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COMPREHENSIVE REVIEW

Sleep disruption induces activation of inflammation and heightens risk for 
infectious disease: Role of impairments in thermoregulation and elevated 
ambient temperature
Michael R. Irwin

University of California, Los Angeles – Cousins Center for Psychoneuroimmunology, Semel Institute for Neuroscience and Department of 
Psychiatry and Biobehavioral Sciences, David Geffen School of Medicine, Los Angeles, California, USA

ABSTRACT
Thermoregulation and sleep are tightly coordinated, with evidence that impairments in thermoregu
lation as well as increases in ambient temperature increase the risk of sleep disturbance. As a period of 
rest and low demand for metabolic resources, sleep functions to support host responses to prior 
immunological challenges. In addition by priming the innate immune response, sleep prepares the 
body for injury or infection which might occur the following day. However when sleep is disrupted, 
this phasic organization between nocturnal sleep and the immune system becomes misaligned, 
cellular and genomic markers of inflammation are activated, and increases of proinflammatory 
cytokines shift from the nighttime to the day. Moreover, when sleep disturbance is perpetuated 
due to thermal factors such as elevated ambient temperature, the beneficial crosstalk between sleep 
and immune system becomes further imbalanced. Elevations in proinflammatory cytokines have 
reciprocal effects and induce sleep fragmentation with decreases in sleep efficiency, decreases in 
deep sleep, and increases in rapid eye movement sleep, further fomenting inflammation and 
inflammatory disease risk. Under these conditions, sleep disturbance has additional potent effects 
to decrease adaptive immune response, impair vaccine responses, and increase vulnerability to 
infectious disease. Behavioral interventions effectively treat insomnia and reverse systemic and 
cellular inflammation. Further, insomnia treatment redirects the misaligned inflammatory- and adap
tive immune transcriptional profiles with the potential to mitigate risk of inflammation-related 
cardiovascular, neurodegenerative, and mental health diseases, as well as susceptibility to infectious 
disease.
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Introduction

Thermoregulatory mechanisms are fundamental to 
sleep, with evidence that thermal factors play a role 
in the evolution of behavioral strategies for prepara
tion for sleep and the selection of optimal sleeping 
environments across species [1–3]. As extensively 
reviewed by others [1], sleep in humans and other 
mammals coincides with decreases in core body 
temperature and alterations in thermoregulatory 
effector activity [1]. Animal studies have found 
that sleep onset is most likely when core tempera
ture is at its steepest rate of decline, which is 
accompanied by a decrease in brain temperature 
[1]. In humans, sleep onset is also coupled with 
the falling circadian phase of core body temperature 
rhythm [2]. Further, behavioral quiescence of sleep 
contributes further to sleep-related decrease in core 

body temperature [3]. Even during sleep, humans 
regulate skin temperature microclimates, by uncon
sciously increasing or decreasing their exposed sur
face area in response to changes in ambient 
temperature [3–5]. Finally, experimental disruption 
of thermoregulation causes persistent insomnia in 
animals [6–8], and human patients with insomnia 
are found to have higher rectal and oral tempera
tures over the sleep period [9,10].

Given the compelling association between ther
mal regulation and sleep, it is further hypothesized 
that ambient temperature might contribute to 
sleep onset and maintenance. Indeed, elevations 
in ambient temperature and/or deviations in self- 
regulation of body temperature are linked sleep 
disturbance [4,5,11]. One study of three geogra
phically distinct pre-industrial societies found 
sleep onset coincides with a reduction in ambient 
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temperature, and the entire sleep period occurs 
when ambient temperature was declining [12]. 
Experimental studies have found that 
a progressive decrease of ambient temperature 
within the thermal neutral range (i.e. 27.5°C to 
29.5°C) induces increases in amounts of slow 
wave sleep and improves sleep quality [13]; manip
ulation of body temperature and more effective 
reduction in body temperature enhances deep 
sleep [14]; and mild heat exposure with an 
increase in ambient temperature (i.e. from 26°C 
to 32°C) results in increased wakefulness [15,16]. 
Finally, survey data of 765,000 persons in the 
United States found that increases in nighttime 
temperatures amplified self-reported nights of 
insufficient sleep with the largest effects during 
the summer and among both lower income and 
elderly participants [17].

Together these findings demonstrate that 
impairments in thermoregulation coupled with 
increases in ambient temperature, for example 
due to the climate crisis, have the potential to 
increase the risk of sleep disturbance and represent 
one of several factors including other environmen
tal (e.g. noise), social (e.g. adversity, socioeco
nomic stress), and psychological (e.g. anxiety) 
factors that precipitate and perpetuate insomnia. 
Indeed, insomnia complaints are highly prevalent 
and represent one of the most common behavioral 
complaints, occurring in over a third of the popu
lation of the United States [18]. Moreover, among 
older adults and patients with inflammatory dis
orders such as cardiovascular disease and some 
types of depression, who together are likely to 
show impairment in thermal regulation, the pre
valence of insomnia complaints and insomnia dis
order is even higher [19]. Such difficulties with 
sleep has important public health implications, 
because epidemiologic data show that insomnia is 
a predictor of chronic disease risk including car
diovascular disease and diabetes, as well as disor
ders of the brain such as depression and dementia 
[20–24]. Many of these chronic diseases and men
tal health disorders are associated with increases in 
inflammation [25,26], and sleep disturbance is 
thought to lead to an activation of inflammatory 
mechanisms, which are hypothesized to contribute 
to this medical burden [27]. Further, sleep distur
bance is prospectively associated with infectious 

disease risk [27–29], suggesting that sleep distur
bance might also have a role of the regulation of 
antiviral immune responses.

The purpose of the present review is to examine 
the influence of sleep disturbance on inflammatory 
mechanisms and immune response to viruses and 
other pathogens. This review first provides back
ground on the assessment of sleep, and the respec
tive components of the immune system 
including innate immunity (i.e. inflammatory biol
ogy dynamics) and adaptive immunity (i.e. anti
viral immune responses). The links between 
normal sleep patterns as measured by sleep con
tinuity and sleep depth and innate- and adaptive 
cytokine profiles are first characterized. Then, the 
impact of experimental sleep loss, and naturalisti
cally occurring sleep disturbances, is considered 
with assessment of inflammatory biology 
dynamics including systemic and circulating mar
kers of inflammation, cellular processes, and tran
scriptional signaling and gene expression profiles. 
Additionally, the influence of experimental sleep 
deprivation on vaccine responses is evaluated with 
examination of the associations between sleep dif
ficulties and infectious disease risk. Whereas infec
tious disease in turn can have reciprocal effects on 
sleep, possibly by inducing increases in the inflam
matory response and in body temperature. These 
relationships have been previously reviewed and 
are beyond the scope of the present review [30– 
32]. Finally, given that sleep is involved in the 
homeostatic regulation of a number of physiologic 
systems such as the hypothalamic pituitary adrenal 
axis (HPA) and sympathetic nervous system 
(SNS), the neuroeffector mechanisms linking 
sleep, sleep disturbance, and the immune are 
discussed.

