5 48.7
1L-33 haplotype
0 copies 12.8 12.5 17.1 1.20
1 copy 41.6 37.5 40.8
2 copies 45.6 50 42.1
CTQ (% abused) 15.2% 35.0° 59.2¢ 41.97
BDI-II (M and SD) 3.74 (4.94)* 11.79 (10.41)° 15.39 (10.81)¢ 58.30"

Note.

MDD = major depressive disorder; sMDD = single episode of MDD; tMDD = recurrent MDD; BMI =

body mass index; BDI-II = Beck’s Depression Inventory-1I; CTQ = Childhood Trauma Questionnaire. Means
with different superscripts differ significantly. Groups with the same superscript do not differ from each other.

*p < .05 **p<.00l.
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abuse (SA) subscale score greater than 7. Of the women in our
sample, 20 reported EA only (8.3%), six reported PA only (2.5%),
13 reported SA only (5.4%), nine reported EA and PA (3.7%), 10
reported EA and SA (4.1%), three reported PA and SA (1.2%), and
17 reported all three types of abuse (7.1%). Consistent with prior
research using the CTQ (e.g., Bradley et al., 2008), women were
coded as having a history of no or mild abuse (n = 163) or having
a history of moderate to severe levels of abuse (n = 78).

Women’s DNA was collected and isolated from buccal cells
using established methods (Freeman et al., 1997). The samples
were genotyped for three SNPs in the promoter/enhancer region of
the /L-33 gene that have previously been shown to form a two- or
three-SNP haplotype (Chapuis et al., 2009; Yu et al., 2012) and
two SNPs in in the promoter/enhancer region of the /L-I3 gene
(Borkowska et al., 2011). All polymorphisms were genotyped
using the fluorogenic 5’ nuclease (Tagman, Applied Biosystems,
Foster City, CA) method involving reagents (VIC(tm) and
FAM(tm) labeled probes and TagMan® Universal PCR Master
Mix without AMPerase® UNG obtained from Applied Biosystems
(ABI). Genotype determination was performed using primers pur-
chased from ABI or Integrated DNA Technologies (Coralville,
IA). Genotypes were obtained using an ABI Prism 7300 Sequence
Detection System using both absolute quantification and allelic
discrimination modes (Livak, Flood, Marmaro, Giusti, & Deetz,
1995). The markers did not differ from Hardy-Weinberg equi-
librium using default parameters in Haploview (Barrett, Fry,
Maller, & Daly, 2005). In order to (a) maximize the amount of
information provided by the multiple markers, and (b) circum-
vent loss of power due to multiple testing, we utilized all of the
available SNP data to identify haplotype blocks (i.e., the com-
binations of SNP markers that are statistically associated).
Haploview was used to visualize haplotype blocks (Barrett et
al., 2005, see Supplementary Figures 1S and 2S). Haplotypes
for both chromosomes were then confirmed and extracted using
PHASE [Version 2.1] (Stephens & Donnelly, 2003), requiring
that the probability of a haplotype be greater than or equal to
0.80. PHASE haplotypes were used to construct diplotypes (i.e.,
combination of haplotypes across the pair of homologous chro-
mosomes) that were used in the regression analyses. Similarly
to Yu et al. (2012) we found a two-SNP haplotype in /L-33 in
our sample (CT; rs11792633, rs7044343). A two-SNP haplo-
type was also found in IL-1P (AG; rs1143627, rs16944), sim-
ilarly to previous research (Borkowska et al., 2011). Marker-
to-marker statistics for IL-33 were as follows: rs1157505-
rs11792633: linkage disequilibrium (D’) = 0.61, r* = .246;
rs1157505-1s7044343: D° = 0.54, r* = .14; rs11792633—
rs7044343: D’ = 0.98, > = .697. The marker-to-marker sta-
tistics for IL-1B was: rs1143627-rs16944 D’ = 1, r* = 981.
Consistent with previous research (Borkowska et al., 2011;
Joris et al., 2013; Sweeney et al., 2006; Yu et al., 2012), the
IL-33 and IL-13 haplotypes were coded in an additive manner
reflecting the number of copies of the CT or AG haplotypes
present (zero, one, or two copies).

