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Abstract

Background—Sleep is a predictor of infectious illness that may depend on one’s socioeconomic
status (SES).

Purpose—This study aimed to investigate the moderating effects of objective and subjective SES
on sleep-clinical cold risk link and test whether nasal inflammation serves as a plausible biological
pathway.

Methods—This study combined data (= 732) from three viral challenge studies. Measures of
self-reported sleep and objective and subjective measures of SES were obtained. Participants were
quarantined and administrated rhinovirus (RV) or influenza virus and monitored over 5 (RV) or 6
(influenza) days for the development of a cold. Symptom severity, including mucus production and
nasal clearance time, and levels of nasal cytokines (interleukin (I1L)-6 and IL-1p) were measured
prior to administration and each day during the quarantined period.

Results—Subjective SES, but not objective SES, moderated associations between shorter sleep
duration and increased likelihood of a clinical cold. Compared to =8-hour sleepers, <6-hour
sleepers with low subjective SES were at increased risk for developing a cold (OR = 2.57, 95% C/
1.10-6.02). There was no association between sleep duration and colds in high subjective SES
participants. Among infected individuals who reported low subjective SES, shorter sleep duration
was associated with greater mucus production. There was no evidence that markers of nasal
inflammation mediated the link between sleep duration and cold susceptibility among those
reporting low subjective SES.

Conclusion—Subjective SES may reflect an important social factor for understanding
vulnerability to and protection against infectious illness among short sleepers.
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Introduction

Sleep has emerged as a critical factor in the promotion and maintenance of physical health
[1, 2]. Poor sleep, as characterized by short sleep duration (e.g., sleeping fewer than 6 h per
night), poor sleep efficiency, and poor subjective sleep quality, predicts incidence and
severity of a number of chronic medical conditions, including cardiovascular disease, type 2
diabetes [3, 4], and susceptibility to acute infectious illness [5, 6]. While the mechanisms
that underlie these associations remain unclear, there is growing appreciation for the
influence sleep has on modulating the immune system [7], including immune processes
essential to protecting individuals from development of upper respiratory infections. Studies
employing partial or total sleep restriction observe consistent changes in aspects of the
immune system (e.g., diminished T-cell proliferation [8, 9], a shift away from T-helper cell 1
cytokine production [8, 10], reduced natural killer cell cytotoxicity [11], and activation of
inflammatory pathways [12]) that may increase risk for upper respiratory infections.
Associations between sleep and immune function have also been shown beyond laboratory
settings. For example, prior studies show that shorter sleep duration and poorer sleep
efficiency, assessed both objectively using wrist actigraphy and subjectively using sleep
diaries, were associated with increased susceptibility to a biologically verified cold
following an experimental rhinovirus challenge [5, 6]. These associations were independent
of potential confounds, including demographic factors, health behaviors, and psychological
variables.

Despite clear links between sleep and immune functioning, substantial individual variability
exists and not all short and disrupted sleepers experimentally exposed to rhinovirus develop
a clinical cold. One potential moderator of the association of sleep and vulnerability to upper
respiratory infection is socioeconomic status (SES). A large body of evidence suggests that
the chronic distress and burden related to lack of resources and opportunity create wear and
tear on multiple biological systems, including the immune system [13-16]. For example,
individuals low in income and educational attainment show enhanced inflammatory activity
[17-19] and diminished cell-mediated immunity [20, 21] compared to high SES individuals.
Over time, the effects of low SES on immune function may render an individual more
immunologically vulnerable to the deleterious effects of poor sleep.

Conversely high SES may serve a protective role in buffering individuals against the
negative health outcomes conferred by poor sleep. Poor sleep has been linked to increased
sensitivity to stressors, both in the laboratory and in naturalistic settings [22—24]. High SES
individuals have greater financial resources and knowledge which enable them to cope more
effectively with daily hassles and tensions that would otherwise lead to stress-related
decrements in immunity and increased susceptibility to infectious illness. Moreover, high
SES individuals may have more flexibility for making up lost sleep during the day [25, 26],
which may offset the immunological consequences conferred by lost sleep at night. To date,
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the role of SES in understanding the link between sleep and infectious illness has not been
investigated.