Sleep characteristics and assessment of sleep 
disturbance

Sleep characteristics

Sleep is a behavioral state in which the brain is 
homeostatically involved in the regulation of the 
immune system and other physiologic systems 
[27,29,33]. Characterized by closed eyes and 
changes in body posture (i.e. typically recumbent 
position), the state of sleep is associated with 
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a reduced sensitivity to external stimuli and an 
increased arousal threshold. However, in contrast 
with coma, this change in consciousness is readily 
reversible. During sleep, the electroencephalogram 
(EEG) or polysomnography (PSG) can be used to 
characterize the activity of the brain which shows 
an arousal continuum from fully awake to deep 
sleep. Sleep can also be dimensionally evaluated by 
physiological, circuit, cellular, and genetic levels of 
analysis [34].

Two processes are coupled in the regulation of 
sleep, described as the two-process model [35]. 
The first process is thought to be driven by 
homeostatic mechanisms that increase sleep pro
pensity following a prolonged period of time with
out sleep, and together contribute to sleep onset as 
well as sleep duration and depth. The second pro
cess synchronizes these homeostatic mechanisms 
with the circadian system and serves to modulate 
the timing of sleep, as aligned with other behaviors 
and physiological systems along the 24-h sleep 
wake cycle [36].

PSG) is the gold standard for assessing sleep 
behavior, with characterization of sleep continuity, 
sleep architecture, and rapid eye movement sleep; 

PSG used standardized scoring methods and cri
teria to characterize these components of sleep 
[37]. Sleep continuity is defined by several mea
sures including sleep duration (i.e. total sleep 
time), duration of time from behaviorally attempt
ing sleep (i.e. turning off the light) until the onset 
of sleep (i.e. sleep onset latency), and continuous 
maintenance of sleep with measurement of the 
amount of time awake after sleep onset (i.e. wake 
after sleep onset) and the ratio of awake time to 
the time in bed (i.e. sleep efficiency). Sleep archi
tecture is categorically divided into two major 
phases, non-rapid eye movement (NREM) and 
REM sleep, based primarily on the characteristics 
of the EEG, as shown in Figure 1. NREM sleep is 
further categorized into three sleep stages: N1, N2, 
and N3. N1 or Stage 1 sleep is the time between 
wakefulness and sleep, which often includes slowly 
rolling eye movements. Whereas this N1 sleep is 
associated with decreased responsivity to external 
stimuli, sleep onset does not occur until the emer
gence of N2 or Stage 2 sleep with slowing of the 
EEG and the emergence of EEG spindles (i.e. wax
ing and waning waves of 12–15 Hz) and 
K-complexes (i.e. single, high negative deflections 

Figure 1. Sleep stages in humans. Electroencephalogram (EEG) patterns during sleep in humans characterize sleep stage which differ 
in the frequency and amplitude of EEG waves. Stage 1 is denoted by low-amplitude waveforms. Stage 2 shows higher frequency 
waves or sleep spindles as well as K complexes (not shown). Stages 3 and 4 or slow-wave sleep (SWS) show high-amplitude waves. 
These three stages also referred to as N1, N2, and N3 sleep comprise non-rapid eye movement (NREM) sleep. Rapid eye movement 
(REM) sleep is characterized fast, low amplitude, desynchronized brainwaves that resemble the EEG pattern of wakefulness. Figure 
reprinted from Bryant et al. [28] with permission.
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in the EEG). In healthy young adults, N2 com
prises about 50% of the total sleep. With further 
slowing of the EEG and a preponderance of EEG 
waves of high amplitude (>75 µV) and low fre
quency (≤4 Hz), N3 or slow wave sleep is defined. 
In young adults, around 20% of total sleep time is 
composed of N3, and the relative amounts of N3 
decline to less than 10% in older adults [18]. 
Finally, REM sleep is characterized by a rapid 
and low voltage EEG, similar to waking brain 
activity, which is coupled with rapid and random 
movement of the eyes and suppression of muscle 
activity, possibly to mitigate action during dream
ing which primarily occurs during REM sleep. 
REM sleep makes up ~20% of total sleep time. 
The characteristics of REM sleep, typically 
reported by PSG, include duration of time from 
sleep onset to the first REM period (i.e. REM 
latency) and the frequency of rapid eye move
ments during REM sleep (i.e. REM density). In 
adults, total sleep time, sleep efficiency, percentage 
of slow-wave sleep, percentage of REM sleep, and 
REM latency all significantly decrease with age; in 
contrast sleep latency, wake after sleep onset, and 
percentages of N1 and N2 sleep increase with 
age [38].

Over the course of the sleep period, humans 
show a transition from wakefulness to entry into 
NREM sleep, followed by transition to REM sleep. 
(Figure 1) At the end of a REM period, a brief 
arousal or awakening may occur, followed by entry 
into another NREM sleep period. This cycle from 
NREM sleep to REM sleep, with each cycle lasting 
about 80 to 110 minutes, typically repeats four to 
six times over the course of the night. 
Additionally, during the early part of the night, 
sleep architecture reveals that NREM phase is pre
dominated by N3 or SWS, and episodes of REM 
episodes are short. In contrast, during the latter 
part of the night, REM episodes are longer and 
more frequent. Whereas scoring dimensions might 
suggest that sleep is a quantal behavioral state [37], 
brain activity shows a continuous progression 
across the NREM domain from wakefulness to 
deep sleep. Indeed, spectral analytic methods 
reveal continuous shifting of mixed EEG frequen
cies to predominately lower EEG frequencies in 
the transition from awake to NREM sleep and 
N3 sleep [39]. Slow-wave activity (SWA), 

a measure of the density and amplitude of slow 
waves, is thought to capture the depth of sleep and 
is markedly increased after prolonged period of 
wakefulness [40], with potential effects on recov
ery of immune response following sleep loss [41].

Assessment of sleep and sleep disturbance

As a laboratory-based objective measure of sleep, 
the PSG is the gold standard for objectively mea
suring sleep and sleep disturbance with the EEG, 
electromyogram (EMG), and electrooculogram 
(EOG) [42]. In addition, the PSG typically includes 
measurements of heart rate, breathing functions, 
and blood oxygen saturation, which are important 
in the screening and identification of sleep apnea 
and periodic limb movement disorder. Portable 
PSG devices are now available to allow the record
ing of sleep in the natural home environment with 
demonstrated reliability [43].

Despite being the gold standard for sleep assess
ment, PSG may not adequately characterize sleep 
occurring at home, or disturbances of sleep that 
are present over days, weeks, months, or longer. 
To estimate sleep patterns in a natural sleep setting 
without the invasiveness of PSG, sleep actigraphy 
is typically used, which can record sleep-wake 
activity over multiples days or weeks by employing 
an activity monitoring device worn on the wrist 
[42,44]. When coupled with a sleep diary in which 
the patient reports sleep onset and morning awa
kening [45], actigraphy estimates sleep patterns 
including sleep duration, sleep onset latency, and 
sleep maintenance (i.e. wake after sleep onset, 
sleep efficiency). As such, actigraphy has 
a reasonable level of accuracy for estimating sleep 
continuity indices as compared to PSG [44], 
although sleep stages and sleep architecture are 
not reliably differentiated with actigraphy. The 
long-term recording of sleep-wake activity by the 
actigraphy captures day-to-day variability in sleep 
continuity measures, which are increasingly 
viewed as having impacts on immunity [46].