Procedure. Participants were recruited from the community
via a variety of means (e.g., TV, newspaper and bus ads, flyers).
After providing consent, participants were administered the
SCID-I, completed questionnaires, and provided a DNA sample.

Results

The demographic and clinical characteristics of the sample are
presented in Table 1. Numbers and percentages of participants
stratified according to history of childhood abuse, MDD, and
genotype are presented in the Supplementary Information (Table
S1).

Prior to conducting our primary G X E analyses, we tested for
potential gene-environment correlations (rGE). Women'’s histories
of childhood abuse were not significantly related to the number of
copies they carried of the IL-33 CT haplotype, x* (2) = 0.80, p =
.67, or IL-1B AG haplotype, x° (2) = 3.75, p = .15. We then tested
the G X E models predicting women’s history of MDD (rMDD
and sMDD). For these analyses, we used multinomial regressions
with the criterion variable reflecting membership in one of three
depression groups: MDD, sMDD, or no MDD. Similarly to pre-
vious research, (Borkowska et al., 2011; Joris et al., 2013;
Sweeney et al., 2006; Yu et al., 2012), we examined additive
genetic effects for each haplotype and entered them in our analyses
as continuous variables (reflecting zero, one, and two copies of the
haplotype). Focusing first on /L-33, we found a significant main
effect of childhood abuse showing that women with a history of
abuse, compared with women with no abuse history, were more
likely to be in the rMDD group than the sMDD group, 3 = 2.70,
Wald = 7.04 p = .01, or the no MDD group, 3 = 3.80, Wald =
18.81, p < .001, with no difference between the sMDD and no
MDD groups, § = —1.10, Wald = 0.97, p = .33. In contrast, the
main effect of the /L-33 CT haplotype did not significantly differ-
entiate any of the three MDD groups (ps > .77). Importantly, the
childhood Abuse X [L-33 Haplotype interactions were significant
in differentiating the rtMDD group from both the sMDD group,
B = —1.25, Wald = 3.73, p = .05, and the no MDD group, 3 =
1.25, Wald = 5.03, p = .03, though it was not significant when
comparing the sMDD and no MDD groups, f = —0.003, Wald =
0.001, p = .99. Examining the form of these interactions, we found
that, among women with no history of childhood abuse, /L-33
haplotype did not significantly differentiate women in any of the
three MDD groups (all ps > .48). In contrast, among women with
a history of abuse, those with fewer copies of the protective /L-33
CT haplotype were more likely to be in the rtMDD group than in
the sMDD group, B = —1.02, Wald = 3.72, p = .05, or the no
MDD group, B = —1.04, Wald = 4.84, p = .03. Among women
with a history of abuse, /L-33 haplotype did not differentiate
women in the sMDD and no MDD groups, 3 = —0.23, Wald =
0.01, p = .97. Thus, among women with a history of childhood
abuse, the presence of more copies of the protective CT haplotype
was associated with reduced risk for rMDD. Importantly, these
results were maintained when we excluded participants with cur-
rent MDD diagnosis from the analyses (n = 223), when we limited
our sample to Caucasians (n = 212), and when we included
participants’ income, BMI, lifetime smoking, or race/ethnicity as
covariates (full results are available in Supplementary Informa-
tion). Similar results were obtained when we used a recessive
model for our analyses (two copies of CT vs. one or zero copies of
CT; full results are available in Supplementary Information).

Similar analyses were conducted to examine the effects of /L-/3
haplotype, childhood abuse, and their interaction on participants’
history of sMDD and rMDD. However, the main effects of the
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IL-1B GA haplotype and the childhood Abuse X IL-1[3 Haplotype
interactions were not significant (all ps > .16).

Study 2

The findings of Study 1 suggested that a haplotype in /L-33 that
is hypothesized to be associated with decreased function of 1L.-33
served as a protective factor against rMDD risk among women
with a history of childhood abuse. To the extent that IL-33 plays
a role in risk for rtMDD, we would expect to see elevations in
peripheral IL-33 protein levels among individuals with tMDD. As
before, we examined women with rMDD versus sMDD separately
to determine if cytokine levels tracked severity of disorder. To
ensure that any differences observed were not due simply to
current depression, we focused on women with a history of past
MDD or sMDD that had fully remitted. As before, we also
examined circulating levels of the more commonly examined
IL-1B. We hypothesized that peripheral IL-33 and IL-1f levels
would be the highest among women with rMDD, followed by
women with sMDD episode, then women with no history of MDD
(no MDD).