SES can be measured a number of different ways. Objective SES indicators typically include
household income, educational attainment, and occupational status. Such markers are
strongly related to health outcomes, including measures of immune dysfunction [27, 28]. In
addition, one’s subjective SES (i.e., one’s perceived socioeconomic standing relative to a
reference, which is often others in their community or country) can be assessed. Like
objective indicators of SES, lower subjective SES has been linked to negative health
outcomes, with effects often over and above those of objective SES indicators [29-31]. It is
possible that either or both may moderate associations between sleep and susceptibility to
upper respiratory infection. However, one of the challenges inherent in measuring subjective
SES, like other self-report measures, is the possibility that personality characteristics, such
as negative affectivity or one’s level of perceived stress, may contribute to both the
judgments made about one’s subjective SES and to mediating pathways related to clinical
cold susceptibility. As such, it is important to account for the role of these affective
processes in testing the moderating effects of SES on relationships between sleep and
clinical cold risk.

The goal of this study was to examine whether SES moderated associations between self-
reported sleep habits and susceptibility to the common cold. To do this, we combined data
from 740 individuals who participated in one of the three previous viral challenge studies
using similar procedures. This aggregation across studies provided the statistical power
needed to test the moderating effects of SES on the sleep-cold relationship. It was
hypothesized that measures of SES would moderate the link between poor sleep and clinical
cold risk such that the negative influence of poor sleep on likelihood of developing a cold
following viral challenge would be stronger among low SES participants. Further, we
explored whether nasal inflammation, which has been shown previously to predict illness
severity following respiratory infection [32, 33], may serve as a plausible biological pathway
through which sleep may influence the cold susceptibility among low SES individuals.

Methods

Participants

The present analyses combined archival data from the three viral challenge studies
(Pittsburgh Cold Study 2 (PCS2), Pittsburgh Mind-Body Center Study (PMBC), Pittsburgh
Cold Study 3 (PCS3)) carried out between 1997 and 2011 that followed a common set of
procedures (www.commoncoldproject.com). These procedures included a physical exam,
standardized questionnaires, and subsequent participation in a viral challenge trial. The total
sample consisted of 740 participants (334 in PCS2, 193 in PMBC, and 213 in PCS3). PCS2
was conducted between 1997 and 2001, while PMBC and PCS3 were conducted between
2000 and 2004 and 2007 and 2011, respectively.

Study participants were recruited from the Pittsburgh, Pennsylvania metropolitan area,
through study advertisements and were judged by physical examination to be in good health.
Each study received institutional review board approval, and written, informed consent was
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obtained for all study participants. All volunteers underwent medical screenings and were
excluded from study eligibility if they had a history of psychiatric illness, asthma, or
cardiovascular disorders; had undergone major nasal or otologic surgery; had an abnormal
urinalysis, complete blood count, or blood enzymes; were pregnant or currently lactating;
tested seropositive for HIV; or were taking regular medications (except birth control).

Study Procedures—The temporal sequence of the study events is depicted in Fig. 1.
Measures of sleep habits, objective and subjective socioeconomic status, perceived stress,
and negative affectivity were obtained by self-report during the weeks between the initial
screening and the experimental viral challenge. During the first 24 h of quarantine (prior to
viral exposure), participants underwent a nasal examination and nasal lavage. Baseline nasal
mucociliary clearance and mucus production were also quantified. Participants were
excluded at this point if viral pathogens were successfully isolated from nasal wash samples,
if they had nasal congestion, nasal discharge, or mucosal edema, or if they reported
symptoms of an upper respiratory illness.

At the end of a 24-h quarantine (day 0), participants received nasal drops containing one of
the three viruses: rhinovirus (RV) 39 (7= 593), RV23 (7= 103), or Influenza A/Texas/36/91
(n=3T7). Disease expression in all the three viruses is a common cold-like upper respiratory
illness. Participants exposed to either of the two rhinoviruses were given 100-300 tissue
culture infectious dosesp; those exposed to the influenza virus were given a 10° tissue
culture infectious doses.

Following viral challenge, participants were quarantined for an additional 5 (RVs) or 6
(influenza) days. During this period, participants were evaluated daily for cold symptoms,
nasal mucociliary clearance, and nasal mucus production. Daily nasal wash samples were
obtained, frozen, and later cultured for the challenge virus using standard techniques [34]. A
blood draw was obtained approximately 28 days later and assayed for virus-specific
antibodies.

