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2Cousins Center for Psychoneuroimmunology, Semel Institute for Neuroscience and Human
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SUniversity of California Los Angeles, Department of Psychology, Los Angeles, CA 90095

Abstract

Background—Inflammation plays a role in mood and behavior that may be relevant to
identifying risk factors and treatment for depression and other stress-related illnesses. The purpose
of this study was to examine whether fluctuations in inflammation following a mild immune
stimulus were associated with changes in daily reported features of depression for up to a week in
a healthy sample of young adults.

Methods—~Forty one undergraduate students completed daily diaries of mood, feelings of social
disconnection, sleep, and physical symptoms for one week before and after receiving the seasonal
influenza vaccine. Circulating plasma interleukin-6 (IL-6) was measured via blood samples taken
immediately before and one day after vaccination.

Results—There was a significant increase in circulating 1L-6 from pre- to post-intervention (p=.
008), and there was significant variability in the magnitude of IL-6 change. Greater increases in
IL-6 were associated with greater mood disturbance on post-vaccine days, specifically depressed
mood and cognitive symptoms.

Conclusions—Muinor increases in inflammation were associated with corresponding increases in
features of depression, and these associations occurred in the absence of any physical symptoms.
The influenza vaccine could be used to probe causal relationships with a high degree of ecological
validity, even in high-risk and vulnerable populations, to better understand the role of
inflammation in the pathogenesis of depression.
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Introduction

The innate immune system is the body’s first response to injury and pathogen exposure, and
its effectiveness depends upon the mobilization of inflammatory cytokines (Iwasaki and
Medzhitov, 2015). Inflammatory processes can lead to sickness behavior, or the short-term
loss of appetite, sleepiness, withdrawal from normal social activities, fever, aching joints,
and fatigue (Dantzer, 2001; Dantzer and Kelley, 2007). Prolonged inflammation has been
implicated in the development of stress-related psychiatric disorders (Raison et al., 2006),
including the pathophysiology of depression (Dantzer et al., 2008; Irwin, 2002; Slavich and
Irwin, 2014).

Experimental paradigms that induce inflammation have provided the strongest evidence that
inflammation can elicit features of depression. In animal models, inducing inflammation can
cause changes in locomotor activity, social behavior, cognition, and anhedonic behaviors
(Aubert, 1999; Kubera et al., 2011; Wohleb et al., 2015; Yirmiya and Goshen, 2011).
Likewise, causal inferences can be drawn from experimental models in humans (Capuron et
al., 2002; Eisenberger et al., 2010b; Wichers et al., 2007). The two primary models for
inducing inflammation in healthy individuals are endotoxin administration and typhoid
vaccination. Endotoxin injection causes a marked increase in peripheral markers of
inflammation (Martich et al., 1993), as well as depressed mood, cognitive disturbance, and
increased feelings of social disconnection (Eisenberger et al., 2010b; Moieni et al., 2015;
Reichenberg et al., 2001). On average, the endotoxin paradigm leads to an 100 pg/mL
increase in IL-6 (Eisenberger et al., 2009), which resolves within 6-hours of administration
(Eisenberger et al., 2009; Martich et al., 1993). This paradigm enables measurement of
robust inflammatory effects on short-term cognitive and behavioral outcomes. However, the
elevations in circulating inflammatory markers induced using endotoxin are far greater than
those observed among depressed individuals (Andrei et al., 2007; H&fner et al., 2011,
Howren et al., 2009), or levels elicited by stress (Steptoe et al., 2007), one of the key
predictors of depression.

The typhoid vaccine has also been used to interrogate the causal role inflammation plays in
the neural and behavioral underpinnings of depression, and induces approximately 1.0
pg/mL increases in IL-6 at 3 hours post-injection (Brydon et al., 2008; Harrison et al.,
2009b). Individuals who exhibit the largest inflammatory response to typhoid vaccination
demonstrate degradations in mood, increases in fatigue and confusion, and slowed reactions
times on cognitive tasks (Brydon et al., 2008; Harrison et al., 2009a; Strike et al., 2004).