Method

Participants. A total of 40 women were recruited from the
community and the groups (rtMDD, n = 10; sMDD, n = 10; no
MDD, n = 20) were matched on age, ethnicity, income, body mass
index (BMI), body temperature (<38 °C), and lifetime tobacco use
(see Table 2). None of the participants had current MDD, sub-
stance abuse, psychotic, obsessive—compulsive, or eating disor-
ders. Ten percent {tMDD n = 2; sMDD n = 1; no MDD n = 1)
had a current anxiety disorder (e.g., panic disorder). The average
age was 33.32-years-old (SD = 5.01). Approximately half
(52.50%) of the sample was Caucasian and the rest (47.50%) was
African American. The median annual family income was
$20,001-$25,000. The project was approved by the university’s
institutional review board.

Measures. Lifetime histories of psychiatric disorders were
assessed using the Structured Clinical Interview for DSM-IV Axis
I Disorders (SCID-I; First et al., 2002).

Participants’ current symptoms of depression were assessed via
Beck Depression Inventory-II (BDI-II; Beck, Steer, & Brown,
1996). In this sample, this measure showed good internal consis-
tency (a =. 80).

Whole blood was collected by certified phlebotomists into BD
Vacutainer Blood Collection Sets into 4.0 mL tubes, coated with
Ethylenediaminetetraacetic acid (EDTA). The majority of samples
(60%) were collected between 11:00—13:00 and the rest were
collected between 17:00—-19:00. No data regarding participants’
food intake before the blood draw was collected. Plasma was
separated by centrifugation (1,000 X g for 10 min at 4 °C) and
stored at —80 °C. Multiplex enzyme immunoassay (ELISA) array
was conducted by Ray Biotech Inc (Norcross, GA) with each
sample ran in quadruplicates. The average inter- and intra-assay
coefficients of variation were 3.5% and 9%, respectively. The
detection limits were 8.2 pg/mL for IL-33 and 1.5 pg/mL for
IL-1B. Values for 1L-33 and IL-1[ concentrations were not nor-
mally distributed and were square-root transformed (after adding a
constant of 2 to each value). Two outliers (>2.5 SDs) were

recalculated to be at 2.5 SDs from the sample mean, similarly to
previous research (Slavich et al., 2010). Body temperature was
measured via an infrared thermometer (Exergen, Watertown, MA).

Procedure. Participants were recruited from the community
via a variety of means (e.g., TV, newspaper and bus ads, flyers).
After providing consent, participants were administered the
SCID-I, completed questionnaires, and provided a venous blood
sample.

Results

Demographic and clinical characteristics of this sample are
presented in Table 2. Preliminary analyses were conducted to
examine whether the groups differed on the time of day during
which plasma was collected (11:00-13:00 vs. 17:00-19:00) and
this was nonsignificant, XZ (2) = 1.56, p = .46. Additionally, the
results were maintained when time of day was included in the
analyses. For our primary analyses, we conducted two separate
one-way ANOVAs with depression history (rtMDD, sMDD, no
MDD) as the between-subjects factor and IL-33 or IL-1f3 concen-
trations as dependent variable. Results revealed significant group
differences in circulating IL-33, F(2, 39) = 3.70, p = .03, v, =
17, and IL-1B, F(2, 39) = 4.12, p = .02, m} = .18, levels.
Importantly, the results for both IL-33, F(2, 39) = 3.58, p = .04,
Mz = .18, and IL-1B, F(2, 39) = 4.19, p = .02, m7 = .21, were
maintained when we entered current depressive symptoms (BDI-II),
participants’ annual income, BMI, body temperature, and cigarette
smoking history as a covariates suggesting that the group differ-
ences were not due simply to differences in current mood, income,
BMI, body temperature, or smoking history.! Post hoc analyses
revealed that women in the rMDD group had significantly higher
circulating levels of IL-33 (M = 32.06, SE = 7.48) than women in
the sMDD (M = 6.20, SE = 7.48, p = .02) and the no MDD (M =
10.23, SE = 5.29, p = .02) groups, with the latter two groups not
differing significantly (Figure 2A). Similarly, women in the tMDD
group had significantly higher IL-1$ levels than women in the
sMDD (M = 1.79, SE = .70, p = .03) and the no MDD (M = 1.73,
SE = .50, p = .01) groups, again with the latter two groups not
differing significantly (Figure 2B).