Sleep Measures—Measures of self-reported sleep duration, sleep efficiency, and
subjective sleep quality over the past month were assessed using validated items derived
from the Pittsburgh Sleep Quality Index [35]. In PCS2 and PMBC, self-reported sleep
duration (hours) was calculated as follows: (total time in bed minus minutes required to fall
asleep (i.e., sleep latency) and minutes of wakefulness during the night)/60. In PCS3, self-
reported sleep duration was obtained based on respondent’s report of hours of actual sleep
per night. In all three studies, self-reported sleep efficiency was calculated as follows: (sleep
duration/total time in bed) x 100. Self-reported subjective sleep quality was obtained by
asking participants to rate their sleep quality overall (O=very good, 1=fairly good, 2=fairly
bad, 3=very bad).

Objective and Subjective Socioeconomic Status—Educational attainment was the
objective indicator of SES used across the three cold studies. Education was assessed by the
question, “What is the highest grade or year of school you completed?” There were 18
categories ranging from “no formal education” to “doctoral degree (PhD, MD, EdD, DVM,
DDS, JD, etc)” [31]. Based on their response, participants were assigned a number of years
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of education (e.g., high school education = 12 years, associate degree = 14 years, and a PhD
= 20 years). Subjective socioeconomic status was assessed by asking participants to place
themselves on a 9-rung ladder (check a rung) based on where they stand compared to other
persons in the USA in terms of income, education, and occupation [28]. They were assigned
scores ranging from 1 (the lowest rung) to 9 (the highest rung).

Standard Control Variables—Six study variables were obtained at screening and used as
covariates in analyses. These included participants’ age, sex (male, female), self-reported
race (white/Caucasian, black/African American, other), virus (rhinovirus, influenza), season
of trial (spring, summer, fall, winter), and body mass index (BMI, kg/m?). Two additional
measures were also included as controls: study (PCS2, PMBC, PCS3) and preexisting
immunity (viral-specific antibody titers) to the challenge virus (titers <4 or >4).

Perceived Stress and Negative Affectivity—Perceived stress was assessed using the
10-item version of the Perceived Stress Scale [36], which provides a measure of global stress
perception over the past month. Neuroticism was assessed as a measure of trait negative
affectivity across the three cohorts. In PCS2 and PMBC, neuroticism was assessed using
items derived from Goldberg’s adjective scale [37] and was represented by the five (PMBC)
or ten (PCS2) highest-loading items. In these studies, internal reliabilities for neuroticism
were 0.80-0.85. In PCS3, neuroticism was measured by 10-item Big Five subscale of the
International Personality Item Pool [38]. The internal reliability neuroticism was 0.88. To
establish equivalency across studies, we computed z-scores for each subscale before
including them in analyses.

Infection—Serum antibodies to the challenge virus were obtained from a baseline blood
draw. In order to maximize the rate of infection by the virus in PMBC and PCS3, specific
levels of serum antibody to the challenge virus were obtained at screening and participants
were excluded with titers >4. Antibody titers were not used as a screening variable in PCS2.

Serum antibodies were also obtained approximately 28 days after viral exposure. The results
were expressed as reciprocals of the final dilution of serum [39]. Antibody titers were
quantified using a microtiter neutralization assay for rhinoviruses and hemagglutination
inhibition assay for the influenza virus. Daily nasal lavage samples were also collected and
frozen at —80 °C. These samples were later cultured for the virus using standard techniques
[39]. Infection was defined as the recovery of the challenge virus on any of the 5 (RVSs) or 6
(influenza) post-challenge days or a =4-fold increase in the virus-specific serum neutralizing
antibody titer measured pre-exposure to 28 days post-exposure.

Signs of lliness—We obtained two objective markers of illness: daily mucus production
and nasal mucociliary clearance function. To assess daily mucus production, used tissues
were collected each day and sealed in plastic bags [40]. The bags were weighed and the
weights of the tissues and bags were subtracted. Nasal clearance function is an objective
measure of congestion and measures the ability of the nasal cilia in clearing mucus from the
nasal passage to the throat. Nasal clearance function was measured by administering a dye
into the anterior area of the nose and calculating the time (minutes) taken for the dye to
reach the back of the throat [40].
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In order to create baseline-adjusted daily scores for each measure of illness, we subtracted
the appropriate baseline score (i.e., from the day before the challenge virus was
administered) from each of the 5 (RV) or 6 (influenza) post-challenge daily scores [41].
Negative-adjusted scores were assigned a value of 0. Average nasal clearance function was
calculated by summing the respective adjusted daily scores for each measure over all post-
challenge days and then dividing by the total number of days. Total mucus weight scores
were obtained by summing the adjusted daily scores across the 5 (RVs) or 6 (influenza)
post-challenge days. Values for participants infected with the influenza virus (7= 38) were
subsequently multiplied by 5/6 to establish equivalency across the two sampling frames.