Beyond these objective measures of sleep 
including PSG and actigraphy, self-reported sleep 
quality plays a critical role in the assessment of 
sleep disturbance and diagnosis of insomnia [42]. 
Indeed, given that the diagnosis of insomnia dis
order relies on patient-reported insomnia 
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complaints and daytime impairment [47], the PSG 
has not been found to differentiate reliably 
between those with insomnia disorder vs. those 
without insomnia [48]. As such, the PSG is not 
recommended for routine assessment of insomnia 
[42,49], although it is helpful in the evaluation of 
other sleep disorders such as sleep apnea which 
could contribute to patient-reported complaints of 
poor sleep quality and related daytime impair
ment [49].

The diagnosis of insomnia disorder as defined 
by the Diagnostic and Statistical Manual of Mental 
Disorders, fifth edition (DSM-5), relies on subjec
tive complaints of difficulty initiating or maintain
ing sleep, early awakening, interrupted, or non- 
restorative sleep and associated impairments in 
daytime functioning, which must be present at 
least three nights per week and last for three 
months or longer [47]. (Table 1) Hence, no objec
tive measure is being used to confirm insomnia 
diagnosis. Nevertheless, some objective measures 
of sleep may be helpful in defining more severe 

phenotypes. For example, insomnia disorder with 
short sleep duration (less than 5 hours) may have 
greater adverse consequences for cardiovascular 
disease risk [50], as well as increases in inflamma
tion, as reviewed below in Section V.

In addition to structured clinical interviews for 
the diagnosis of insomnia disorder, there is much 
interest in brief and valid self-report instruments to 
screen for insomnia complaints and provide an 
assessment of symptom severity. The Insomnia 
Severity Index, a 7-item scale, assesses sleep quality, 
fatigue, psychological symptoms, and quality of life, 
with high sensitivity and specificity for the detection 
of insomnia cases [51]. The Pittsburgh Sleep Quality 
Index, a 19-item self-report questionnaire, evaluates 
seven clinically derived domains of sleep difficulties 
(i.e. quality, latency, duration, habitual efficiency, 
sleep disturbances, use of sleeping medications, 
and daytime dysfunction), and is used to identify 
clinically significant sleep impairment [52]. 
Unfortunately, despite the ease of use of these ques
tionnaires and their validity and reliability in the 
assessment of insomnia and sleep disturbance, 
many large-scale epidemiologic studies have relied 
on single items to assess one or another aspect of 
sleep or sleep quality, which limits understanding of 
the influence of sleep on immunity, because there is 
evidence that various components of sleep such as 
reported sleep quality, sleep maintenance, and sleep 
duration have varying and individual contributions 
to changes in immunity and possibly other physio
logic and health outcomes. Furthermore, there 
appears to be a hierarchical order regarding which 
sleep items are most associated with daytime con
sequences, a cardinal component of insomnia dis
order; these sleep items follow the following 
ranking; self-reported dissatisfaction, complaints of 
nonrestorative sleep, difficulty resuming or main
taining sleep, and difficulty initiating sleep [53]. 
Additionally, objective EEG data suggest that higher 
amount of wake after sleep onset (WASO) is asso
ciated with greater impairments in daytime func
tioning [54].

Immune system

The immune system, our body’s defense system, 
serves to detect and eliminate molecules and cells 
that display foreign antigens, altered self-antigens, 

Table 1. Diagnostic and statistical manual-5th edition: Insomnia 
Disorder.

Insomnia Disorder

Diagnostic Criteria
A. A predominant complaint of dissatisfaction with sleep quantity 

or quality, associated with one (or more) of the following 
symptoms:
(1) Difficulty initiating sleep. (In children, this may manifest 

as difficulty initiating sleep without caregiver 
intervention).

(1) Difficulty maintaining sleep, characterized by frequent 
awakenings or problems returning to sleep after awa
kenings. In children, this may manifest as difficulty 
returning to sleep without caregiver intervention.

(1) Early-morning awakening with inability to return to 
sleep.

B. The sleep disturbance causes clinically significant distress or 
impairment in social, occupational, educational, academic, 
behavioral, or other important areas of functioning.

C. The sleep difficulty occurs at least 3 nights per week.
D. The sleep difficulty is present for at least 3 months.
E. The sleep difficulty occurs despite adequate opportunity for 

sleep.
F. The insomnia is not better explained by and does not occur 

exclusively during the course of another sleep-wake disorder 
(e.g. narcolepsy, a breathing-related sleep disorder, a circadian 
rhythm sleep-wake disorder, a parasomnia).

G. The insomnia is not attributable to the physiological effects of 
a substance (e.g. a drug of abuse, a medication.

H. Coexisting mental disorders and medical conditions do not 
adequately explain the predominant complaint of insomnia.
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or evidence cellular damage (refer comprehensive 
textbook) [55]. Distributed throughout the body, 
immune cells and their function are classified into 
two interconnected branches, namely, innate 
immunity and adaptive immunity. Innate immune 
cells include granulocytes, natural killer (NK) cells, 
and monocytes with specific types named depend
ing on the tissue, including for example, microglia 
in the brain and Langerhans cells in the skin. 
Adaptive immune cells develop in the bone mar
row (B lymphocytes or B cells) or in the thymus (T 
lymphocytes or T cells); these adaptive cells 
express unique receptors which serve to recognize 
a specific antigenic peptide.

Innate immune system

As the body’s first line of defense against microbial 
infection [56], the innate immune system is evo
lutionally older and is comprised of monocytes, 
macrophages, and natural killer (NK) cells that 
traffic among primary (bone marrow, thymus) 
and secondary (lymph nodes, spleen, mucosa asso
ciated lymphatic tissue) lymphoid organs, and cir
culate via the bloodstream and lymphatic vessels 
throughout the body. Via surface receptors and 
cell–to-cell contact, and the release of cytokines, 
chemokines, and surface molecules, these innate 
immune cells communicate with other immune 
and non-immune cells to generate defense 
responses such as phagocytosis and cytotoxicity.

Innate immune cells including monocytes and 
macrophages use invariant receptors, which are 
encoded in the germline and are capable of gen
erating an immunologic response to a wide range 
of microbial diversity. This recognition strategy, 
termed pattern recognition [56], facilitates 
a rapid immune response within minutes to 
hours which initiates an inflammatory cascade to 
help contain an infection, and ultimately promote 
healing and recovery [56]. Among pattern recog
nition receptors (PRRs), toll-like receptors (TLRs) 
are found on innate cells such as monocytes that 
drive inflammation [56] and recognize conserved 
components of microbes or pathogen-associated 
molecular patterns (PAMPs), which are expressed 
by various microbes. An example of a bacterial 
PAMPs is lipopolysaccharide (LPS), an endotoxin 
that is the major component of the outer 

membrane of Gram-negative bacteria [57], which 
is recognized by TLR4. PRR’s also recognize endo
genous danger/damage-associated molecular pat
terns (DAMPs), which are released by stressed or 
injured cells; an example is heat-shock proteins 
(HSPs) [58–60]. Upon recognition of PAMPs or 
DAMPs, activation of the PRR triggers an acute 
phase response to drive intracellular processes 
initiated at the level of the genome to regulate 
the inflammatory response. For example, PRR 
binding of PAMPs leads to activation of key intra
cellular transcription factors such as nuclear fac
tor-κB (NF-κB) and activator protein 1 (AP-1) 
[61]. In turn, this transcriptional signaling induces 
transcription of pro-inflammatory immune 
response genes such as TNF-α and IL-1 and the 
translation, production, and release of proinflam
matory cytokines such as interleukin(IL)-6, tumor 
necrosis factor (TNF)-α, IL-1, and interferons 
(IFNs), as well as chemokine such as IL-8. 
Chemokines signal and recruit other leukocytes 
to site of challenge whether it is a site of infection 
or tissue injury.