Study 3

The results of Study 1 suggest that a haplotype in /L-33 may
moderate the impact of childhood abuse on risk for rMDD and the
results of Study 2 suggest that women with a history of rMDD
exhibit higher circulating levels of IL-33 than women with a
history of sMDD or no history of MDD. A key remaining question
is whether /L-33 gene expression in brain regions involved in
stress reactivity and affect regulation is increased following expo-
sure to an acute stressor. To address these questions, we examined
IL-33 mRNA levels in archival brain tissue from rats exposed to an
acute stress challenge, focusing on brain areas relevant to hypo-
thalamic pituitary adrenal (HPA) axis functioning and affect reg-
ulation, including the rat analogues of the human PFC and PVN.
We could not examine /L-33 expression in the amygdala and
cingulate cortex, because the archival samples of those areas were

! Details of these analyses are available from the first author.
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Table 2
Descriptive Statistics for Sample 2

No MDD sMDD MDD

(n = 20) (n = 10) (n = 10) F/x2
Age (M and SD) 33.40 (4.55) 35.30 (6.31) 31.20 (4.29) 1.70
Ethnicity (% Caucasian) 50 60 50 .30
Median annual income 20,001-25,000 15,001-20,000 5,001-10,000 1.30
BMI (M and SD) 32.41 (9.07) 36.59 (7.81) 28.42 (9.78) 2.08
Body temperature, °C (M and SD) 98.16 (.60) 97.87 (.84) 98.23 (.82) 5
Lifetime tobacco use

(% smoked = 100 ea) 40 60 60 1.60

BDI-II (M and SD) 6.79 (6.52) 5.40 (5.64) 10.09 (6.62) 2.03

Note.

MDD = major depressive disorder; sMDD = single episode of MDD; tMDD = recurrent MDD; BMI =

body mass index; BDI-II = Beck’s Depression Inventory-II. None of the means or percentages in the table

differed significantly.

not available. Extensive cytokine expression data from that study
have been published (Hueston & Deak, 2014), showing a signifi-
cant, time-dependent increase in /L-If3 in those areas following
footshock. However, previous analyses did not examine the role of
IL-33. We predicted that /L-33 expression would be similarly
increased in the PFC and PVN following a stress challenge.

Method

Participants. Adult male Sprague Dawley (specified patho-
gen free [SPF]; Harlan, Indiana) rats (n = 8 per group; n = 40)
weighing 325-425 g were pair housed in standard transparent
Plexiglas cages at 22 * 1 °C with a 14:10 hr light cycle (lights on
06:00-20:00 hr). All animals had ad libitum access to food and
water, and were handled briefly for 3-5 min for 2 days prior to
experimentation. All animal procedures were approved by the
Institutional Animal Care and Use Committee at Binghamton
University.

Measures and procedure. The footshock chamber measured
30.5 (L) X 26.5 (W) X 33 (H) cm (Habitest Chamber, Model
H10-11R-TC-SF, Coulbourn Instruments, Allentown, PA). The
sidewalls of the chamber were constructed of stainless steel except

(o

o
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o
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o

N
2
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w
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Figure 2. Peripheral levels of IL-33 and IL-1f in human plasma samples
as a function of MDD history. Error bars represent standard error of the
mean (SEM). Circulating IL-33 (A) and IL-13 (B) levels were significantly
higher among women with a history of tMDD, compared to women with
a history of sMDD or no MDD. Groups that differ significantly are denoted
by different superscripts. See the online article for the color version of this
figure.

the front doors that were constructed of clear Plexiglas. The
chambers were adapted to deliver scrambled shocks through the
grid floor (18 bars spaced 1.1 cm apart with a diameter of 4.0 mm)
from a shock generator (LABLINC Model HO1-01, and Precision
Animal Shocker Model H13-15, Coulbourn Instruments, Allen-
town, PA). The sound-attenuating chambers were illuminated by a
20-W white light bulb and background noise was provided by
individual ventilation fans. Shock chambers and waste collection
trays were cleaned with a wet paper towel after each session. Brain
tissue was harvested at baseline (0 min), immediately upon re-
moval from stressor exposure (15, 60, and 120 min), or after 2 hr
of recovery in the home cage following 120 min of stress (240 min
group).