Clinical Cold—Study participants were considered to have a clinical cold (yes, no) if they
were both infected with the challenge virus and met illness criteria. Illness criterion for an
objective cold required either a total baseline-adjusted mucus weight of =10 g or an average
(across all post-challenge days) baseline-adjusted nasal clearance time of =7 min [41].

Nasal Cytokines—Nasal wash fluid was recovered from each participant on each of the
study days and immediately stored at =70 °C until assay. Nasal wash fluid was assayed (in
duplicate) for interleukin (IL)-6 and IL-1p using commercially available enzyme-linked
immunosorbent assays (ELISAs; Endogen; PCS2, PCS3) and by Biosource Ten-plex bead
Immunoassay (Biosource International, Camarillo, CA; PMBC) following manufacturers’
protocols. Cytokine responses to virus exposure were quantified as the log area under the
curve (AUC) of the 5 (or 6) post-exposure days adjusted for baseline (pre-exposure) values.
Cytokine data were included only if they were complete for each study day. The final sample
included in analyses were 1= 512 for IL-6 and /7= 511 for IL-1B, respectively.

Statistical Analyses

Data were analyzed using IBM SPSS statistics software, version 23 (SPSS Inc., Chicago,
IL). All tests were two-tailed and the criterion for significance was set at p < 0.05. Data were
drawn from 740 participants across three cold study cohorts; we analyzed data on 732
individuals for which self-reported sleep data were available. Descriptive statistics are
presented as means and standard deviation or percentages. Body mass index (BMI), mucus
production, nasal clearance time, and AUC nasal inflammation (IL-6 and IL-1p) were log
(base-10) transformed to better approximate a normal distribution. Binary multiple logistic
regression analyses were carried out between sleep and cold susceptibility, adjusted for our
set of covariates, including age, BMI, and perceived stress which were treated as continuous,
while sex, race, virus type, season of trial, pre-challenge antibodies, and study were dummy
coded. We report unstandardized regression coefficients with standard errors and probability
values as well as odds ratios (OR) with 95% confidence intervals (ClI).

Moderation analyses were carried out using logistic regression. To test for interactions with
educational attainment and subjective SES, first order centered cross-product terms for sleep
variables and the proposed modifier variables were created. Interaction terms were then
entered into individual regression equations with the corresponding main effects and control
variables. Because measures of objective and subjective SES are often correlated, and to rule
out both perceived stress and negative affectivity as a potential third-factor explanations, we
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fit a regression model that adjusted negative affectivity, perceived stress, the SES indicator
not being tested as a moderator, and the respective interaction terms of each of these
variables with the sleep variable of interest. Interactions are reported as the unstandardized
regression coefficient and standard error as well as ORs with 95% Cls.

To better clarify associations and to provide an estimate of effect size between self-reported
sleep duration and cold susceptibility as well as the modifying influence of subjective SES,
we fit additional regression models where sleep duration was categorized based on hours and
subjective SES was categorized by approximate tertiles (low, medium, high). Here we report
OR with 95% ClI.

Because levels of nasal cytokines have previously been shown to predict illness expression
among individuals infected by experimental inoculation with rhinovirus, we tested whether
nasal inflammation (IL-6 and IL-1p) served as a possible mechanism through which the
moderated effect of subjective socioeconomic status on sleep duration influences cold
susceptibility. To this end, we first carried out separate adjusted linear regression models to
assess associations between nasal inflammation and objective markers of illness (mucus
weight and nasal clearance time) among infected participants. Next, we fit two regression
models predicting likelihood of meeting threshold for illness expression that adjusted for the
cytokine of interest and the respective interaction term of that cytokine with self-reported
sleep duration.

Sample Characteristics

Table 1 presents descriptive data for all variables involved in the analyses. Of the 732
participants, 545 (74.5%) were infected with the challenge virus and 210 (28.7%) developed
a clinical cold as defined by infection and objective cold criterion. As expected, self-reported
sleep measures were intercorrelated (sleep quality and sleep duration, r=-0.28, p< 0.001;
sleep quality and sleep efficiency, r= —0.35, p< 0.001; and sleep duration and sleep
efficiency, r=0.58, p< 0.001). Education and subjective SES were also positively correlated
(r=0.23, p<0.001). Greater educational attainment was associated with better sleep
efficiency (r=0.08, p=0.04) but not sleep duration or sleep quality. Higher subjective SES
was significantly associated with better sleep quality (r=-0.09, p= 0.02) and sleep
efficiency (r=0.10, p=0.009) but not self-reported sleep duration (r=0.03, p=0.73).