It is important to note that studies using both endotoxin and the typhoid vaccine have
focused on the within-subject associations between the magnitude of inflammatory
responses and changes in mood or activity with neural substrates involved in emotion
regulation and reward-processing (Brydon et al., 2008; Eisenberger et al., 2009; Harrison et
al., 2009a, 2009b; Wright et al., 2005). Yet, studies using the typhoid vaccine and endotoxin
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have limited their inquiry to the hours immediately following vaccine exposure. Whether
fluctuations in inflammation exert sustained effects on mood and behavior that go beyond
the laboratory remains unanswered. In the present study, we examined the association
between a mild inflammatory stimulus and multiple domains of sickness behavior and
features of depression including mood, sleep, feelings of social disconnection, and physical
symptoms for up to a week, using daily diaries to assess sickness behavior and features of
depression in the context of participants’ typical day-to-day experiences.

The influenza vaccine results in a mild inflammatory response. Increases in IL-6 following
the influenza vaccine can be seen as early as 60 minutes following vaccination (Edwards et
al., 2006a). A significant increase in IL-6 following the influenza vaccine is consistently
observed 1- (Carty et al., 2006; Christian et al., 2011; Tsai et al., 2005), and 2-days post-
vaccination (Christian et al., 2011). This inflammatory response may resolve as early as 3-
days post-vaccination (Tsai et al., 2005), and is no longer observed 7 days following
vaccination (Christian et al., 2011; Tsai et al., 2005). In fact, one study provides evidence
that the inflammatory response to the influenza vaccine resolved within 3 days (Tsai et al.,
2005). Thus, use of the influenza vaccine as an inflammatory stimulus enables measurement
of daily change in subjective mood and behavior over longer periods of time, and the gradual
increase in circulating inflammatory markers over days may be a more useful model for
clarifying the role of inflammation in the pathogenesis of depression (See Slavich and Irwin,
2014 for review). Yet, among the published studies of inflammatory responses to influenza
vaccine, no studies have examined changes in mood and behavior as a function of the
inflammatory response.

The purpose of this study was to examine the association between inflammatory responses
to influenza vaccination and daily reports of mood, sleep, social disconnection, and physical
symptoms in a healthy, young adult sample. Consistent with the approach used in the
endotoxin and typhoid studies, we focused on individual differences in IL-6 responses to
vaccination (Brydon et al., 2008; Eisenberger et al., 2009; Slavich et al., 2010). Given the
time course and expected magnitude of the inflammatory response to influenza vaccination,
we used daily diaries to capture subtle variations in correlates of depression for 1 week
before and after the vaccine. We hypothesized that greater increases in IL-6 from
immediately before to 1-day post-vaccine would be associated with increases in depressed
mood, cognitive symptoms, tension, fatigue, and social disconnection. We also hypothesized
that greater increases in 1L-6 would be associated with decreases in subjective sleep quality
and positive affect.

Method

Participants

Recruitment procedures included posting flyers on the university campus during the Fall
quarter in 2015 and 2016. Participants completed a phone interview to determine study
eligibility. Inclusion criteria for the study were undergraduate students (ages 18-22) who
had not yet received the influenza vaccine that year. Participants were excluded if they were
allergic to eggs, were currently using any medications (e.g., steroids, antidepressants) or
substances (e.g., tobacco products) known to affect the immune system, or had any influenza
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or upper respiratory symptoms, current depression, anxiety, any major medical condition
(e.g., diabetes, asthma). Forty six individuals were enrolled in the study, 3 participants
dropped from the study due to upper respiratory infection between study enrollment and
vaccine administration, and 2 participants were dropped from analyses due to inability to
complete the blood draw. Therefore all subsequent analyses represent complete data from 41
individuals. See Table 1 for characteristics of the study sample.

Participants first came to the lab to complete informed consent, behavioral measures, and
daily diary training. For the next 14 days, participants completed 3-5 minute, online daily
diaries assessing sickness behavior and features of depression, including mood, energy,
sleep, feelings of social disconnection, and physical symptoms. Participants received a link
to this survey each evening at 8:00pm, and were instructed to complete each diary before
bedtime. Participants who did not complete the daily diary by midnight each day received a
reminder at 6:00am to complete the diary upon waking. Diaries completed after 9:00am the
following day were considered invalid. We had an overall 97.0% completion rate of valid
daily diaries across 41 participants, or 557 complete and valid diaries. The majority of
participants (78.0%, 7= 32) completed all 14 diaries; the fewest daily diaries any participant
completed was 10 (7= 3).