Low-grade inflammation which is chronic can 
occur in multiple conditions including cardiovas
cular disease, diabetes, depression, and aging [19]; 
the latter instance is denoted as inflammaging 
[62,63]. Typically, markers of inflammation show 
only mild elevations above the normal range, with 
increases in C-reactive protein (CRP), for example, 
in the moderate (1 to 3 pg/ml) or high (>3 pg/ml) 
range. Such low-grade inflammation can be 
further characterized by evaluating circulating 
levels of IL-6, recognizing that a clinical normative 
level for IL-6 has not yet been established due in 
part to the use of different assay methods. In 
addition to increases in circulating markers of 
inflammation, there may be changes in circulating 
number of immune cells with increases in white 
blood cell counts and neutrophil numbers. 
Importantly, such inflammatory cytokines does 
not appear to be driven by typical processes such 
as infection, but is chronic and persistent and 
often associated with demographic factors (i.e. 
older age, nonwhite ethnicity, low socioeconomic 
status) and health and lifestyle variables (i.e. high 
body mass index, sedentary activity) [64,65]. As 
will be reviewed below in Section IV, sleep distur
bance and short sleep duration also lead to chronic 
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low-grade inflammation, similar to the effects 
found with being overweight or sedentary activity.

Adaptive immunity

If the innate immune system does not effectively 
contain a microbial or viral infection, the adaptive 
immune response emerges over several days [55]. 
This adaptive response, initiated in secondary lym
phatic tissues, involves the differentiation and pro
liferation of microbial-specific white blood cells 
such as T- and B-lymphocytes to provide tailored, 
specific responses which are based on an immu
nological memory of having responded to 
a specific pathogen or antigen in the past. As 
such, this adaptive response follows a set of 
sequences and coordinated steps [66].

First, antigen-presenting cells (APCs) such as 
macrophages cells are recruited to the site of infec
tious challenge, take up invading antigen, and then 
migrate to secondary lymphoid organs like the 
lymph nodes [66]. Within the lymph node, APCs 
present the antigenic peptide along with the major 
histocompatibility complex (MHC) II (peptide- 
MCHII, pMHCII) to naive T-helper (Th) or CD4 
T cells. In turn, these antigen-specific CD4 Th cells 
proliferate and differentiate into effector CD4 
T-helper (Th) cells which are specialized to 
respond with antigen specificity, including such 
cell types as Th1, Th2, and Th17 cells. In coordi
nation with macrophages, CD8 T cells, and B cells, 
these specialized Th cell help eliminate the patho
gen. For example, CD8 T cells can recognize and 
kill virus-infected cells by releasing cytotoxins such 
as perforin, granzyme, and granulosin, whereas 
activated B cells mature into plasma cells and 
produce antibodies that bind and neutralize solu
ble antigens, or signal cells expressing those speci
fic antigens for elimination. Once complete, these 
antigen-specific Th cells, as well as cytotoxic 
T cells and B cells, survive, providing immunolo
gical memory to respond more rapidly whenever 
that specific infectious challenge recurs.

This multi-cell response shows a close interplay 
between the innate and adaptive immune system, 
and this response is tightly regulated by stimula
tory signals (e.g. proinflammatory cytokines), and 
inhibitory signals (e.g. anti-inflammatory cyto
kines). Moreover, in the case of an intracellular 

pathogen such as a virus, transcription factors 
such as interferon regulatory factors are activated, 
which induce antiviral immune response genes 
such as type I interferon leading to the translation 
of interferon (IFN) and activation of Signal 
Transducer and Activator of Transcription 
(STAT)-1 and further production of proinflamma
tory cytokines [67]. Regulation of this response is 
critical, thereby averting an inadequate immune 
response or immune deficiency or one that is too 
robust resulting in host damage such as autoim
munity or septic shock.

Coordinated engagement of innate immunity 
along with an adaptive immune response provides 
a comprehensive, and possibly more robust immu
nologic response, in which the release, for exam
ple, of inflammatory cytokines, IL-1, IL-6, and 
TNF-α promotes and accelerates the differentia
tion of T lymphocytes into cytotoxic T cells, lead
ing to greater numbers of these killer lymphocytes. 
Furthermore, these inflammatory cytokines facil
itate redistribution and migration of immune cells 
from the blood vessels into tissues, via the effects 
of inflammatory cytokines on vascular permeabil
ity, cellular adhesion, and release of chemokines 
that recruit immune cells to the site of inflamma
tory activity [66].

Normal noctural sleep and immunity

One function of sleep is to support host defense. 
Even before the onset of sleep, circadian factors 
induce an increase in levels of IL-6, which are 
thought to prepare the immune system for expo
sure to pathogens during the night, recognizing 
from an evolutionary perspective that until 
recently humans slept in groups, typically in con
fined areas. Indeed, it is speculated that the quies
cent period of sleep with its low metabolic demand 
is teleologically timed to support an effective 
immune response; responding to immunological 
challenges has high energy demands. The restora
tive function of sleep is supported by additional 
observations as previously reviewed [27] including 
evidence that sleep helps the body recover from 
infectious diseases. Moreover, there is a bidirec
tional relationship between sleep and immune sys
tem, and cytokines triggered by an infectious 
challenge as well as antimicrobial peptides are 
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known to enhance sleep. Additionally, after a night 
of sleep loss, recovery sleep has a restorative func
tion on the immune system, as many of the altera
tions in immune cell numbers and functions 
return to normative levels following recovery 
sleep.

In addition to the restorative function of sleep, 
it is also plausible that sleep has a preparatory 
function. Allostatic theories of physiology have 
long proposed that prepared physiological systems 
have substantial survival advantage by anticipating 
challenges and thereby regulating function to be 
responsive to challenges [68]. Hence in a recent 
review on sleep and immune system circuitry, 
which posited a neurally integrated view of the 
immune system, the CNS is hypothesized to use 
the behavioral and metabolic quiescent period of 
sleep to control both innate and antiviral immune 
response to be “forward looking” in anticipation of 
threat, potential injury, and exposure to infectious 
challenge that will follow wakening [27]. Evidence 
that nocturnal sleep is homeostatically aligned 
with preparatory activation of innate immunity 
and adaptive immune responses is discussed 
below, as typified by sleep-induced increases in 
inflammatory activity during the latter part of the 
night.