Animals were exposed to inescapable footshocks (1.0 mA, 5 s
each, 90 s variable intertribal interval [ITI]) for 0, 15, 60, or 120
min (approximately 0, 10, 40, or 80 shocks, respectively), or
remained in their home cages. An additional group of rats was
exposed to 120 min of shock and were returned to their home
cages for 120 min (240 min time point) and served as a poststress
recovery sample. Immediately following the footshock paradigm,
rats were killed via rapid decapitation (unanesthesized). Brains
were removed, sliced at 2 mm using a brain block, and stored in
RNAlater (Cat No: 76106; Qiagen, Valencia, CA) at 4 °C for 48
hr. Rat analogues of human PFC and PVN were identified using a
rat brain atlas (Watson & Paxinos, 2005), dissected under a mi-
croscope, and stored at —20 °C. Tissue samples preparation, RNA
extraction, cDNA synthesis and amplification were performed
using previously established methods (Hueston & Deak, 2014).
Relative gene expression was quantified using the 2° **“T method.
Primer sequences for IL-33 (NM_001014166.1) was forward:
CCTGAGCACATACAACGACCA; reverse: TTCTTCCCATC-
CACACCGTC. B-Actin was used as a housekeeping gene, and a
lack of significant changes in gene expression was confirmed for
both the PVN and PFC (Hueston & Deak, 2014). Figure 3A
provides a schematic timeline for the experiment and Figures 3B
and C illustrate locations for the PFC and PVN analogues in the rat
brain.

Results

We conducted a 5 (Group: 0, 15, 60, 120, and 240 min expo-
sure) X 2 (Brain region: PFC, PVN) repeated measures ANOVA
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Figure 3. Gene expression analyses using archival rat brain tissue. Error bars represent standard error of the
mean (SEM). A) A schematic diagram of the footshock procedure. Adult male were exposed to intermittent
footshock (1.0 mA, 5 secs each, 90 sec variable inter-trial interval) for O (Control), 15, 60, or 120 min and tissue
was harvested immediately as previously described. A separate group of rats was exposed to 120 min of
intermittent footshock and were then returned to their home cages for 120 min (designated as the 240 min group)
for assessment of a post-stress recovery time point. B&C) Diagrams of the tissue collection locations for the PFC
and PVN respectively. D) IL-33 expression was modestly elevated at 120 minutes in the rat PFC following
footshock exposure. E) IL-33 expression was significantly elevated at 120 minutes after the onset of footshock,
and continued to escalate 2 hours after stress termination (during recovery from stress in the 240 minutes group)
in the rat PVN. Groups that differed significantly are denoted by different superscripts. See the online article for

the color version of this figure.

with IL-33 mRNA level as the dependent variable. We found a
significant main effect of region, F(1, 26) = 28.03, p < .001, n} =
.52, and a significant Group X Region interaction, F(4, 26) =
8.52, p < .001, T]f, = .57. Next, we tested for group differences in
each brain region separately. We found a significant group differ-
ences in /L-33 expression in both the PFC, F(4, 37) = 4.45, p <
.01, m2 = .35 and PVN, F(4, 31) = 9.53, p < .001, 2 = .58. As
shown in Figure 3D, post hoc analyses showed a significant
elevation in /L-33 expression in the PFC at 120 min, p = .046,
Cohen’s d = .90. Within the PVN (Figure 3E), IL-33 expression
was significantly elevated at 120 min, p = .03, d = 1.94, and
continued to escalate during the poststress recovery period (240
min), p < .01, d = 2.20.