Sleep and Susceptibility to the Common Cold

Shorter self-reported sleep duration, modeled as a continuous predictor, was associated with
increased susceptibility for the common cold, independent of study covariates including age,
sex, race, BMI, perceived stress, pre-challenge antibodies, season of trial, study, and virus
type (B=-0.13, SE=0.06, p=0.018; OR =0.88, 95% C/0.79-0.98). To estimate the effect
size, sleep duration was categorized as follows: <6 h, 7= 201; 6.01-7.99 h, n=321; and =8
h, n=207 (Fig. 2). Participants who slept 6 or fewer hours were at significantly greater risk
of a clinical cold than those sleeping =8 h (OR = 1.93, 95% C/1.20-3.10). A similar
elevation in risk, though not statistically significant, was observed in participants sleeping
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6.01-7.99 h per night (OR = 1.39, 95% C/0.90-2.15) compared to =8 h sleepers [reference].
Sleep efficiency and sleep quality were not statistically related to clinical cold risk
(efficiency: p=0.20; quality: p=0.28).

Because we previously reported on associations between self-reported sleep duration and
sleep efficiency using participants included in PMBC [5], we reran our analyses excluding
these participants, reducing our sample from 732 to 580 participants. In these analyses,
adjusting for study covariates, shorter sleep duration continued to be related to cold
susceptibility (8= -0.11, SE = 0.07, p=0.11; OR = 0.90, 95% C/0.79-1.02), albeit below
statistical significance. Self-reported sleep efficiency and subjective sleep quality were
unrelated to cold susceptibility (o> 0.40).

Moderating Effects of Objective and Subjective Socioeconomic Status

In order to investigate whether objective or subjective SES moderated the effects of sleep on
cold susceptibility, we carried out separate regression models where either educational
attainment or subjective SES was treated as a moderator. Associations between sleep and
cold susceptibility did not vary as a function of educational attainment (o> 0.50). In
contrast, subjective SES significantly moderated the link between sleep duration and
development of a clinical cold (B =10.08, SE = 0.03, p=0.007; OR = 1.08, 95% C/1.02—
1.14).

To provide an estimate of effect size for predicting clinical colds, subjective SES was
categorized into approximate tertiles (low, 7= 256; medium, 7= 277; high, n= 194).
Participants who were short sleepers (<6 h) were at increased risk of developing a clinical
cold compared to =8 h sleepers if they fell in the low (OR = 2.57, 95% C/1.10-6.02) and to
some extent the medium tertile of subjective SES (OR = 1.88, 95%C/0.85-4.16) but not the
high tertile (OR =1.07, 95%C/0.40-2.97). Participants sleeping 6.01-7.99 h per night were
at no greater clinical cold risk irrespective of subjective SES tertile (Fig. 3). Because the
association of self-reported sleep duration with cold susceptibility appeared to be due, in
part, to the significant association found with the PMBC sample that was published
previously, we reran the moderation analysis excluding the PMBC sample. Here we found
that subjective SES continued to moderate the link between self-reported sleep duration and
cold susceptibility (8=0.09, SE = 0.03, p=0.009; OR = 1.09, 95% C/1.02-1.16).

These interaction effects remained significant after adjustment for the main effects of
educational attainment, negative affectivity, perceived stress, as well as their respective
interactions with sleep duration (educational attainment x sleep duration, negative affectivity
x sleep duration, perceived stress x sleep duration) (8= 0.09, SE =0.03, p=0.003; OR =
1.09, 95% C/1.03-1.16). There was no evidence that subjective SES moderated associations
of either sleep efficiency or subjective sleep quality with cold susceptibility.

The observed elevated risk of developing the cold in participants reporting shorter self-
reported sleep duration and lower subjective SES may have been due to increased
susceptibility to infection and/or increased illness expression among those infected. In this
regard, among infected participants, there was a significant interaction between self-reported
sleep duration and subjective SES in predicting likelihood of meeting the illness criteria for
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mucus production or nasal clearance time (8= 0.06, SE=0.03, p=0.03; OR = 1.07, 95%
C/1.01-1.13). Specifically, compared to =8-h sleepers, short sleepers (<6 h) who were also
low in subjective SES were significantly more likely to meet illness criteria for illness
expression (OR = 2.57, 95% C/1.10-6.02). Next, separate adjusted linear regression models
were computed to better clarify the influence of self-reported sleep duration on mucus
production and nasal clearance time among those reporting low subjective SES who were
infected with the virus. In this regard, shorter self-reported sleep duration was significantly
associated with greater total adjusted mucus production (B = -0.05, SE = 0.03, {182) =
-2.07, p=0.04; R2=0.14, A11, 182) = 3.79, p< 0.001) but not average nasal clearance
time (B=-0.02, SE = 0.02, {182) = -0.95, p=0.34; ”2=0.01, A11, 182) = 1.16, p= 0.32).

