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Inflammation has been shown to predict depression, but sensitivity to inflammation varies across individuals. Experimental studies
administering potent pro-inflammatory agents have begun to characterize this sensitivity. However, risk factors for inflammation-
associated depression in naturalistic contexts have not been determined. The present study examined key psychological and
behavioral risk factors (state anxiety, perceived stress, negative affect, disturbed sleep, and childhood adversity) as potential
moderators of the relationship between inflammation and depressive symptoms in a prospective longitudinal study of breast
cancer survivors. Women with early stage breast cancer were recruited after completing primary cancer treatment (ng,, = 161).
Depressive symptoms, inflammatory markers (CRP, IL-6, and sTNF-RII), and key risk factors were assessed post treatment (T1), at 6
and 12-month follow-ups (T2 and T3), and during a final follow-up (TF) 3—6 years after T1; childhood adversity was measured only
at T3. Inflammatory markers were combined into a single inflammatory index prior to analyses. Women who reported higher levels
of state anxiety, perceived stress, negative affect, and/or sleep disturbance at T1 (post-treatment) exhibited higher depressive
symptoms at times when inflammation was higher than typical (interaction s ranged from .06 to .08; all ps < .014). Results
demonstrate the relevance of these risk factors for understanding inflammation-associated depression in a clinical context and
could inform targeted strategies for prevention and treatment among at-risk populations.

Translational Psychiatry (2021)11:615; https://doi.org/10.1038/5s41398-021-01744-6

INTRODUCTION

Depression is a prevalent [1] and debilitating disorder, which ranks
among the leading causes of worldwide disability [2]. Notably,
depression is linked to inflammation [3-6], such that inflammatory
stimulation causes sickness behaviors that include depressive
symptoms [7-9], inflammatory markers are elevated among
depressed individuals [6], and inflammation precedes depressive
symptoms in large longitudinal studies [10] (although these
prospective effects are small and likely bidirectional [11]).
However, there is growing recognition that inflammation is not
an “equal opportunity” inducer of depressive symptoms [12, 13].
For example, only a subset of individuals develops major
depressive disorder following interferon-alpha (IFN-a) treatment
—a potent and chronic pro-inflammatory agent [14]. To explain
this variability, emerging theories have adopted a “two hit” view of
depression where the combination of inflammation and select
vulnerability factors is hypothesized to predict depression
[5, 15, 16]. Experimental studies that induce depressive symptoms
using potent pro-inflammatory agents (e.g., IFN-a, endotoxin)
have begun to elucidate potential risk factors for inflammation-
related depression. Notably, endotoxin studies find that a range of
risk factors, including female sex [17], baseline activity of
inflammatory, beta-adrenergic, and glucocorticoid signaling tran-
scription factors [18], sleep disturbance [19], perceived stress, trait
sensitivity to social disconnection, and pre-existing symptoms of

depression and anxiety [16], all increase severity of depressive
symptoms following endotoxin administration. Similarly, IFN-a
studies find that individuals who develop major depressive
disorder during the course of treatment exhibit higher inflamma-
tory reactivity [20-24], greater glucocorticoid reactivity [25, 26],
and higher levels of pre-treatment neuroticism, depression and
sleep disturbance (and trend towards increased anxiety) [27-29].
Other work has found that early life stress increases susceptibility
to depressive symptoms during the acute response to vaccine
administration [30]. Of note, the endotoxin and IFN-a models both
produce notably strong inflammatory responses (e.g., IL-6
increases ranging from 46 to 190 pg/mL), and in the case of IFN-
q, target specific populations (i.e., hepatitis C/malignant mela-
noma patients) [8, 9, 25].

By contrast, real-life fluctuations in inflammation are typically
much lower in magnitude, but could still contribute to depression
risk [10]. To date, only a few studies have examined moderators of
inflammation-related depression in naturalistic contexts. One
study found a potentiating effect of childhood stress exposure
in adolescents [31], where greater childhood stress was associated
with a stronger coupling of inflammation and depression over a
2.5-year period. Another study examined these effects among
women facing the stress of breast cancer diagnosis and treatment
[32], and found that cancer-related stress strengthened the
association between inflammation and depressive symptoms over
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a 2-year period. These studies provide initial real-world evidence
for a role of stress as a risk factor for inflammation-related
depression [5]. Nevertheless, other notable risk factors suspected
of interacting with inflammation warrant evaluation to determine
whether they might be useful for risk assessment and potentially,
targeted intervention.