In addition to its roles in supporting homeo
static recovery and in initiating a preparatory 
response of the immune system, sleep is 
a psychophysiological process, which dynamically 
regulates two major neuroeffector systems includ
ing the HPA and the SNS [28], and both of these 
effector pathways have potent influences on the 
innate and adaptive immune system, which mod
ulate and steer balance between inflammatory and 
anti-viral transcriptional profiles [69], as discussed 
in Section VII. CNS regulation of sleep is also 
influenced by circadian oscillators [70–72], and 
these mechanisms also contribute to the regulation 
of immunity [73,74]. Hence, to understand the 
relative influence of sleep as opposed to circadian 
processes on the immune measures, research has 
sought to identify aspects of immunity which are 
regulated primarily by nocturnal sleep, and other 
immune measures that are driven by circadian 
mechanism [74,75]. By profiling immune cell 
numbers and activity with repeated measures 
across a 24-h sleep-wake cycle vs. a 24-h period 

of continuous wakefulness, research has provided 
inferential evidence that divergent profiles 
between these two conditions identify changes in 
immune measures that are sleep-dependent; 
whereas parallel patterns in both conditions sug
gest that circadian factors are relatively more sali
ent in dynamic variation of immunity [74,75]. The 
respective influence of sleep and the circadian 
system on neuroendocrine hormones, HPA axis 
activity, SNS activity, and circulating profiles of 
pro- and anti-inflammatory, as reviewed below, is 
schematically depicted in Figure 2 [74].

Sleep and the nocturnal profile of innate 
immunity

Normal sleep is associated with increases in mar
kers of innate immunity such as increases in 
proinflammatory cytokines. However, as discussed 
in Section V, there is a seeming paradox; sleep loss 
also leads to increases in markers of inflammation. 
To discuss these divergent effects in context, the 
following section describes how circadian- and 
sleep-dependent processes coordinate an increase 
in a number of measures of innate immunity dur
ing the night. In short, there a coupling of innate 
immune response and sleep. In contrast, when 
sleep is disrupted and there is a loss of sleep, this 
phasic organization is misaligned; increases of 
proinflammatory cytokines shift from the night
time to the day. If sleep disturbance becomes 
chronic, elevated levels of markers of inflamma
tion such as increases in CRP then become perva
sive and are found during both nocturnal and 
daytime periods. In the following section, the rela
tionships between normal nocturnal sleep and 
nocturnal immunity are reviewed. Then in 
Section V, there is consideration of the effects of 
sleep disturbance and immune responses; such 
responses have been primarily characterized over 
the day after acute sleep loss or during chronic 
sleep disturbance such as insomnia.

It is proposed that sleep induces increases in 
innate immunity that support host immune 
response to prior immunological challenges, and 
also increase proinflammatory cytokine activity in 
the latter part of the night to prepare the body for 
pathogen-related infection which might occur dur
ing the day following injury or infectious exposure 
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[27,68,76]. Such a preparatory host response 
primes the immune system, which facilitates 
a rapid and more robust response to social- 
environmental or infectious threats. Sleep and its 
priming of the innate response is characterized by 
the following sleep-dependent changes: increases 
in NK activity, increases in circulating levels of the 
proinflammatory cytokine IL-6 and soluble IL-6 
receptor (sIL-6 R), and increases in stimulated 
production of TNFα. (Figure 2)

One component of the innate immune system 
regulated by sleep is natural killer (NK) cell activ
ity, which was typically measured by the cytotoxic 
killing of immortalized myelogenous leukemia cell 
line, K562, in vitro. NK cells perform cytotoxic 
clearing of virally infected cells in a natural man
ner [77]. Over the 24-hour period, counts of NK 
cells and NK activity show a circadian profile with 
minimum levels during the early part of the night, 

and maximal levels during the late morning [78]. 
However, amount and depth of sleep contribute to 
the late morning, nocturnal rise of NK cell activity. 
In persons with normal sleep patterns as indexed 
by PSG, a robust nocturnal increase in NK activity 
is found, whereas in persons who show distur
bances of sleep with decreases in sleep mainte
nance, the nocturnal increases in NK cell activity 
are significantly attenuated [79,80]. Distribution of 
other innate immune cells, such as monocytes, 
across of the 24-h period showed a circadian pro
file that is not linked to sleep.

Inflammation can be measured by circulating 
levels of inflammatory markers, such as CRP, IL- 
6, and TNFα; whole blood in vitro stimulated 
production; or ex vivo intracellular expression 
of proinflammatory cytokines at rest or following 
LPS stimulated activation of TLR-4 receptors of 
monocytes (i.e. CD14 cells) at the single cell level. 

Figure 2. Effects of sleep and the circadian system on (a) neuroendocrine mediators and (b) cytokine production by monocytes cells. 
Levels of growth hormone (GH), prolactin, cortisol, epinephrine, and norepinephrine, as well as percentages (of total monocytes 
cells, respectively) of IL-6+, TNF-alpha+,IL-12+, and IL-10+ monocytes and IL-12+ dendritic cells over 24 h during conditions of sleep 
(thick dark line) and continuous wakefulness (light line). Maximum difference between Sleep and Wake during the first night-half, 
referenced Mesor concentrations, is schematically depicted in the length of the arrow. Figure reprinted from Lange et al. [74] with 
permission.
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As noted above, studies have temporally evalu
ated these markers of inflammation over 24-hour 
period of normal sleep wake activity as compared 
to 24 hours of wakefulness. Divergent profiles 
between these two conditions reveal that sleep, 
as opposed to circadian influences, have effects 
on circulating levels of IL-681, as well as effects on 
the stimulated monocyte production of other 
inflammatory markers (i.e. TNFα), anti- 
inflammatory cytokines (i.e. IL-10), and cyto
kines important in the adaptive immune 
responses as discussed below (i.e. IL-12) [74]. 
(Figure 2)

One of the most widely used markers of inflam
mation is CRP, an acute phase protein. Although 
IL-6 stimulates the production of CRP, concentra
tions of CRP are relatively stable over the 24-hour 
period [64], despite within day as well as day-to- 
day variations in circulating levels of IL-6 [81]. For 
example, circulating levels of CRP do not show 
a circadian variation, nor is there an effect of 
sleep on CRP [82]. Hence, elevated levels of CRP 
reflect ongoing and sustained chronic or low-grade 
inflammation.

In regards to IL-6, circulating concentrations 
show peaks at 7 p.m. and again at 5 a.m [83]. 
Importantly, the nocturnal increase in circulat
ing IL-6 appears to be sleep-dependent. During 
a night of early sleep deprivation with wake time 
between 11 p.m. and 3 a.m., the nocturnal 
increase of IL-6 is delayed until sleep onset 
[84]. Moreover, the nocturnal increase of IL-6 
is diminished by about 50% during a night of 
total sleep deprivation [83]. Yet, circadian fac
tors also contribute to nocturnal increases of IL- 
6; even in the absence of sleep with early night 
sleep deprivation, there is a transient peak in IL- 
6 at 1 a.m. [84].. Despite sleep-dependent 
increases in IL-6 levels, the unstimulated expres
sion of IL-6 in monocytes is not linked to sleep, 
and increase in the proportion of unstimulated 
monocytes expressing IL-6 occurs similarly dur
ing nocturnal sleep and wake [82]. However, 
Redwine et al. have found that stimulated pro
duction of IL-6 was greater in the late part of 
the night along with relative increases in REM 
sleep amounts [84], suggesting that sleep might 
heighten the preparation of immune cells to 
respond to challenge.