Analyses also revealed that an interaction between sleep duration and subjective SES was
significantly related to likelihood of being infected (B =0.07, SE = 0.03, p=0.02; OR =
1.08, 95% C/1.01-1.14); however, a probing of the interaction indicated that >8-h sleepers
reporting high subjective SES were more likely than 6.01-7.99-h sleepers to become
infected (OR = 3.41, 95% C/1.23-9.49). No such associations were observed among those
medium or low in subjective SES. Taken together, it appears that the link between self-
reported sleep duration and cold susceptibility among those low in subjective SES is driven
primarily through illness expression.

Nasal Inflammation as a Potential Mechanism

Previous studies demonstrate that levels of nasal cytokines positively predict illness
expression among infected individuals [32, 33]. Among infected participants adjusted
analyses revealed that higher levels of IL-6 and IL-1p were related to greater total adjusted
mucus weight (IL-6: B=0.32, SE = 0.03, {498) = 11.30, p< 0.001; /2 =0.25, A11, 498) =
16.74, p<0.001; IL-1p: B=0.12, SE = 0.03, (497) = 4.34, p< 0.001; A2 =0.10, A11, 497)
=5.94, p<0.001) and longer nasal clearance time (IL-6: B=0.12, SE = 0.02, /498) = 5.81,
p<0.001; ”2=0.07, A11, 498) = 4.41, p< 0.001; IL-1B:B= 0.06, SE = 0.02, (497) = 4.34,
p=0.002; R2=0.03, A11, 497) = 2.29, p= 0.01). However, the interaction between self-
reported sleep duration and subjective SES was not related to either levels of IL-6 (B =
-0.003, SE = 0.01, £494) = -0.25, p=0.80; R2 = 0.29, A13, 494) = 16.60, p< 0.001) or
IL-1B (B =-0.004, SE = 0.01, {493) = -0.29, p=0.77; R2=0.07, 13, 493) = 4.12, p<
0.001). Further, the interaction effect of sleep duration x subjective SES on likelihood of
meeting the illness criteria for mucus production or nasal clearance time remained
significant after adjustment for the main effects of nasal cytokines, as well as their respective
interactions with sleep duration in separate models (adjusting for IL-6: B=0.07, SE = 0.03,
p=0.03; OR =1.07, 95% C/1.01-1.15; adjusting for IL-1p: B=0.06, SE = 0.03, p=0.04;
OR =1.06, 95% C/1.00-1.13). Accordingly, these data suggest that the nasal cytokines
examined do not play a significant role in mediating the effects of sleep duration on cold
susceptibility among those low in subjective SES.

Discussion

Shorter self-reported sleep duration was prospectively associated with increased incidence of
the common cold following experimental viral challenge. Subjective SES, however,
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moderated this relationship such that shorter sleep predicted cold incidence in participants
who reported low subjective SES but not among those who reported high subjective SES.
These findings were independent of potential covariates, including age, sex, race, BMI,
perceived stress, pre-challenge antibody levels, season, virus type, study, objective SES (i.e.,
educational attainment), and negative affectivity.

The prospective association between sleep duration and clinical cold risk is consistent with a
previous analysis of a subset of the data used here [5] as well as an analysis where sleep was
measured behaviorally using wrist actigraphy [6]. This paper extends those previous findings
by showing the moderating influence of subjective SES on the link between sleep and cold
susceptibility. While the graded nature of the association of SES and negative health
outcomes is well established [28, 29], it is unclear how lower SES confers vulnerability to
infectious illness among short sleepers. Chronic stress exposure, which is common among
those low in SES [28, 42, 43], may play an important role. Chronic stress is consistently
associated with decrements in aspects of the immune system (e.g., T-cell immunity) critical
to the adequate protection from infectious agents, including the cold virus [44], and low SES
individuals display elevated levels of systemic inflammation [45, 46]. The present findings
were independent of perceived stress, as well as its interaction with sleep duration; however,
the measure used assessed global stress perception over the past month, which may not
reflect the biological cost incurred through longer stress exposures.