The present report used an existing prospective, longitudinal,
cohort study of breast cancer survivors [33-36] to examine five
key risk factors—anxiety, negative affect, perceived stress, sleep
disturbance, and childhood adversity—as moderators of the
association between inflammation and depressive symptoms.
These risk factors were chosen because they are all established
independent predictors of depression onset [28, 37-41] that were
found to predict inflammation-related depression in experimental
studies [16, 19, 27-30]. Understanding risk factors for depression
in breast cancer survivors is particularly important because
depression prevalence is increased in this population [42] and is
known to impact treatment adherence [43], health care utilization
[44], and mortality [45]. Moreover, the physical and psychological
stressors of breast cancer diagnosis and treatment may activate
inflammatory pathways, leading to elevated inflammation in
survivors [46, 47]. In this trial, women with early-stage breast
cancer were recruited after completing primary cancer treatment
and completed 4 assessments over a 3 to 6-year period [33-36].
Based on results from experimental studies [16, 19, 27-29], we
hypothesized that women who reported higher post-treatment
anxiety, negative affect, perceived stress, sleep disturbance, and
childhood adversity would display a stronger association between
inflammation and depressive symptoms at any given time. We
focused on post-treatment risk factors because this is a potentially
stressful “reentry period” for breast cancer survivors who often feel
pressured to reengage with responsibilities (e.g., child care, work)
while losing access to treatment-related care resources [48].

METHODS AND MATERIALS

Participants

This study is a secondary analysis of data collected as part of the Mind
Body Study (MBS)—a prospective, longitudinal, cohort study of breast
cancer survivors designed to evaluate the impact of endocrine therapy
on cognitive function [33-36]. Eligibility criteria for the parent study

reflected the focus on cancer-related cognitive function and adjuvant
endocrine therapy treatment for breast cancer. Inclusion criteria were:
(1) aged 21-65, (2) newly diagnosed with early stage breast cancer
(stage 0-1lIA), (3) had completed primary cancer treatment (surgery,
radiation, and/or chemotherapy) within the last 3 months, (4) had yet
to start endocrine therapy, if indicated, (5) were proficient in English,
and (6) were available for in-person follow-up assessments. Participants
were considered ineligible if they reported any of the following: (1)
current diagnosis of uncontrolled major affective disorder, (2) current/
past psychotic-spectrum disorder, (3) substance use/dependence, (4)
daily tobacco/alcohol use, (5) prior cancer diagnosis/chemotherapy
treatment, (6) insulin-dependent diabetes or auto-immune disease, (7)
chronic use of oral steroids or hormone therapy other than vaginal
estrogen, (8) uncontrolled allergic reaction/asthma, (9) prior brain
irradiation/surgery, (10) past/current diagnosis with a central nervous
system disorder or a condition impacting cognitive functioning, (11)
epilepsy, dementia, or learning disability. A total of 191 women were
enrolled in the parent study; sample size was determined based on the
objectives of the parent study.

As the focus of this study was on the role of inflammation and
depression, a subsample of MBS patients was used for the purposes of this
investigation. Participants were included in this subsample if they provided
valid data for depressive symptoms and inflammatory markers on at least 2
out of the 4 study time points (a necessity for valid within-person
centering). Of note, data for all three inflammatory markers were required
for computing the inflammation index. As shown on Fig. 1, 161 women
met these criteria and were included in the final sample. Of these 161
women, 160 had valid values for T1 anxiety, perceived stress, and negative
affect, whereas 157 had valid T1 sleep disturbance values and 155 had
valid T3 childhood adversity data. Accordingly, analytical samples for the
present study included between 155 and 161 women (depending on
whether/which risk factor was included in analyses).

Procedure

As previously described [33-36], study participants were recruited between
2007 and 2010 from the Los Angeles area using cancer registries from
regional hospitals. MBS participants completed up to four assessments that
involved completion of questionnaires and collection of blood samples.
The first assessment (T1) took place after the end of primary breast cancer
treatment and before beginning endocrine therapy [34]. Next, participants
completed assessments scheduled 6 (T2) and 12 (T3) months after T1
[33, 36]. Between March 2013 and July 2014, a “final” assessment (TF) was
completed by a subsample of participants; the delay between T1 and TF
ranged from 3 to 6 years (mean =4.3) [35]. Study procedures were pre-
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_

Blood data

Post-treatment
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I
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.
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(n=286)

L

544 sampling occasions (i.e., level 1
units) nested within 161 individuals

(i.e., level 2 units)

Fig. 1

Study flow chart. A total of 161 participant contributed 544 (151 + 155 + 152 + 86) sampling occasions across the full study

period. It should be noted that some participants contributed valid level 1 observations at some time points but not others, and were still in
analyses if they contributed at least 2 valid sampling occasions (e.g., missing T1 inflammation and depression data but valid data at T2 and T3).
For this reason, the total number of level 2 units (161 participants) is greater than the total number of level 1 units (sampling occasions) at any

given time point of the study (151, 155, 152, and 86).
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approved by the UCLA Institutional Review Board; all participants provided
written informed consent.