To activate cells such as neural tissues that do 
not express the IL-6 receptor, IL-6 must be bound 
to the trans-signaling molecule, namely, soluble 
IL-6 receptor (sIL-6 R) [85]. Again, sleep plays 
a robust role in the regulation of this inflammatory 
measure, which is signaling and preparing the 
CNS to respond to infectious challenge. During 
nocturnal sleep, there is an over 70% increase in 
levels of sIL-6 R82. Moreover, activation of this 
signaling molecule is most pronounced during 
the late part of the night, similar to the preparatory 
activation aligned with increases in IL-6 levels and 
stimulated production of IL-6.

Finally, when monocytes are examined at the 
cellular level, sleep is associated with an increase in 
whole blood in vitro stimulated production of 
TNFα [86], a measure of the ability of monocytes 
to respond to an infectious challenge. 
Interestingly, sleep does not influence circulating 
levels of TNFα, soluble receptor (sTNF-R), or rest
ing or unstimulated levels of monocyte expression 
of TNFα [75], although other studies from the 
same investigative team have found that sleep 
reduces circulating levels of TNFα [86] and its 
production in supernatants of mixed peripheral 
blood mononuclear cell [87].

Sleep stages, especially REM sleep, appear to 
regulate dynamic changes in IL-6. Higher levels 
of IL-6 are found during REM sleep, but not 
SWS, as compared to awake [84], and IL-6 and 
IL-6 R increase during the late part of the night, 
along with increases in REM sleep amounts 
[82,84]. Finally, amounts of REM sleep correlate 
with morning levels of whole blood in vitro stimu
lated production of IL-679. The mechanisms that 
account for the increase in production of IL-6 
associated with REM sleep are not known, but 
REM sleep co-occurs with increases in SNS activity 
and release of sympathetic neurotransmitters [88]; 
such adrenergic activation steers the transcrip
tional toward inflammatory gene expression 
[69,89], possibly accounting for the increases in 
proinflammatory cytokines during the REM sleep 
and the late part of the night. However, as dis
cussed further below, SNS activity can also have 
suppressive effects on inflammatory cytokines 
[90–92].

In sum, consistent with the hypothesis that 
sleep functions to prepare the host defense 
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response, sleep and especially REM sleep during 
the late part of the night is linked to increases in 
NK cell activity, increases in circulating levels of 
IL-6, and increases in stimulated production of IL- 
6, and increases monocyte expression of TNFα.

Nocturnal profile of adaptive immunity

As a period of rest, quiescence, and low demand, 
metabolic resources are available during sleep to 
support adaptive immune response [27,68,76]. 
Indeed, sleep is associated with the release of cyto
kines that facilitate an antiviral immune response, 
and a shift in immune defenses to coordinate 
clearance of intracellular challenges, and these 
responses are synchronized with circadian pro
cesses which regulate the distribution of immune 
cells [74,93–95].

First, in regards to immune cell numbers, circa
dian factors appear to drive changes in the distri
bution of immune cells from extravascular spaces 
into the circulation independent of sleep. During 
the evening and early night, numbers of leuko
cytes, granulocytes, monocytes as well as the 
major lymphocyte subsets, including T-helper 
cells (CD4+), cytotoxic T cells (CD8+), activated 
T cells (HLA-DR+) and B cells (CD19+), reach 
a maximum, which is then followed by a decline 
throughout the remaining night with a minimum 
occurring in the hours after awakening [75]. This 
movement of antigen presenting cells and T cells 
from the circulation into lymphoid tissue, for 
example, is thought facilitate APC transfer of anti
genic information to T cells [75,96–101]. Cortisol 
appears to be important in mobilizing this distri
bution of T cells, as the 24-hour circadian rhythm 
of cortisol is coupled to changes in the number of 
T cells in the circulation; in other words, with 
increasing levels of cortisol, T cell numbers in the 
blood decrease. Subsequent to the peak in cortisol 
in the beginning of the wake period, there is 
a 3-hour lagged decrease in blood T-cell num
ber [74].

The signals that drive nocturnal priming of the 
inflammatory response, which then support the 
initiation of the adaptive immune response are 
not known. However, during the wake period, 
“danger signals” like reactive oxygen species, 
nucleotides (e.g. adenosine triphosphate), and 

heat shock proteins (HSP) are thought to accumu
late [60]. These signals can act like classical immu
nological stimulants leading to activation of the 
inflammatory response, with priming of the adap
tive immune response [93]. Another mechanism 
focuses on sleep induction of GH and prolactin 
release during the early night, which act to 
enhance the proliferation and differentiation of 
T cells as well as to promote Type 1 cytokine 
activity [102]. In support of this possibility, and 
the coordinated interplay between inflammatory 
and anti-viral immune responses, the release of 
pro-inflammatory cytokines has been observed to 
peak during the rest period of sleep, and especially 
SWS-dominated portion of sleep, in humans as 
well as in animals, with increases in inflammation 
detected by mRNA and protein levels in various 
tissues such as lymph nodes, adipose tissue, and 
CNS [93].

Sleep disturbance and inflammation

After a night of sleep loss followed by a night of 
good sleep, common experience tells us that sleep 
plays a critical role in maintaining mood and 
cognitive acuity during the day [103,104], with 
evidence that sleep promotes physiological resili
ence [76]. We and others have hypothesized that 
sleep functions to maintain brain and physiologi
cal homeostasis [19,76] and, as reviewed above, to 
support immunity and to prepare the body to 
respond to possible injury and pathogen exposure 
during the day. However, when sleep is disrupted, 
the phasic organization of sleep and immune 
responses becomes misaligned, and the nocturnal 
increase of markers of inflammation that occurs 
during normal sleep shifts leading to morning 
increase in proinflammatory cytokines. If sleep 
loss becomes chronic, systemic markers of inflam
mation such as CRP increase [105], which tempo
rally coincide with impairments in multiple 
components of cognitive and physiological 
resilience.

It is not uncommon for sleep to be disturbed 
with insomnia complaints reported in at least 30% 
of the population, with even higher rates in older 
adults [18,106]. As reviewed in the Introduction, 
thermal factors including elevations in ambient 
temperature as associated with sleep disturbance 
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and insomnia. Additionally, sleep can be impacted 
by signal of social adversity. For example, when 
threat is perceived by the CNS, the normal profile 
of sleep is likely be disrupted leading to distur
bance of sleep continuity such as reduced total 
sleep time, poor sleep efficiency, and increases in 
wake after sleep onset. Threats in the current 
social environment occur following exposure to 
either acute- or chronic adversity, and disruption 
of sleep is one behavioral response to such 
threat [107–110].

Perceived threat also activates physiological 
responses including activation of the HPA axis, 
as well as the SNS, which have downstream effects 
on the immune system leading to increases in 
markers of inflammation, as well as decreases in 
antiviral immune responses [30,69,111]. Sleep 
appears to have a critical role in mediating and 
transducing the effects of perceived threat on 
inflammatory responses. Even in the absence of 
perceived threat, disturbance of sleep (i.e. experi
mental manipulation of sleep duration), there is an 
increase in sympathetic outflow [88,112] which is 
thought to contribute to increases in daytime 
levels of proinflammatory cytokines including 
a temporal shift of peak levels of inflammatory 
cytokines such as IL-6 from the night into 
the day, as well as overall accumulated increase 
in levels of inflammatory markers [83].