Another interpretation of the present findings is that high subjective SES effectively buffers
against the negative influences of short sleep on clinical cold risk. Higher SES is associated
with greater access to personal (e.g., perceived control) and social resources (e.g., social
capital) that may enhance an individual’s ability to cope effectively [47], thus providing
some protection against the immune decrements associated with inadequate sleep. Taken
together, subjective SES appears to play an influential role in modifying how sleep affects
cold susceptibility.

Unlike subjective SES, educational attainment, which served as an objective indicator of
SES in our aggregated dataset, failed to moderate associations between sleep and
susceptibility to the common cold. There are several explanations for this observation. In
general, educational attainment, while easily reported on, serves as a fairly crude measure of
one’s status in society. For instance, years of education do not capture the quality of the
education received and are insensitive to incongruity with current occupational status and
income. Unfortunately, income was not assessed consistently across the three cohorts;
household income was measured in two of the cohorts analyzed here (i.e., PMBC and
PCS3). While underpowered, a test of the moderating role of household income on the
association between sleep duration and cold susceptibility in this restricted sample revealed
no significant effect (data not shown).

In contrast to educational attainment, subjective SES provides a more comprehensive
assessment of one’s social status that may incorporate multiple aspects of SES (e.g., assets
and wealth, living conditions). The subjective SES measure allows individuals to weigh their
education, income, and occupational status based on their relevance to their personal social
context. Additionally, subjective SES likely taps psychological constructs, such as sense of
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control [26, 48], which may exert effects on health beyond those captured by objective
measures of SES.

What are the biological mechanisms through which shorter self-reported sleep duration may
increase susceptibility to the cold among those reporting low subjective SES? There is
growing evidence that disturbed sleep, including short sleep duration, is associated with
increased levels of inflammation [12, 49, 50]. Excess inflammation, measured locally in
nasal secretions, has been shown to partially mediate the psychological factors and
subsequent development of a cold following viral challenge [32].We found that elevated
levels of local IL-6 and IL-1p were associated with greater illness severity (i.e., greater
mucus weight and longer nasal clearance time) in this aggregated infected sample; however,
self-reported sleep duration did not interact with subjective SES to account for significant
variance in levels of nasal inflammation. Further, statistically controlling for levels of nasal
inflammation failed to alter our findings, which suggests that, in this study, nasal
inflammation was not a strong pathway. Future studies exploring alternative biological
mechanisms previously linked to sleep, low SES, and cold susceptibility are warranted.

One of the clear strengths of this study was our ability to increase the statistical power to test
the moderating effects of objective and subjective SES by aggregating data across three prior
cold study cohorts. However, this required the inclusion of participants from a cohort (i.e.,
PMBC) where we previously published an association of self-reported short sleep duration
with cold susceptibility [5]. When we restricted our analysis to the two other cohorts (i.e.,
PCS2 and PCS3), the association between sleep duration and cold susceptibility was present
but attenuated below statistical significance. While this may be due to reduced statistical
power, it may also reflect differences in sleep measurement employed in the PMBC cohort
in the previously published analyses. Specifically, in addition to the retrospective sleep item
used in the current analysis, the prior report [5] using PMBC data relied on sleep estimates
obtained during daily telephone interviews, which helped ensure timely assessments and
likely improved accuracy of nightly sleep by reducing recall bias. Consistent with this, this
prior study also documented an association between self-reported sleep efficiency and cold
susceptibility [5], which was absent in the current analysis. There are likely a couple of
reasons why the present study differs from the prior work. The primary reason is that in
order to aggregate across the three cohorts, we relied on retrospective self-report items
characterizing sleep over the past month, which is a limitation. In addition, the questions
used to estimate self-reported sleep duration differed slightly across studies, which may have
introduced measurement error. As such, it is perhaps not surprising that we were unable to
fully replicate the prior findings. That said, the moderation effect of subjective SES does
persist despite removing the PMBC data, suggesting that the influence of subjective SES is
robust in this context.

Infectious illness remains among the top 10 causes of mortality in the USA [51], which
emphasizes the public health implications of these findings. Focusing first on sleep, this
work provides further compelling evidence that sleep represents a modifiable target for
intervention to reduce infectious disease risk. In this regard, several randomized controlled
trials targeting sleep, typically through some variant of cognitive-behavioral therapy for
insomnia (CBT-1), show promise in improving immune mechanisms (e.g., inflammatory
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activity) relevant to cold susceptibility [52, 53]. The present findings, however, point out that
addressing sleep uniformly across a population may not be helpful. The data suggest low
SES participants may be particularly vulnerable to the ill effects of short sleep, which is
consistent with the fact that low SES populations shoulder more of the burden of infectious
illness than those of higher SES [54, 55].