Measures

Blood was collected during morning visits (before 11 AM) that were
preceded by an overnight fast. Participants were asked about recent illness
or infection and were rescheduled if either was endorsed. Blood samples
were collected via venipuncture during each in-person assessment (T1-TF),
and were processed and assayed as previously described [46]. Briefly,
blood samples were collected in EDTA tubes, placed on ice, then
centrifuged for plasma acquisition, and stored at —80 °C until assayed in
batch. Enzyme-linked immunosorbent assays were used to quantify
plasma levels of C-reactive protein (CRP; Immundiagnostik, ALPCO
Immunoassays, Salem, NH; 0.2 mg/L lower limit), interleukin-6 (IL-6; R&D
Systems, Minneapolis, MN; 0.2 pg/ml lower limit), and soluble tumor
necrosis factor receptor type Il (STNF-RIl; R&D Systems, Minneapolis, MN;
234 pg/ml lower limit) according to the manufacturer’s protocol. All
samples were run in duplicate; the intra- and inter-assay precision of all
tests were less than or equal to 10%. Values of CRP, IL-6, and sTNF-RIl were
combined into a single inflammatory index to provide an integrated
assessment of inflaimmation and thereby generate estimates of overall
inflammatory biology [49] as well as avoid competing predictors and
multiple hypothesis testing. A valid value for each marker (i.e,, CRP, IL-6,
and sTNF-RIl) was necessary to compute the inflammation index. The
inflammation index was computed as follows: (1) each marker was natural
log-transformed to address skewness, (2) log-transformed values were
then standardized, and (3) the resulting z-scores were summed.

Participants were mailed a questionnaire packet (and asked to complete
it) prior to in-person visits. These questionnaire packets included measures
of depressive symptoms, state anxiety, perceived stress, negative affect,
and sleep disturbance. During T3, participants also completed a measure
of childhood adversity. Depressive symptoms were measured using the 21-
item Beck Depression Inventory-ll (BDI-ll), which assesses affective,
cognitive, and vegetative symptoms of depression over the past two
weeks [50]. State anxiety was assessed using the 20-item State Trait
Anxiety Inventory (STAI) which queries present moment feelings of anxiety
[51]. Perceptions of stress over the last month were assessed using the 10-
item Perceived Stress Scale (PSS) [52]. The 10-item negative affect subscale
of the Positive Affect Negative Affect Scale (PANAS) [53] was used to index
negative affect over the past week. The 19-item Pittsburgh Sleep Quality
Inventory (PSQI) [54] was used to measure sleep disturbance over the past
month. Childhood adversity was measured using the 13-item Risky
Families (RF) questionnaire [55]. Across assessments, each of these scales
exhibited excellent reliability (Cronbach’s a ranging from .89 to .91), with
the exception of the PSQI which showed moderate reliability (Cronbach’s a
ranging from .60 to .71). The RF scale also exhibits excellent reliability
(Cronbach’s a =.89).

Demographic and medical information were obtained via self-report at
T1 or from medical record abstraction. Physical measurements (i.e., height
and weight) were obtained during each visit. Among the measures
collected were age, race, BMI, cancer stage, surgery type, and receipt of
chemotherapy, radiation therapy, and endocrine therapy. These variables
were used as covariates, consistent with prior work [32, 56].

Analytic plan

Tests of primary hypotheses relied on 2-level robust multilevel models
carried out using the robustimm package [57] on R 4.0.3 [58], where
repeated assessments of inflammation and depressive symptoms (level 1)
were nested within individuals (level 2). To model how inflammation
fluctuates around a person’s typical levels, the inflammatory index was
centered relative to persons, consistent with prior work [32, 59].
Accordingly, positive person-centered scores indicate that inflammation
levels at a particular visit exceeded average inflammation levels for that
individual. Person-centered inflammation was entered as a level 1 fixed
effect. Risk factors at T1 (i.e., state anxiety, perceived stress, negative affect,
and sleep disturbance) and childhood adversity at T3 were each entered in
separate models as level 2 fixed effects. Test of primary hypotheses
examined the 2-way interaction of person-centered inflammation and
each risk factor variable and thereby test whether the relationship
between inflammation and depression at any given assessment is
moderated by the T1 value of that risk factor (or T3 for childhood
adversity). Follow up tests of simple slopes contrasted the association
between person-centered inflammation and depressive symptoms at low
(—1 SD), average (mean), and high (+1 SD) levels of risk factor variables.