Discussion

Our choice to investigate IL-33 in the context of depression and
stress was guided by previous research suggesting that IL-33 (a)
orchestrates the release of other inflammatory cytokines by im-
mune cells peripherally and in the CNS (Hudson et al., 2008;
Mirchandani et al., 2012; Moulin et al., 2007); (b) is differentially

expressed in brain areas relevant to emotional and stress reactivity
(Allen Human Brain Atlas, 2015); and (c) is elevated peripherally in
individuals suffering from bipolar depression (Barbosa et al., 2014).
To provide some context and basis of comparison for our investiga-
tion of IL-33, we also examined IL-1[3, a well-characterized cytokine
that has been extensively examined in the context of MDD and stress
(Iwata et al., 2013).

We found that a haplotype in the promoter/enhancer region of the
IL-33 gene (Chapuis et al., 2009; Yu et al., 2012) moderated the link
between women’s histories of childhood abuse and rMDD. Specifi-
cally, among women with a history of childhood abuse, those with
more copies of the protective /L-33 CT haplotype were at reduced risk
for MDD compared with abused women with fewer copies of this
protective haplotype. In contrast, no moderating effects were observed
for variation in /L-/f3. In addition, we found that circulating levels of
IL-33 and IL-1@ were higher among women with a history of rMDD,
compared with women with sMDD or no history of MDD. Finally,
utilizing archival rat brain tissue samples that had previously been
used to show the time course of /L-1[3 expression following footshock
(Hueston & Deak, 2014), we found that IL.-33 exhibited a time-
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dependent increase in expression within the PVN and, to a lesser
extent, the PFC, key sites of integration where neural circuits acti-
vated by stress converge.

The finding that the /L-33 CT haplotype moderated the link
between women’s history of childhood abuse and recurrent MDD
builds upon a large body of evidence suggesting that exposure to
stress may sensitize neurochemical responses to future stressors,
increasing risk for the development of MDD (de Kloet et al.,
2005). Our focus on childhood abuse builds upon research show-
ing that preadolescence represents a unique developmental win-
dow during which exposure to stressors may result in lasting
dysregulation of stress response systems (Bremner & Vermetten,
2001). Previous research suggests that the detrimental effects of
early life stress may be further modified by genetic variations (for
a review, see Clarke, Nymberg, & Schumann, 2012). Specifically,
early life stress may render individuals who carry more “reactive”
genotypes more susceptible to developing depression in response
to future stressful life events. Conversely, carrying protective
variants may buffer against the development of this dysregulation
of neurochemical processes impacting future stress response. The
mechanisms underlying these effects likely involve long-term ef-
fects on allostatic processes (Essex et al., 2011) and epigenetic
changes in gene expression (Nestler, 2014).

Although we found that naturally occurring variability in the
IL-33 gene was associated with rMDD among participants with a
history of childhood abuse, the mechanisms by which this haplo-
type affects IL-33 protein signaling to impact rtMDD risk remain
unclear. Previous research found that fewer copies of the CCT
haplotype in IL-33 was associated with increased risk for Alzhei-
mer’s disease, suggesting that expression of the CCT haplotype is
protective against AD in individuals who do not also coexpress
allelic variations in the APOE4 gene (i.e., the primary allelic
variation associated with AD risk; Chapuis et al., 2009). Indeed, it
is noteworthy that the IL-33 haplotype was not predictive of AD
among individuals who did coexpress allelic variations in
APOEA4, suggesting that the role of IL-33 haplotypes in AD
progression may define a unique genetic vulnerability to AD
that is independent of APOE4 allelic variations. Importantly,
the mechanism hypothesized by Chapuis et al. (2009) was that
reduced functional release of IL-33 (due to the haplotype) led to
reduced clearance of Af3 amyloid plaques, which comprise the
principal cellular pathology associated with AD progression.
This proposed mechanism is consistent with earlier in vitro
reports showing that overexpression of 1L-33 led to enhanced
AP clearance (Fryer et al., 2003). In this way, although IL-33
haplotype has not yet been definitively characterized in regards
to IL-33 expression, loss of IL-33 function is thought to present
as increased risk for the development of AD.