Approximately 1 week following study enrollment, participants returned to the laboratory to
provide a blood sample. Research staff then escorted participants to the campus health center
where they received the influenza vaccine. The influenza vaccine varied depending on year
of participation. The 2015/2016 vaccine was trivalent and included A/California/7/2009
(H1N1) pdmO09-like virus, which had been in flu vaccines since 2009, A/Switzerland/
9715293/2013 (H3N2)-like virus, and B/Phuket/3073/2013, which were both new in Fall
2015. The 2016/2017 influenza vaccine was also trivalent and consisted of A/California/
7/2009 (HIN1) pdm09-like virus, A/Hong Kong/4801/2014 (H3N2)-like virus, and B/
Brisbane/60/2008-like virus (B/Victoria lineage). The following day participants returned to
the laboratory to provide a second blood sample and completed behavioral measures. The
post-vaccine blood draw varied between 21 and 29 hours after the vaccination, Mean

Vaccine Delay = 24:35, SD vaccine Delay = 2:10. Participants continued to complete daily diaries
for the remainder of the 14-day assessment period. This study was conducted in accordance
with The Code of Ethics of the World Medical Association (Declaration of Helsinki). All
study procedures were approved by the UCLA Institutional Review Board, and all
participants provided informed consent. Participants were compensated up to $200 for their
time, including up to $40 for each laboratory visit, and up to $30 for completing all 14
possible daily diaries.

Mood—Mood was measured via daily diary using the 15-item Profile of Mood States
(POMS-15), which has been previously used in daily diary research (Cranford et al., 2006;
Shrout et al., 2006). These items comprised 5 sub-domains: Depressed mood (sad, hopeless,
discouraged), Vigor (vigorous, cheerful, lively), Tension (anxious, uneasy, on edge), Anger
(angry, resentful, annoyed), Fatigue (fatigued, worn out, exhausted). Three additional items
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were added to assess cognitive symptoms using items from the POMS-Confusion subscale
(unable to concentrate, forgetful, confused) (McNair et al., 1981). Four additional items
were included to assess positive affect (enthusiastic and interested (Watson et al., 1988;
Watson and Clark, 1999), content and grateful (Fredrickson et al., 2003)). Participants were
asked to indicate the degree to which they experienced each mood state that day and
responded to each item according to a 5-point Likert scale from 1 = not at allto 5 =
extremely. For multi-item diary scales, reliability coefficients ranging from 0 to 1 for
between-person (Rkg) and day-to-day within-person change (~Rc) were computed using
methods described for daily diary scales (Cranford et al., 2006). For all POMS mood
subscales, Rkr > .96. R¢ for Depressed mood, Anxiety, Anger, Vigor, and Fatigue subscales
were all between .65 — .87, and were comparable to prior work (Cranford et al., 2006). Rc
for Confusion was .47.

Social disconnection—Social disconnection was measured via a 12-item scale reflecting
the degree to which participants felt disconnected from other people that day. Participants
responded according to a 5-point Likert scale from 1 = not at all, and 5 = very much so.
These items were used in a previous study linking endotoxin-induced changes in
inflammatory markers with subjective feelings of social disconnection (Eisenberger et al.,
2010b; Moieni et al., 2015). Reliability for social disconnection, Rxg = .97, Rc = .36.

Sleep disturbance and sleep quantity—Subjective sleep quality was measured on the
daily diary using one modified item from the Pittsburgh Sleep Quality Inventory (Buysse et
al., 1989), similar to that used in previous diary studies (Kane et al., 2014). Participants rated
their sleep quality for the previous night on a 4-point Likert scale from 1 = very good'to 4 =
very bad. Participants also indicated the time they went to bed each night and woke each
morning for a measure of sleep quantity. Reliability coefficients Rxr and Ac cannot be
computed for these single-item measures of sleep disturbance and sleep quantity, however
the test-retest reliability for the measure of sleep disturbance across diary days was good,
ICC = .76 (Cappelleri et al., 2009).