Translational Psychiatry (2021)11:615
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Six sets of secondary analyses were carried out. First, primary analyses
were repeated using person-centered (to quantify within-person varia-
bility) or grand mean centered (to quantify between-person variability)
versions of the anxiety, perceived stress, negative affect, and sleep
disturbance moderator variables. These analyses included repeated
assessments of the risk factors to determine whether the moderating
effect of these variables was driven by T1 levels (the focus of primary
analyses), within-person variability in risk factors, or average levels of these
risk factors across the study period. Second, we tested the between-subject
association between depression and inflammation, whether this associa-
tion was moderated by risk factors, and whether primary analyses
remained significant when controlling for these interactions. Third, all five
risk factors were tested in a single model to evaluate the relative
contribution of each risk factor to the association between inflammation
and depressive symptoms (i.e., were moderating effects of each risk factor
independent of one another?). Fourth, significant primary analyses were
repeated for each individual inflammatory marker (instead of the
inflammatory index) to examine if effects of the combined index were
specific to one or multiple inflammatory markers. Fifth, we tested three-
way interactions of age by inflammation by key risk factors to examine if
primary results were comparable across breast cancer survivors of varied
ages. Sixth, significant primary analyses were repeated while excluding BDI
items that pertain to anxiety and sleep.

To estimate effect sizes, standardized regression coefficients were
computed by standardizing criterion and continuous predictor
variables [60]. Final models controlled for age, BMI, race (White v.
non-White), receipt of chemotherapy, radiation therapy, endocrine
therapy, cancer stage (stage 0—1v. stage 2—3), and surgery type
(lumpectomy v. mastectomy), such that continuous covariates were
mean centered and categorial covariates were centered on the most
frequent category. Excluding covariate measures from models did not
change the interpretation of the results. Family-wise Type | error rates
were reduced (to a =.05) using the Holm’s procedure [61] (i.e., family
of tests were evaluated using rank-ordered p-value thresholds). Plots
were created using the sjPlot R package [62].

RESULTS

Sample characteristics

As shown in Table 1, study participants were primarily college-
educated, middle-aged, white women diagnosed with stage 0 or 1
breast cancer. The majority were treated with radiation therapy
and endocrine therapy; approximately half were treated with
chemotherapy. As indicated in Fig. 1, the women included in these
analyses are a subset of the 191 women originally enrolled in MBS.
Participants included (n=161) v. excluded (n=30) from the
analytic sample did not differ on the basis of age, education, race,
marital status, income, cancer stage, receipt of chemotherapy, or
receipt of radiation therapy (all ps > 0.05). However, participants
included in analytic sample were significantly more likely to have
received endocrine therapy than excluded participants (X*(1,
N=191) = 7.6, p=0.006, OR=3.24). Comparison of sample
characteristics by primary study variables is presented in
supplemental materials.

As shown in Table 2, on average, study participants reported
T1 symptoms below the clinical cutoff scores for depression (BDI-II
< 13) [50] and anxiety (SAI < 40) [63]. By contrast, average levels of
sleep disturbance exceeded the clinical cutoff of 5 on the PSQI
[54], suggesting poor sleep. Similarly, average perceived stress
levels were elevated relative to age-matched norms (45—54 year
olds: M=12.6) [52].

Stability and temporal effects

The Intra-Class Correlation (ICC) for depressive symptoms scores
was .69; the ICC coefficient decomposes total variability into its
between- and within-subject components, and thus suggests that
69% of the total variance in depressive symptoms could be
attributed to differences between individuals. Similar ICC esti-
mates were obtained for anxiety (ICC=0.67), perceived stress
(ICC=0.72), negative affect (ICC=0.61), sleep disturbance (ICC =
0.58), IL-6 (ICC = 0.64), sTNF-RII (ICC=0.73), and CRP (ICC = 0.84).
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See Supplementary Table S1 for descriptive statistics of these
variables at each study timepoint.

Levels of depressive symptoms showed a non-significant associa-
tion with time in months since T1 (b = —0.012, SE = 0.008, 3 = —0.03,
t(442) = 1.5, p=0.13), suggesting that, across the full sample,
depressive symptoms remained relatively stable across time. Similarly,
levels of the inflammatory index showed a non-significant association

Table 1. Demographics and clinical characteristics of the sample.
Variable N % Mean (SD)
Age (years) 161 51.61 (8.10)
Education

Less than college 32 19.9%

College degree 50 31.1%
Post-graduate degree 79 49.1%
Race/ethnicity

White/Caucasian 126 78.3%
Hispanic/Latino 17 10.6%

Black/African American 5 3.1%

Asian 8 5.0%

Other 5 3.1%

Married

Married or living as married 107  66.9%

Divorced, separated, widowed, or 53 33.1%

never married

Annual household income

< $100,000 58 36.9%

> $100,000 929 63.1%

Breast cancer stage

Oor1 94 58.4%

2o0r3 67 41.6%

Surgery type

Lumpectomy 108  67.1%

Mastectomy 53 32.9%

Received chemotherapy 88 54.7%

Received radiation therapy 121 75.2%

Received endocrine therapy 119  73.9%

with time in months since T1 (b =—0.004, SE=0.003, 3= —0.04,
t(399) = 1.34, p=0.18), suggesting that, across the full sample,
inflammation remained relatively stable across time.