Experimental sleep loss and inflammation

To test whether sleep disturbance is causing 
increases in markers inflammation, rather simply 
being a correlate of inflammation, experimental stu
dies have manipulated sleep duration in humans and 
assessed daytime levels of systemic, cellular, and 
genomic markers of inflammation. However, find
ings are mixed. (Table 2) Indeed, our recent meta- 
analyses systematically examined whether experi
mental sleep deprivation altered circulating levels 
of proinflammatory markers including CRP, IL-6, 
and TNFα, and found no overall effects of sleep 
deprivation on any of these markers [105]. Yet, 
there was heterogeneity in these results related to 
the subject sample; differences in experimental strat
egy such as partial night- or total night sleep depri
vation; duration of partial (i.e. sleep restriction) or 
total sleep deprivation over several nights; and 

various inflammatory outcomes. (Table 2) Hence, 
the following provides a qualitative evaluation of 
several studies and highlights differences which 
might account for various findings.

First, consider modest experimental sleep loss, 
which mimics the kind of sleep loss that is ubiqui
tous in society, in which a person experiences 
short sleep duration (i.e. demands of work sche
dule) or disturbance in sleep maintenance for one 
or two nights (i.e. early child care). In studies of 
normal adults with normal sleep patterns (i.e. sleep 
period typically from 11 p.m. to 7 a.m.), experi
mental restriction of the sleep period (i.e. partial 
night sleep deprivation) or experimental fragmen
tation of sleep (i.e. forced awakenings for only one 
or two nights) circulating levels of inflammatory 
markers did not change [118–120]. Furthermore, if 
sleep restriction was imposed along with opportu
nity for intervening daytime naps [121,122], day
time levels of inflammatory cytokines were similar 
to the control condition. Yet, when there is evi
dence of an underlying sleep disturbance, sleep 
deprivation can trigger an increase in circulating 
levels of cytokines suggesting that sleep distur
bance primes the immune system to be more 
sensitive to challenges. For example, in 
a population who report chronic sleep disturbance, 
a single night of sleep loss triggered a greater 
increase in the circulating levels of IL-6 and 
TNFα, as compared to responses in comparison 
controls who reported no sleep problems, consis
tent with the notion that sleep disturbance primes 
the inflammatory response to sleep loss [41].

Given that chronic sleep disturbance, as noted 
below, is associated with increases in IL-6 and 
possibly TNFα, the reasons for these null findings 
for the effects of sleep deprivation in on circulating 
markers of inflammation in healthy volunteers are 
not known. However, it is possible that the dura
tion of time from exposure to sleep loss to assess
ment of inflammatory cytokines may be too short 
for translation of protein to occur; for example, 
even though a single partial night sleep depriva
tion does not increase proinflammatory cytokines, 
partial night sleep deprivation has been found to 
induce increases in mRNA levels of IL-6 and 
TNFα [123]. Moreover, other aspects of the innate 
immune system, namely, NK cell activity as mea
sured in vitro by cytotoxic killing of the target cell 
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K562, which are not dependent on translational 
expression of cytokines, are highly responsive to 
sleep deprivation. Indeed, partial night sleep depri
vation, either early- or late night, leads to robust 
reductions in morning levels NK activity [80,124], 
as well as sensitivity of NK cells to IL-2 activation 
[80], findings which parallel the suppressive effects 
of sleep deprivation on adaptive immune 
responses.

Second, if partial night sleep deprivation is 
repeated for several nights, there appears to be an 
increase in circulating levels of inflammation. For 
example, sleep restriction over 10 nights induces 
robust increases in circulating levels of CRP [125] 
and in IL-6 [126]. Moreover, even shorter periods 
of sleep restriction lasting seven nights have been 

found to induce increases in plasma concentra
tions of IL-6 in males and females and increases 
of TNFα in males only [127]. Likewise, five nights 
of sleep restriction induce increases in inflamma
tory transcripts of IL-1β, IL-6, and IL-17 [128] 
with evidence that such increases persist even 
after a night of recovery sleep [128].

Finally, total night sleep deprivation has also 
been found to induce increases in circulating mar
kers of inflammation which are dependent on the 
duration of repeated exposure. With evaluation of 
circulating levels of CRP following one to four 
nights of sleep loss, cumulative increases of CRP 
occur with progressive increases after each 
repeated exposure to sleep deprivation [125]. 
Other studies have found that exposure to only 

Table 2. Studies linking sleep deprivation to daytime levels of markers of inflammation in humans, as modified from [27].
Type of sleep deprivation Findings References

Systemic markers of inflammation
Circadian misalignment over 

25 days
Increased levels of TNF and CRP, and of the anti-inflammatory cytokine IL-10 [73]

TSD, 88 hours Increased levels of TNFR1 at 44 and 66 hours Increased levels of IL-6 at 88 hours 
No change in TNFR2, sIL-2 R or IL-10 levels Progressive increase in CRP level over 88 hours

[122,125]

TSD, 40 hours Increased levels of IL-1 and IL-2 
Increased level of IL-6 
Increased levels of E-selectin, ICAM1, IL-1 and IL-1ra 
Decreased levels of CRP and IL-6 
Increased levels of IL-6 and ICAM1 after a night of recovery sleep 
No change in the level of IL-6

[83,113– 
115,130,131]

TSD, 34 hours Increased level of TNF, but not of TNFR2, IL-6 or CRP [129]
PSD, over 12 nights Increased levels of IL-6 and CRP, but not of sTNFR1 [126]
PSD, over 10 nights Increased level of CRP at day 10 [125]
PSD, over 7 nights Increased level of IL-6 in both sexes, and increased level of TNF in men, but not women [127]
PSD, over 5 nights Increased level of CRP after sleep deprivation and recovery sleep [125]
PSD, over 2 nights No change in IL-6 level [119]
PSD, 1 night Increased levels of IL-6 and TNF in alcoholics with sleep disturbance, but not controlsIncreased 

level of L-6 
No change in level of CRP 
No change in level of IL-6

[41,84,118,121]

Sleep fragmentation, over 2 
nights

No change in level of CRP or IL-6 [120]

Cellular inflammation
PSD, 1 night Increase in both TLR4-stimulated and resting production of IL-6 and TNF by monocytes 

Prolonged daytime increase in TLR4-stimulated production of IL-6 and TNF by monocytes in 
women, but not men 
No change in TLR4-stimulated production of IL-6 and TNF by monocytes in older adults 
>60 years of age

[116,117,132]

Transcriptional measures of inflammation
PSD, over 5 nights Increased mRNA expression levels of IL-1, IL-6 and IL-17 [128]
PSD, 1 night Increased mRNA expression levels of IL-6 and TNF [123]
Inflammatory signaling and transcriptional profiles
PSD, 1 night Increased inflammatory gene expression profiles owing to activation of AP-1 and NF-κB 

pathways
[123]

PSD, 1 night Increased activation of NF-κB in women, but not in men 
Increased constitutive monocytic expression of activated STAT1 and STAT5 in night following 
sleep loss

[116,133]

AP-1, activator protein-1; CRP, C-reactive protein; ICAM1, intercellular adhesion molecule 1; IL-1ra, IL-1 receptor antagonist; NF-κB, nuclear factor-κB; 
PSD, partial sleep deprivation; sIL-2 R, soluble IL-2 receptor; STAT, signal transducer and activator of transcription; TLR4, Toll-like receptor 4; TNF, 
tumor necrosis factor; TNFR, tumor necrosis factor receptor; TSD, total sleep deprivation. 
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one to two nights of sleep loss is sufficient to 
induce increases of TNFα [129], although at least 
four nights of sleep loss is needed to observe 
elevations in circulating levels of IL-6 [122]. 
(Table 2) Other markers of inflammation may be 
more sensitive to the effects of sleep loss although 
research is limited. Nevertheless, a single night of 
sleep loss is adequate to produce increases in the 
expression vascular endothelial markers (i.e. 
E-selectin, sICAM-1) [130,131].