Physical symptoms—nParticipants reported physical symptoms they experienced in the
past 24 hours including feeling sick, headache, chills, fever, muscle/joint aches or pains. For
each symptom, participants could select Absent, Mild, Moderate, or Severe on a scale from
1 to 4. The chosen physical symptoms were taken from past studies using daily diaries to
examine subjective symptoms following a viral challenge (Cohen et al., 2006). Reliability
for physical symptoms was Rxg = .95, Rc = .56.

Inflammation—Interleukin-6 (IL-6) was used to assess within-subject change in
inflammation following vaccination in order to optimize comparison of our results with
existing literature. IL-6 is reliably elevated in depressed patients (Dowlati et al., 2010), and
the majority of studies that have demonstrated an inflammatory response to the influenza
vaccine have selected I1L-6 as the inflammatory marker of interest (Carty et al., 2006;
Christian et al., 2011; Edwards et al., 2006a; Segerstrom et al., 2012; Tsai et al., 2005).
Furthermore, studies using typhoid vaccination and endotoxin have demonstrated an
association between IL-6 and mood/behavior (Eisenberger et al., 2010a; Harrison et al.,
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2009a; Wright et al., 2005). Blood samples for IL-6 were collected between 8:21am and
12:45pm (Meangjgod Draw 1 = 9:59, SDRIood Draw 1 = 1:04) by venipuncture into EDTA tubes,
placed on ice, centrifuged for acquisition of plasma, and stored at —80 C for subsequent
batch testing. Samples were assayed in duplicate using a high sensitivity ELISA (R&D
Systems, Minneapolis, Minn) at the UCLA Inflammatory Biology Core. The range of
detection for this assay was 0.20 mg/L to 10.0 pg/mL, and there were no undetectable values
in the sample. Intra- and inter-assay CVs were < 9%.

Data Analysis

Results

We fit linear mixed models predicting mood, social disconnection, sleep disturbance, and
physical symptoms as a function of our variable of interest, the interaction between change
in IL-6 and time. This allowed us to test whether average mood, social disconnection, and
sleep differed before and after the vaccine based on the magnitude of IL-6 change from pre-
to post-vaccine. Change in IL-6 (AIL-6) was computed by subtracting IL-6 concentrations
immediately prior to the vaccine from IL-6 concentrations 1-day after the vaccination, such
that higher values indicate a greater increase in circulating IL-6. Predictors in each of these
models included: study day (1-14), time (a dichotomous variable where 0 = pre-vaccine and
1 = post-vaccine), baseline IL-6 (each participant’s pre-vaccination IL-6), AIL-6 (a post-
diction term that accounts for any association between mood/sleep on pre-vaccine days and
change in IL-6), and our variable of interest, Time*AIL-6 (the association between change in
IL-6 and mood/sleep on post-vaccine days). There is evidence that body mass index (BMI)
and sex contribute to differences in circulating markers of inflammation (O’Connor et al.,
2009) as well as the way the immune system responds to challenges such as an
immunization or a psychological stressor (Edwards et al., 2006b; Fish, 2008; Kitahara et al.,
2014; Sun et al., 2012). Therefore, all models controlled for BMI and sex. Whether
participants enrolled in the 2015 or 2016 cohort! of the study was also included as a
covariate. For all analyses, a significance level of 95% or p < .05 should be considered
reliable, although variations in significance up to p < .10 are presented to indicate any
possible statistical trends that may inform efforts to replicate and extend these results.

Participants in this study were healthy, ethnically diverse undergraduate students who were
representative of their university undergraduate population. See Table 1 for detailed
characteristics of the study sample. From pre- to post-vaccine participants demonstrated a
significant increase in IL-6 from baseline to post-vaccination, £41) = -2.77, p=.008.
Overall, 33 participants (80.5%) showed an increase in IL-6, and the mean change in IL-6
was 0.33 pg/mL (SD=0.75; range = —1.44—4.202), d =0.45. See Figure 1 for IL-6 at pre-
and post-vaccine for all participants.

I\we observed significant differences between cohorts such that individuals in the 2016 cohort reported more symptoms of confusion,
p=.050, less vigor, p=.049, greater feelings of social disconnection, p=.026, and change in IL-6 from pre- to post-vaccine, p< .001,
than participants in the 2015 cohort. For this reason, the fixed effect of cohort was included as a covariate in all models.