Consistent with this loss of function interpretation, we show in
the present studies that mature IL-33 protein is significantly ele-
vated in plasma of women with a history of recurrent depression
and childhood abuse (Study 2), and in rodent models after expo-
sure to an intense, acute stressor (Study 3). Importantly, haplotypes
in the IL-33 gene that have previously been suggested to reduce
IL-33 function exert a protective effect against the rMDD in
women with a history of childhood abuse (Study 1). Thus, in both
cases, haplotypes in IL-33 may have conferred loss of function
mutations in IL-33 signaling which produced phenotypes exactly
as you would predict based on the hypothesized role of I1L-33 in

the respective conditions (i.e., increased risk for AD, yet decreased
risk for MDD). Though seemingly paradoxical, it can be noted that
a similar profile of risk/benefit has been shown for IL-1(3, which
may also attenuate AD-associated pathology through decreased
AR protein and plaque formation (Shaftel et al., 2007). Together,
these findings suggest that neuroinflammation plays an important
role in steady-state formation of plaques an ultimately the progres-
sion of AD, and further supports our approach of examining both
IL-33 and IL-1p, in the present studies, as they may exert parallel
(or perhaps redundant) effects in MDD. Nevertheless, future stud-
ies will be necessary to clarify the cellular mechanisms by which
these haplotypes confer their detrimental and/or protective effects
on AD, MDD, and other neuropathological conditions in which
IL-33 may be important.

This is the first study to examine the association of IL-33
with MDD. Although the precise mechanisms of how IL-33
may moderate the impact of early life stress on depression risk
are unknown, the combined findings suggest that initial expo-
sure to childhood abuse might leave lasting effects on the
expression of /L-33 that emerge during or shortly after stress
cessation, alter immune functioning, and increase later stress
reactivity. Although the precise reasons for our failure to detect
significant G X E effects for /L-1(3 are not clear, we should also
note that, although some studies demonstrated a link between
IL-13 and MDD (Yu, Chen, Hong, Chen, & Tsai, 2003), others
failed to do so (Wang et al., 2013). Possible reasons for this
variability in findings could be differences in studied samples,
ways of assessing MDD, and types of MDD included in the
studies. One of the plausible explanations for the lack of ex-
pected moderation of the link between childhood abuse and
rMDD by IL-1f3 could lie in the type or the timing of stressor
we used. More specifically, depression is a heterogeneous dis-
order and there is evidence for cytokine disruption in only a
subset of depressed individuals (Miller & Cole, 2012; Slavich
& Irwin, 2014), or with specific depressive symptoms (Baune et
al., 2012; Jokela, Virtanen, Batty, & Kivimiki, 2015). In addi-
tion, although we focused on childhood abuse in our study,
there is evidence from other research that other specific forms
of negative life events may impact cytokine levels (e.g., tar-
geted rejection events; for a review, see Slavich & Irwin, 2014).
Future research is therefore needed to further explore the po-
tential moderating effects of /L-I3 on depression risk.

The observed increase in circulating concentrations of 1L.-33 and
IL-1B extends the existing body of research highlighting the in-
volvement of proinflammatory cytokines in MDD (e.g., Dantzer et
al., 2008) and suggests that these links may be stronger for rMDD
than sMDD. Finally, the observed increase in /L-33 expression in
the PVN and, to a lesser extent, the PFC following footshock
suggests that, similarly to other inflammatory cytokines (i.e.,
IL-1B), IL-33 also participates in neuroimmune response to acute
stressors. Combined with an earlier report of /L-1[3 expression in
this sample (Hueston & Deak, 2014), the results of the current
investigation point to potential differences in temporal patterns of
IL-33 and IL-1B expression levels following acute stress. Specif-
ically, whereas IL-1f3 expression was the highest in the PVN at 60
min post footshock onset, IL-33 expression peaked at 120 min in
the PVN after stress cessation (240 min after footshock onset),
suggesting that IL-33 may sustain the inflammatory signal for
prolonged periods after cessation of the stressful event. This tem-
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poral pattern of IL-33 expression contrasts sharply with the ex-
pression of /L-1f3, which returns to baseline levels shortly after
termination of stress (Hueston & Deak, 2014). In this way, the
cascading nature of the neuroimmune response to stress is re-
vealed by a rapid, early peak in /L-1f3 that is then followed by
a peak in /L-33 expression. These intriguing findings provide
the first working timeline establishing the expression patterns
of 1L-33 after acute stress, and suggest that IL-33 may play a
role in delayed and/or long-term consequences of stress expo-
sure. Future studies are necessary to further understand (a) the
spatial distribution of IL-33 reactivity in brain, (b) whether the
observed changes in mRNA are translated to bioactive protein,
(c) the functional role of IL-33 in rodent models of depression,
and (d) the relation between 1L-33 and other cytokines impli-
cated in this cascade. Furthermore, identification of the mech-
anisms by which stressors modulate the expression of IL-33 and
determining whether these findings translate in human partici-
pants remains critical. Though little is currently known about
IL-33 regulation by stress, it is interesting to note that adren-
ergic receptor activation is positively coupled to IL-33 expres-
sion (Yanagawa, Matsumoto, & Togashi, 2011), suggesting it
may follow a similar regulatory pathway as IL-13 during stress-
ful circumstances (Deak et al., 2015).