Associations between depressive symptoms, risk factors, and
markers of inflammation

At the initial (T1) assessment, depressive symptoms, state anxiety,
perceived stress, negative affect, and sleep disturbance were all
positively correlated (r range: 0.31—0.75; see Table 2). Childhood
adversity was positively correlated with T1 depressive symptoms,
state anxiety, perceived stress, negative affect (r range: 0.23—0.27),
but not significantly correlated with T1 sleep disturbance (r=
0.05). T1 levels of the inflammatory index (and each inflammatory
marker) were not significantly correlated with T1 risk factors (r
range: —0.07—0.16), but were positively correlated with childhood
adversity (r=0.19). T1 inflammatory markers were all strongly
correlated with the inflammatory index at T1 (r range: 0.59—0.71),
but less consistently associated with one another. More specifi-
cally, T1 IL-6 was positively correlated with T1 CRP (r = 0.46), and
STNF-RIl (r=0.18), but the association between T1 CRP and T1
STNF-RII was non-significant (r = 0.08).

Analyses were also conducted to evaluate associations between
T1 risk factors and average levels of depression and inflammation
across the full study period. Examining average depressive
symptoms across time revealed that post-treatment (T1) levels
of state anxiety (b =0.48, SE=0.04, 8=0.57, t(153) = 11.97, p<
0.001), perceived stress (b =.53, SE=0.05, 3 =0.51, t(152) = 9.91,
p <0.001), negative affect (b=0.67, SE=0.06, §=0.56, t(153) =
10.90, p<0.001) and sleep disturbance (b=0.62, SE=0.12,
B =031, t(146) = 5.00, p <0.001) were all positively associated
with average depressive symptoms across the full study period. By
contrast, examining average inflammation across time revealed
that post-treatment (T1) levels of state anxiety (b = 0.03, SE = 0.02,
B=0.10, t(150) = 1.74, p = 0.08), perceived stress (b =0.02, SE =
0.02, 3=10.05, t(150) = 0.93, p = 0.35), negative affect (b =0.01,
SE =0.02, B =0.02, t(150) = 0.42, p = 0.67) and sleep disturbance
(b=0.04, SE=0.04, 3=0.06, t(144) = 0.97, p=0.33) were not
significantly associated with average scores on the inflammation
index across the full study period.

Finally, tests of within-person associations revealed that person-
centered inflammation was not significantly associated with
depressive symptoms (b=0.15, SE=0.13, §=0.02, t(392) =
1.10, p=0.27), suggesting that, depressive symptoms did not
significantly increase at times when inflammation was higher
than usual.

Table 2. Post-treatment (T1) descriptive statistics and zero-order correlations.

Variable M SD 1 2 3 4 5 6 7 8 9
1. Depressive symptoms (BDI-Il) 8.69 6.92

2. State anxiety (SAI) 35.00 8.47 0.74%*

3. Perceived stress (PSS) 13.96 6.75 0.71%* 0.74**

4. Negative affect (PANAS) 16.28 5.86 0.71%* 0.75%* 0.71%*

5. Sleep disturbance (PSQI) 7.54 3.49 0.47%* 0.31** 0.36%* 0.33**

6. Childhood adversity (RF)? 27.83 10.44 0.27** 0.26** 0.23** 0.23** 0.05

7. Composite inflammatory index 0.53 222 0.16 0.13 0.08 0.01 0.14 0.19*

8. CRP (mg/L) 2.14 2.83 0.07 0.07 0.06 —0.05 0.12  —0.00 0.59**

9. IL-6 (pg/mL) 1.65 1.03 0.09 0.10 0.05 0.05 0.12 0.10 0.71**  0.46**

10. sTNF-RII (pg/mL) 2289.01 623.57 0.07 0.04 —0.01 —0.07 0.02 0.15 0.66** 0.08 0.18*

Note. M = mean; SD = standard deviation; *p <.05; **p <.01. BDI-Il Beck Depression Inventory II; SAl State Anxiety Questionnaire; PSS Perceived Stress Scale;
PANAS Positive Affect Negative Affect Scale; PSQI Pittsburg Sleep Quality Inventory; RF Risky Families questionnaire; CRP C-reactive Protein; IL-6 Interleukin 6;
STNF-RII soluble tumor necrosis factor receptor type II.
2 All variables listed in this table were collected at T1, with the exception of the Risky Families questionnaire which was collected at T3.
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Moderators of the link between depressive symptoms and
person-centered inflammation