One participant demonstrated an extreme increase in IL-6 from pre- to post-vaccine, AlL-6 = 4.20 pg/mL and was determined to be
an outlier. Winsorizing the inflammatory response of this participant does not change the pattern of results. See Figure 2 for fixed
effects of primary results with and without winsorizing this participant.
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Inflammation before and after influenza vaccination and daily diary reported mood

Table 2 provides descriptive statistics for all daily diary measures on pre-vaccine days.
Reports of depressed mood on pre-vaccine days were low. Female participants reported
more depressed mood than male participants, p=.020. Consistent with our hypotheses,
larger increases in 1L-6 from pre- to post-vaccine were associated with greater reported
depressed mood on post-vaccine days, p=.039. While daily reported confusion was also
generally low in the sample on pre-vaccine days, individuals demonstrating larger increases
in IL-6 from pre- to post-vaccine reported greater confusion on post-vaccine days, p=.003.
There were no significant associations between change in IL-6 and anger, tension, fatigue,
vigor, or positive affect. However, individuals with higher IL-6 at the pre-vaccine blood
draw reported lower average daily positive affect, p=.044. See Table 3 for unstandardized
fixed effects of time and IL-6 on all sickness behavior and features of depression measured
in the daily diary.

Inflammation before and after influenza vaccination and daily diary reported social
disconnection

Participants in this study generally reported low feelings of social disconnection on pre-
vaccine study days. Individuals demonstrating the largest change in IL-6 from pre- to post-
vaccine also reported a non-significant increase in feelings of social disconnection on post-
vaccine days, p=.072.

Inflammation before and after influenza vaccination and daily diary reported sleep

Participants in this study slept an average of 7.12 hours on pre-vaccine days. Change in IL-6
was not associated with changes in sleep duration from pre- to post-vaccine, p = .64.
Participants in this study reported their average sleep quality as either Very good or Good on
pre-vaccine study days. Participants in the study with high pre-vaccine IL-6 reported greater
daily sleep disturbance, p=.004, and individuals demonstrating a larger increase in IL-6
from pre- to post-vaccine also reported non-significant increases in sleep disturbance on
post-vaccine days, p=.10.

Inflammation before and after influenza vaccination and daily diary reported physical

symptoms

Change in inflammation from pre- to post-vaccine was not associated with physical
symptoms, p = .69. Daily reports of physical symptoms were very infrequent or Absent on
the response scale on pre-vaccine days. Change in IL-6 from pre- to post-vaccine was not
associated with post-vaccine physical symptoms, however participants with higher pre-
vaccine IL-6 reported more pre-vaccine physical symptoms, p=.002.

Discussion

This study documents associations between mild fluctuations in the proinflammatory
cytokine IL-6 and features of depression in a sample of healthy, young adults. The majority
of participants in this sample demonstrated an increase in 1L-6 from immediately before to
1-day after flu vaccine exposure, and while this change was mild, participants varied
considerably in the degree of inflammatory change. Consistent with our hypotheses, larger
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increases in IL-6 were associated with greater depressed mood and greater confusion in the
week following vaccination. These findings align with previous research and with the
hypothesized role of inflammation in depression (Dantzer et al., 2008; Dantzer and Kelley,
2007) as well as established experimental models in both animals and humans. Notably,
some of the initial observations in preclinical studies were that inflammation interferes with
cognitive functioning (Aubert et al., 1995). Further, inflammatory challenge studies in
humans using endotoxin (Eisenberger et al., 2009; Reichenberg et al., 2001) and typhoid
(Brydon et al., 2008; Harrison et al., 2009a), as well as observational studies (Gimeno et al.,
2009; Motivala et al., 2005) have documented associations between inflammation and both
cognitive symptoms of depression and sleep disturbance. Our findings extend this literature
by demonstrating increases in depressed mood and cognitive symptoms following a mild
inflammatory stimulus using a naturalistic and ecologically valid approach.