Strengths of this investigation include the consistency of find-
ings across levels of analysis and species, which allowed exami-
nation of cytokine gene expression in specific brain regions in
addition to the periphery. Another strength was the focus on
differentiating rMDD from sMDD, with our findings suggesting
that IL-33 plays a more central role in rMDD than sMDD. Despite
these strengths, there were limitations, which highlight important
directions for future research. First, the cross-sectional designs of
Studies 1 and 2 preclude conclusions regarding causality. Second,
although our focus on women increased the homogeneity of our
sample, it may also limit the generalizability of our findings to
men. Third, we focused on a self-report measure of childhood
abuse, which may have been subject to recall or response bias.
This said, this measure has shown excellent reliability and validity
(Bernstein et al., 1997), and is commonly used in studies testing
G X E models of risk (e.g., Bradley et al., 2008), facilitating
comparisons between studies. Fourth, our sample size in Study 1
was relatively small and replication in larger samples is needed.
Additionally, given the relatively small sample of women report-
ing a history of abuse, combined with the frequent comorbidity of
abuse types, we could not examine the effects of emotional,
physical, and sexual abuse separately. Future studies are needed,
therefore, to determine whether the IL-33 haplotype is more likely
to moderate the impact of certain types of events more than others
on depression risk. Fifth, although the majority of the sample
(87.9%) in Study 1 is Caucasian, approximately half of the par-
ticipants (52.50%) in Study 2 were Caucasian and the rest were
African American and it is always possible that population strat-
ification affects circulating IL-33 levels. Sixth, because the brain
samples that were available for analyses in Study 3 were of male
rats only, future research could examine whether the findings
replicate in brain samples of female rats in addition to male and
female postmortem brains in humans. Additionally, future research
is needed to investigate IL-33 involvement in acute stress response
in other brain areas relevant for MDD, including the amygdala and
hippocampus. Seventh, although the three studies presented here

provide converging evidence for the role of IL-33, conclusions
must remain tentative pending replication of each study in inde-
pendent samples. Finally, there is the possibility in any genetic
association study that unmeasured genetic or nongenetic third
variable may account for the associations reported. This said, the
consistency of findings across the G X E model of risk, human
cytokine expression, and gene expression in rat brain provide
promising initial evidence for the role of IL-33 and warrants its
inclusion in future studies of cytokine influences along with more
established cytokines.

In summary, the current investigation highlights the involve-
ment of inflammation in stress and depression and supports the
role of a novel cytokine, IL-33. Although each of the individual
studies in this investigation has limitations and requires replica-
tion, our overall a priori hypothesis about the involvement of IL-33
in MDD and stress response was consistently supported. Our
findings extend previous research on the influence of IL-33 pe-
ripherally and in the CNS by (a) suggesting that a haplotype in
IL-33 may impact long-term risk for rMDD among those exposed
to childhood abuse, (b) establishing the association between cir-
culating IL-33 levels and rMDD history, and (c) supporting the
involvement of IL-33 in neuroimmune response to stress. Thus,
IL-33 may provide a promising new target of intervention for
at-risk individuals. Future studies could employ animal models to
identify specific IL-33 signaling pathways that mediate its effects
on MDD and design interventions that would target those path-
ways in at-risk populations (e.g., those with a history of childhood
abuse and zero copies of IL-33 haplotype), providing another
critical step toward personalized strategies for therapeutic inter-
vention.
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