Primary analyses tested the hypothesis that the association between
inflammation and depressive symptoms at any given time would be
stronger among individuals who report higher post-treatment (T1)
levels of state anxiety, perceived stress, negative affect, sleep
disturbance, and higher childhood adversity. Results supported this
hypothesis (see Table 3), demonstrating that the association
between person-centered inflammation and depressive symptoms
was moderated by post-treatment levels of state anxiety (b= 0.05,
SE =0.02, 8 =0.06, t(382) = 2.76, p = 0.006), perceived stress (b =
0.07, SE=0.02, 3 =0.08, t(382) = 3.40, p < 0.001), negative affect (b
=0.06, SE=0.02, 3=0.06, t(387) = 246, p=0.014) and sleep
disturbance (b =0.11, SE=0.04, 3 =0.06, t(376) = 2.81, p = 0.005).
By contrast, childhood adversity did not moderate the association
between person-centered inflammation and depressive symptoms
(b=0.001, SE=0.01, 3 =0.001, t(374) = 0.08, p = 0.94). As shown in
Fig. 2 and Table S2, tests of simple slopes revealed that
inflammation was positively associated with depressive symptoms
among women who reported high (+1 SD) levels of state anxiety (b
=0.57,SE=0.20, 3 =0.09, t(387) = 2.91, p = 0.004), perceived stress
(b=0.70, SE=0.20, 3=0.11, t(387) = 3.51, p<0.001), negative
affect (b=0.53, SE=0.20, §=0.09, t(392) = 2.70, p=0.007) and
sleep disturbance (b=0.54, SE=0.19, 3=0.09, t(383) = 278,
p =0.006). By contrast, the association between inflammation and
depressive symptoms was non-significant among women who
reported low (—1 SD) and average (mean) levels of state anxiety (b
=—-0.21, SE=0.20, 3= —0.03, t(383) = 1.05, p =0.29, and b =0.18,
SE=0.14, B =0.03, t(388) = 1.33, p =0.19, respectively), perceived
stress (b =—0.25, SE=0.19, = —0.04, t(383) = 1.34, p =0.18, and
b=0.22, SE=0.14, 3 =0.04, t(389) = 1.65, p=0.09, respectively),
negative affect (b =—0.15, SE=0.19, 8= —0.02, t(384) = 0.79, p=
043, and b=0.19, SE=0.14, $=0.03, t(390) = 140, p=0.16,
respectively) and sleep disturbance (b = —0.23, SE=0.19, 3 = —0.04,
t(375) = 1.20, p=0.23, and b=0.16, SE=0.13, 8 =0.03, t(382) =
1.16, p = 0.25, respectively). Performing Holm’s adjustment [61] did
not alter these results. Controlling for psychotropic medication use
did not influence results.

Secondary analyses

Secondary analyses (fully reported in supplemental materials)
revealed that (1) within-person variability in negative affect was
associated with a stronger coupling of inflammation and
depressive symptoms at any given assessment, whereas moder-
ating effects of anxiety, perceived stress and sleep disturbance
were limited to the initial (T1) assessment; (2) the between-
person association between inflammation and depression was
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non-significant, was not moderated by risk factors, and control-
ling for the between-subject inflammation-depression association
did not alter primary results of the study; (3) no single risk factor
predicted vulnerability for inflammation-associated depressive
symptoms above and beyond all others; (4) examining individual
cytokines produced varying effects dependent on the marker and
the risk factor tested (see Table S3 and Fig. S1); (5) primary results
were qualified by interactions with age (see Fig. S2), such that
two-way interactions of person-centered inflammation by risk
factors (predicting depressive symptoms at any given time) were
significant in women of average age (~51.6 years) or younger
(~43.5 years), but non-significant in older (~59.7 years) women;
and (6) repeating primary analyses while excluding depression
questionnaire items that overlap with anxiety and sleep
disturbance did not influence results. Supplemental materials
also include comparisons of demographics and disease/treat-
ment-related variables by depressive symptoms, inflammation,
and risk factors (see Tables S4-S9).

DISCUSSION
Inflammation has been shown to predict depression, but there is
variability in sensitivity to inflammation, and risk factors for
inflammation-associated depression have not been identified in
clinical samples experiencing real-life inflammatory fluctuation.
The present study, therefore, used a prospective, longitudinal,
cohort study of breast cancer survivors to examine five risk factors
suspected of interacting with inflammation to predict depression
risk. As hypothesized, we found that women who reported higher
levels of key risk factors at the end of cancer treatment were more
vulnerable to inflammation-associated depressive symptoms over
the subsequent years. Specifically, those with higher levels of state
anxiety, perceived stress, negative affect, and sleep disturbance
exhibited a larger rise in depressive symptoms at times when
inflammation was higher than usual. Of interest, high (+1SD)
levels of state anxiety, perceived stress and sleep disturbance
correspond to probable clinical anxiety levels (>40) [64], moderate
stress (14—26) [52], and clinically-relevant sleep disturbance (>5)
[54]. Finally, childhood adversity did not moderate the link
between inflammation and depressive symptoms. The present
study serves to characterize vulnerability to inflammation-
associated depression in a breast cancer sample, and could
inform targeted strategies for prevention and treatment among
at-risk populations.