Further, the results of this study support the use of influenza vaccination as a translational
model for interrogating well-established preclinical observations on the role of mild
inflammatory changes in depressive symptoms. This model could be used to interrogate
sensitivity to these changes in high-risk and vulnerable populations including children,
adolescents, older adults, pregnant women, and patients with chronic illness. Inflammatory
immune cells and cytokines, including IL-6, can cross the blood-brain interface and activate
microglia (Banks et al., 1995; Wohleb et al., 2015). Activation of microglia causes local
inflammation which mediates anxiety-like behavior, and primes the immune system for a
greater inflammatory response to future stressors (Reader et al., 2015). Repetition of these
processes in animals, such as through chronic stress, has been linked to anhedonia, sleep
disturbance, and maintenance of anxiety-like behavior (Wohleb et al., 2015). Affective
correlates of mild fluctuations in pro-inflammatory cytokines, as demonstrated in this study,
may be an indicator of affective sensitivity to increases in peripheral inflammation and thus
potentially a neurobiological risk factor for depression.

Contrary to our hypotheses, larger increases in 1L-6 were not associated with decreases in
daily positive affect or increases in fatigue. Given the subtle changes in both inflammation
and daily diary reports of features of depression, we may have lacked power to detect these
effects that have been observed in other experimental studies (Eisenberger et al., 2010b;
Harrison et al., 2009b; Moieni et al., 2015). It is possible that the effect of inflammation on
positive affect and fatigue occurs acutely (i.e., within hours), and is not effectively observed
using a daily diary assessment. Indeed, preclinical models have shown that acute
inflammatory states interfere with the opioid receptors in the neural structures involved in
reward processes that would underlie positive affect (Eisenberger et al., 2010a; Narita et al.,
2004). It is also possible that the effect of inflammation on positive affect and fatigue is only
observed at higher levels of inflammation than seen here. We did find that higher IL-6 at
baseline (immediately prior to vaccination) was associated with lower average daily positive
affect. In previous studies, higher trait positive affect has been linked to lower circulating
markers of inflammation, IL-6 and CRP, in both adolescents and adults (Chiang et al., 2015;
Stellar et al., 2015; Steptoe et al., 2008). A similar pattern was observed for sleep
disturbance, such that higher IL-6 at baseline was associated with greater daily reported
sleep disturbance. Sleep and inflammation are intimately-linked physiological processes;
sleep problems relate to greater inflammation, and interventions that improve sleep are
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associated with reductions in inflammatory processes (Irwin et al., 2016; Irwin and Opp,
2017). Therefore, further interrogation of dose, magnitude, and time course of inflammatory
challenge is necessary. Some domains of sickness behavior and features of depression may
be more sensitive to acute inflammatory signaling, while others may be induced by chronic,
sustained elevations in inflammation. These differences further emphasize the value of using
different paradigms to examine the role of inflammation in mood and behavior.

An important strength of this study was the use of daily diaries to capture within-subject
changes in mood, and the interrogation of multiple domains that relate to depression (e.g.,
depressed mood, cognitive symptoms, poor sleep quality, positive affect, social
disconnection). These findings should be considered preliminary due to the small sample
size. Given the number of past studies that have demonstrated an inflammatory response
following influenza vaccination (Carty et al., 2006; Christian et al., 2011; McDade et al.,
2015; Posthouwer et al., 2004; Tsai et al., 2005) and the within-subject hypotheses of the
present study, we did not include a placebo or waitlist control group and therefore no causal
conclusions can be drawn. We also did not measure antibody response to the influenza
vaccine, and therefore our data cannot speak to the role of change in IL-6 in the potential
effectiveness of the vaccine. This study was also conducted in a small, convenience sample
of young adults. Further investigations using this paradigm in larger samples are needed.
Previous studies have shown that experimentally induced inflammation impacts feelings of
social disconnection and sleep disturbance. In this study, the associations between IL-6
response and both of these constructs were in the expected direction but were non-
significant. Larger studies would enable us to understand whether these effects only occur
following a more robust inflammatory stimulus (e.g., endotoxin) or are subtle effects that
require more power to detect. A larger study would facilitate the generalizability of this
study’s observations as well as identify important moderators of inflammatory responses to
influenza vaccination including BMI, sex, and exposure to early life stress (Kuhlman et al.,
2017; O’Connor et al., 2009). Finally, we chose to measure the inflammatory response to the
influenza vaccine 1 day after vaccination when an inflammatory response would most likely
be observable (Carty et al., 2006; Tsai et al., 2005), however one study in pregnant women
demonstrated that the inflammatory response to influenza vaccine is higher 2-days post-
vaccination than 1-day post-vaccine (Christian et al., 2011). It is possible that some
individuals’ IL-6 continued to rise beyond our post-vaccine IL-6 measurement. Indeed, there
was a modest association between the magnitude of the IL-6 response and the length of the
delay between the vaccine and post-vaccine blood draw, r= .27, p=.08; in other words,
IL-6 continued to increase across the day following vaccination. Figure 3 clearly
demonstrates that differences in depressed mood between participants with and without an
increase in IL-6 are most prominent on the 2"d and 3" day after vaccination. It will be
informative for future studies to determine individual differences in the time course of the
inflammatory response to the influenza vaccine as it relates to changes in mood and
behavior.