One of the limitations of this study was our reliance on self-reported sleep measures.
However, our prior work indicates similar sleep effects when using behavioral measures
(e.g., wrist actigraphy) [6]. From a practical standpoint, it appears that a simple set of
questions, such as typical sleep and wake time along with estimates of sleep latency and
minutes of wakefulness, appear, with sufficient sample size, to predict cold susceptibility.
While there have been recent strides towards integrating social and behavioral factors into
routine medical assessments, including electronic medical records [56], sleep has not been
included among the list of candidates. Given the robust literature linking sleep and health
[2], the integration of sleep assessment into broad medical settings (e.g., primary care),
particularly in low income communities, may provide clinically relevant information.

In summary, this study provides the first evidence that low subjective SES confers added
vulnerability to infectious illness among self-reported short sleepers exposed to experimental
viral challenge. Said another way, high subjective SES buffers the effects of short sleep on
upper respiratory infection susceptibility. Although it is recognized that this study does not
provide direct evidence of causality, the prospective nature of the sleep and SES
measurement prior to the experimental viral challenge eliminates concerns of reverse
causality. Future studies employing more varied and comprehensive measures of SES are
indicated as well as a need to more extensively test the synergistic nature of sleep-SES link
in other models of infectious (e.g., vaccinations) and noninfectious (e.g., cardiovascular risk)
disease.
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BASELINE PERIOD
Study eligibility evaluation
Blood samples for pre-existing
antibody titers to challenge virus
e Demographics
Psychosocial, sleep, and
socioeconomic status measures

2 2

QUARANTINE DAY 0 (prior to viral challenge)

e Nasal wash for baseline viral culture

e Baseline nasal mucociliary clearance

e Baseline nasal mucus production

e Baseline upper respiratory illness
symptoms assessment

END OF QUARANTINE DAY 0
e Viral challenge

QUARANTINE DAY 1 through 5 (rhinovirus)
or 6 (influenza)
Nasal wash for viral culture
Nasal mucociliary clearance
Nasal mucus production
Upper respiratory illness symptoms

assessment

~28 DAYS AFTER VIRUS EXPOSURE
e Blood sample for antibody titer to virus

Fig. 1.
Temporal sequence of an experimental viral challenge trial
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Fig. 2.
Self-reported sleep duration is prospectively associated with the percentage of participants

who subsequently developed the cold. The percentage of colds is based on predicted values
(adjusted for age, sex, race, body mass index, perceived stress, pre-challenge viral-specific
antibody levels, season of trial, virus type, and study)
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Fig. 3.
Subjective socioeconomic status moderates the association between self-reported sleep

duration, measured prior to viral exposure, and the percentage of participants who
subsequently developed the cold. The percentage of colds is based on predicted values
(adjusted for age, sex, race, body mass index, perceived stress, pre-challenge viral-specific
antibody levels, season of trial, virus type, and study)
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Table 1

Sample characteristics (7= 732)

Variable Means (standard deviation)
or % (n)

Age (years) 31.4 (10.7)
Sex (% female) 48.9 (358)
Race

White/Caucasian 64.8 (474)

Black/African American 30.4 (223)

Other 4.8 (35)
Virus type

Rhinovirus (RV)39 80.9 (592)

RV23 14.1 (103)

Influenza virus 5.0 (37)
Season of trial

Winter 17.5(128)

Spring 46.9 (343)

Summer 17.3 (127)

Fall 18.3 (134)
Study cohort

PCS2 (1997-2001) 45.2 (331)

PMBC (2000-2004) 25.8 (189)

PCS3 (2007-2011) 29.0 (212)
Body mass index (kg/m?) 27.3(6.4)
Pre-challenge antibody levels (titers) 4.9 (5.6)
Educational attainment (years) 13.8 (2.0)
Subjective SES ladder 4.4 (1.9)
(0-low to 10-high)
Perceived stress 14.1 (6.5)
Self-reported sleep

Sleep duration (h) 7.0 (1.7)

Sleep efficiency (%) 88.4 (13.1)

Sleep quality 0.9 (0.6)

(0-very good to 3-very bad)

SES socioeconomic status
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