Studies administering an inflammatory challenge (e.g., endo-
toxin, and IFN-a studies) find that established risk factors for
depression are associated with inflammation-induced depressive

Table 3.

risk factors (anxiety, stress, negative affect and sleep disturbance).
Model 1 Model 2
B (SE) B

Inflammation .02 (.02) .03

State anxiety .58*

Inflammation x state anxiety .06*

Perceived stress

Inflammation x perceived stress
Negative affect

Inflammation x negative affect
Sleep disturbance

Inflammation X sleep disturbance

Standardized coefficients for multilevel models predicting depressive symptoms as a function of the composite inflammatory index and key

Model 3 Model 4 Model 5
(SE) B (SE) B (SE) B (SE)
(.02) .04 (.02) .03 (.02) .03 (.02)
(.05)
(.02)
52% (.05)
.08* (.02)
57*% (.05)
.06* (.02)
.30* (.06)
.06* (.02)

Notes: *p < 0.05; Inflammation = scores on the composite inflammatory index. All models shown controlled for age, BMI, race, receipt of chemotherapy,

radiation therapy, and endocrine therapy, cancer stage, and surgery type.
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State Anxiety
10~ — low (-1 SD)
—— average (mean)

— high (+1 SD)

Depressive symptoms

-3 0 3
Inflammation Value
Deviation from typical

Negative Affect
10~ — low (-1 SD)
—— average (mean)

— high (+1 SD)

Depressive symptoms

Inflammation Value
Deviation from typical

Perceived Stress
10~ — low (-1 SD)

—— average (mean)

Depressive symptoms

— high (+1 SD)

5- \

0_

i 0 3
Inflammation Value
Deviation from typical
15-
* Sleep Disturbance

10- — low (-1 SD)

/ — average (mean)

\ — high (+1SD)

Depressive symptoms

-3 0 3
Inflammation Value
Deviation from typical

Fig. 2 Predicted depressive symptom scores (at any given time) as a function of person-centered inflammation (at any given time) and
T1 psychological risk factors (state anxiety, perceived stress, negative affect, and sleep disturbance). Inflammation (as indexed by a
composite measure of CRP, IL-6, and sTNF-RII) was positively associated with depressive symptoms at any given time among women who
reported high levels of T1 anxiety, perceived stress, negative affect, and sleep disturbance. Predicted depressive symptom scores were
adjusted for age, BMI, race, surgery, cancer stage, and receipt of chemotherapy, radiation therapy, and endocrine therapy. Shaded areas depict
confidence intervals of simple slopes. The asterisk symbols (*) index statistically significant simple slopes (p < 0.05).

symptoms [16-19, 25, 27-30, 65]. Such models can interrogate
causal relationships between inflammation and depression
because they manipulate inflammation, but may generalize poorly
to real-life settings where inflammatory fluctuations are typically
less pronounced. The present study extends this literature by
demonstrating a link between key risk factors and depressive
symptoms in an observational study of breast cancer survivors.
This is important because the characteristics of the present clinical
sample may be particularly relevant to naturally occurring
depression. Notably, given that average inflammation levels were
within the normal range in the present sample, results suggest
that these risk factors remain salient even when fluctuations in
inflammation are relatively mild.

The link between inflammation and depression is attributable to
a network of neuro-immune communication in which peripheral
inflammatory signals interact with the central nervous system,
resulting in altered neurotransmission, cognition, and behavior
[3, 66]. Pre-clinical evidence indicates that neuro-immune path-
ways can be moderated by risk factors, including stress, anxiety,
and sleep disturbance [67-70]. Sleep-deprived animals exhibit
compromised blood brain barrier integrity [70]. Stressed animals
exhibit loss of blood brain barrier integrity [67], increased
monocyte trafficking to the brain [68], and microglial cell priming

SPRINGER NATURE

[69]. Furthermore, these stress effects are linked with anxiety, such
that stressed animals who exhibit greater monocyte migration to
the brain and microglial priming also show more anxiety-like
behaviors [68, 71, 72]. Altogether, these results link stress, anxiety,
and sleep to increased neuro-immune communication or neuroin-
flammation, and therefore point to several biological mechanisms
that could underlie the present results.

The present study also serves to characterize temporal
variability in risk for inflammation-associated depression. We
chose to focus on post-treatment (T1) levels of anxiety, perceived
stress, negative affect, and sleep disturbance because this stage of
survivorship typically presents notable challenges [48]. Given that
anxiety, perceived stress, negative affect, and sleep disturbance
were measured throughout the study, secondary analyses were
carried out to examine whether within- or between-person
variance in these risk factors could produce comparable interac-
tions. These secondary analyses only revealed one significant
interaction, for negative affect, such that the inflammation-
depression association was stronger when negative affect was
higher than typical for that individual (a within-subject effect).
Overall, this pattern of results suggests that assessment of risk
factors closer to the time of diagnosis and treatment may be
critical for capturing moderating effects. Indeed, we have
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previously shown that susceptibility to inflammation-related
depression was heightened in breast cancer survivors who
experienced high stress in the period following diagnosis. [32]