The results of this study provide preliminary evidence that mild, within-subject increases in
IL-6 following influenza vaccination are associated with increases in features of depression,
specifically depressed mood and cognitive symptoms. These findings are encouraging
evidence that the annual influenza vaccine can be used to interrogate the effects of mild
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changes in inflammation on mood and behavior in a wide range of populations. The flu
vaccine meets risk/benefit ratio criteria by including the tangible benefit of increased
protection against influenza infection while also being familiar to most people,
recommended annually, cost effective, and widely accessible. Using the influenza vaccine
paradigm may help to identify risk factors for depression in high-risk populations and
inform psychological and pharmacological interventions targeting inflammation in the
pathogenesis of depression.
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Highlights

. Participants demonstrated a significant increase in IL-6 from immediately
before to 1-day after influenza vaccine.

. Individuals vary in the magnitude of 1L-6 change following influenza vaccine.

. Larger increases in IL-6 were associated with corresponding increases in
depressed mood and confusion.

. The annual influenza vaccine may be a useful tool for investigating the role of
inflammation in mood and behavior in a wide range of populations.
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Figure 1. Change in IL-6 from pre- to one-day post-vaccine administration
IL-6 at pre- and post-vaccine for all participants. Black lines indicate participants with an

increase in IL-6 from pre- to post-vaccine (n7= 32), dashed grey lines indicate participants
who did not show an increase in IL-6 (n=9), and the red line indicates the mean change in
IL-6 across the sample.
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Figure 2. Change in depressed mood and confusion over week following vaccine by IL-6 response
Within-subject change in (a) depressed mood and (b) confusion from pre-vaccine to post-

vaccine days by within-subject change in IL-6. Estimates of fixed effects for the
Time*AIL-6 term in each model are presented in the bottom right corner of each panel.
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Figure 3. Daily reported depressed mood for participants who did and did not demonstrate an
inflammatory response to the flu vaccine

Daily mean (SE) of depressed mood following vaccine administration by participants
demonstrating an increase in IL-6 from immediately before to 1-day after the vaccine.
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Table 1

Sample characteristics and pre- and post-vaccine inflammation.

M (SD) % (n)

Age
Female

BMI

Race/Ethnicity-z
White
Asian
Hispanic/Latino

Maternal Education
Some high school
High school diploma
Bachelor’s
Graduate

1L-6 (pg/ml)
Baseline
1-day post-vaccine

AIL-6

18.49 (0.75)
73.2 (30)

24.08 (3.84)
415 (17)
58.5 (24)
22.0 (9)
14.6 (6)
22.0 (9)
31.7 (13)
31.7 (13)

1.14 (.95)
1.47 (1.22)
0.33(0.75)

1 .
Groups are not mutually exclusive
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Table 2

Page 20

Mean (SD) of mood, sleep, social disconnection, and physical symptoms on days prior to influenza vaccine.

M (SD)

Mood

Depressed mood

Anger

Tension

Fatigue

Vigor

Confusion

Positive affect
Sleep

Sleep Disturbance

Sleep Quantity
Social Disconnection

Physical Symptoms

1.44 (0.71)
1.39 (0.62)
1.49 (0.76)
2.28 (1.12)
2.69 (0.83)
1.60 (0.68)
3.21(0.83)

1.73 (0.69)
7.12 (1.93)
1.82 (0.60)
1.13 (0.20)
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