Secondary analyses revealed a unique effect of within-person
variability in negative affect, such that women who experienced
more negative affect than typical (at a given time) exhibited a
stronger coupling of inflammation and depressive symptoms at
that time. To the authors’ knowledge, no prior work examines
whether within-person variability in depression risk factors
predicts sensitivity to inflammation-associated depression. The
present effects of negative affect are thereby novel, and may
suggest that individuals who exhibit higher affective reactivity in
daily life are at greater risk for inflamed depression. Of interest,
depression risk is increased in individuals with a tendency to
display negative affect in response to daily life stressors [73], and
the present results could indicate that inflammation is implicated
in this relationship. Of course, replication will be necessary to
confirm this hypothesis. Notably, future work in this area may
benefit from including neuroticism measures [29] and/or experi-
ence sampling methods to better characterize the cause of
negative affect reactivity.

Finally, some individual differences may be better indicators of
risk for inflammation-associated depression than others. For
example, one prior study found that anxiety predicted
endotoxin-induced depressive symptom severity above and
beyond seven other risk factors [16]. By contrast, the present
results did not support this conclusion, as none of our five risk
factors predicted inflammation-associated depressive symptoms
above and beyond others. Similarly, some inflammatory signaling
pathways could be especially relevant for understanding
inflammation-associated depression risk. Supporting this view,
results were primarily driven by sTNF-RIl. More specifically, all
interaction tests trended in the same direction when examining
CRP, IL-6, and sTNF-RII separately, but were reliably significant only
for sTNF-RI. By contrast, IL-6 and CRP both produced non-
significant interaction tests. TNF-a signaling may thereby play an
important role in producing depressive symptoms, consistent with
prior work linking sTNF-RIl with cognitive complaints [74] and
fatigue [46, 75] in women with breast cancer. In addition,
secondary analyses revealed that interactive effects of inflamma-
tion with risk factors were driven by women of average age (51.6
years) or younger. By contrast, interactive effects of inflammation
with risk factors were non-significant in older women. Accordingly,
the present results appear to best characterize vulnerability to
inflammation-associated depression in younger breast cancer
survivors. Younger survivors (<50) are at the highest risk for
depression following breast cancer diagnosis and treatment [76],
and the present results could serve to characterize this trend.

The strengths and weaknesses of the present study should be
acknowledged. The present study included a relatively large
sample, examined a clinical population, included up to four
repeated assessments over a 3 to 6-year period, and included
varied measures of risk factors and inflammation. The present
study also excluded clinically depressed individuals during
recruitment. Accordingly, results were not driven by individuals
with uncontrolled depression at baseline—an important potential
confound. At the same time, this may have limited the range of
depressive symptoms observed across the study period. On a
related note, the focus of this study was on depressive symptoms;
thus, relevance for onset of major depressive disorder is an
important extension for future research, and would also help to
address any conceptual or methodological overlap in risk factors
and depressive symptoms. Our assessment schedule was not
designed to capture the acute effects of diagnosis and treatment
on depressive symptoms and inflammation; instead, there was
relative stability in average levels of these measures in the year
after treatment completion. The present sample was primarily
composed of well-educated White breast cancer survivors which
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could limit generalizability. Of interest, while unique sources of
inflammation have been documented in this population (e.g.,
cancer treatment [77]), breast cancer survivors tend to exhibit an
inflammation-depression association comparable with other
populations [78-80] In addition, the content of several risk factor
measures overlapped with depressive symptoms scale items.
Secondary analyses addressed this issue by removing anxiety and
sleep-related BDI-Il items from analyses, but future studies could
utilize measures of neuroticism to avoid overlap between negative
affect and depression. Finally, the present study does not address
temporality (e.g., inflammation preceding depressive symptoms
on a given sampling occasion). Similarly, the present study was
not experimental and thus cannot address causality.

CONCLUSIONS

Experimental evidence suggests that vulnerability to inflamed
depression may be indexed by increased anxiety, stress, depressed
mood, disturbed sleep, and childhood adversity
[16, 19, 25, 27, 28, 30]. The present study extends this literature
by evaluating whether these results generalize to a prospective
longitudinal study of breast cancer survivors experiencing typical
fluctuations in inflammation. We found that women who reported
greater levels of state anxiety, perceived stress, negative affect, and
sleep disturbance exhibited a larger rise in depressive symptoms at
times when inflammation had risen. These results serve to
characterize vulnerability to inflammation-associated depression
in a breast cancer sample. Finally, the present results may inform
targeted strategies for prevention and treatment. For example,
assessment of anxiety, perceived stress, disturbed sleep, and/or
negative affect could be used to identify women at risk for
inflammation-related depression, and therapies that target inflam-
mation might be an effective treatment strategy in these women.
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