Increases in circulating levels of inflammatory 
cytokines such as IL-6 may arise from immune- 
and nonimmune sources (e.g. adipose tissue). 
Hence, further research has examined upstream 
sources for hypothesized inflammatory activation 
in response to sleep loss. Indeed, changes in sti
mulated cellular production of inflammatory cyto
kines and activation of inflammatory 
transcriptional pathways occur early in the inflam
matory cascade, and alteration of these mechan
isms appears to be robust and sensitive signals of 
inflammatory activation following sleep loss [123]. 
Given that cellular production of IL-6 and TNFα is 
thought to be due in part to aberrant increases in 
the sensitivity of Toll-like receptor (TLR) activity 
following stimulation with LPS, we have examined 
whether sleep loss alters ex vivo stimulated intra
cellular monocytes (i.e. CD14 cell) production of 
IL-6 and TNFα. Using the experimental strategy, 

partial night sleep deprivation, we have found that 
TLR-4 stimulated monocyte production of IL-6 
and TNFα is markely increased after a single expo
sure to early night partial sleep deprivation 
(Figure 3), similar to the effects of this modest 
sleep loss to increase mRNA levels of IL-6 and 
TNFα [123]. However, Besedovsky et al. have sug
gested that this increase in the cellular production 
of inflammatory cytokines might reflect a rebound 
effect of sleep recovery [29]; the authors reason 
that nocturnal sleep is also associated with 
increases in stimulated monocyte production of 
TNFα[86]; hence, allowing participants to sleep 
in the second half of the night prior to blood 
sampling might lead to a rebound increase in 
cellular production of cytokines. However, this 
conclusion is not supported by other observations. 
The increase in monocyte stimulated production 
of IL-6 and TNFα following partial sleep depriva
tion is consistent with observations for circulating 
inflammatory markers during chronic sleep distur
bance (i.e. insomnia) or total night sleep depriva
tion, namely, that sleep deprivation can also lead 
to daytime elevations of inflammation, but indu
cing a temporal shift in circulating levels of IL6 in 
which the nocturnal peak of IL-6 that normally 
occurs at 5 a.m. shifts to occur during the day with 
overall increases in IL-663. It is further unlikely 
that the morning increase in TLR-4 monocyte 

Figure 3. Representative expression of interleukin (IL) 6 and tumor necrosis factor (TNF) α in lipopolysaccharide-stimulated CD14 
+ cells from a participant (a) at baseline and (b) at partial sleep deprivation (PSD). Numbers indicate the percentages of the fraction 
of CD14+ cells that are positive for TNF- α alone (upper left), TNF- α and IL-6 (upper right), and IL-6 alone (lower right). In the 
baseline condition, 72.1% of the CD14+ cells are negative for both IL-6 and TNF-α whereas only 34.5% of the CD14+ cells are 
negative for both IL-6 and TNF- α in the PSD condition. Reprinted from Irwin et al. [123] with permission.
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production of IL-6 and TNFα is simply a rebound 
phenomenon. When the daytime profile of stimu
lated monocyte production of proinflammatory is 
examined by repeated measures, sleep deprivation 
leads to activation of the TLR-4 responses which 
persist throughout the day in females but not 
males [132]. Finally, we have found that experi
mentally induced sleep fragmentation (i.e. forced 
awakening) increases TLR-4 monocyte production 
of IL-6 and TNFα, similar to partial night sleep 
deprivation, and this effect is mediated by 
a selective loss of slow wave sleep (Irwin et al., in 
review). Together, these data provide converging 
evidence that modest sleep loss, even during the 
early part of the night, induces inflammatory acti
vation of cellular monocyte responses.

Examination of transcriptional profiles 
provides further support for the notion that mod
est amount of sleep loss activates inflammatory 
signaling. For example, early night sleep depriva
tion induces an activation of nuclear factor (NF)- 
κB, the key transcription control pathway in the 
inflammatory signaling cascade [133]; nuclear 
extracts were isolated from peripheral blood 
mononuclear cells. Similar to the TLR-4-induced 
activity of monocytes, females show a heightened 
sensitivity to sleep, and evidence greater increases 
in NF-κB following sleep deprivation as compared 
to responses in males [133]. Finally, transcriptome 
dynamics are substantially influenced by sleep 
deprivation with evidence of an up-regulation of 
a gene ensemble that includes the master circadian 
regulator, several “immediate early genes” marking 
cellular signal transduction, and multiple inflam
matory response genes [123]. (Table 3) For exam
ple, among the transcription factor-binding motifs 
that were over-represented in response to sleep 
loss were promoters of genes important in meta
bolism (i.e. cAMP/PKA-induced transcription fac
tors of the CREB/ATF family), as well as 
inflammation (i.e. PKC-induced AP-1 family, the 
pro-inflammatory NF-κB/Rel family, and the MAP 
kinase-inducible ETS transcription factor family 
typified by ELK1). (Table 3)

In sum, experimental sleep loss has mixed 
effects on circulating levels of inflammatory out
comes. Yet, when upstream sources of inflamma
tion are examined, it is evident that even a modest 
exposure to partial night sleep deprivation is 

capable of activating the inflammatory cascade, 
including activation of multiple signal transduc
tion pathways such as NF-κB inflammatory signal
ing system, increased transcription of IL-6 and 
TNF mRNA, and increases in the TLR-4 stimu
lated monocyte production of IL-6 and TNFα. As 
compared to males, females show heightened risk 
for inflammatory disorders and display an 
increased sensitivity to sleep loss, with greater 
activation of cellular and genomic markers of 
inflammation.

Naturalistic sleep disturbance and inflammation

The cross-talk between normal nocturnal sleep 
and the immune system becomes misaligned 
when sleep disruption is chronically instantiated 
in a person’s sleep-wake activity pattern [30,31]. 
Such naturalistic sleep disruption involving loss of 
sleep or sleep fragmentation can be initially pre
cipitated by acute external events or psychological 
challenges [134]. However, when nonphysical 
threats become chronic or disease leads to 
impaired homeostatic mechanisms, hyperarousal, 
and loss of physiological flexibility, these distur
bances of sleep are perpetuated and become per
sistent, with nightly reports of poor sleep quality, 
non-restorative sleep, and insomnia complaints of 
difficulties initiating sleep, maintaining sleep, and/ 
or waking up too early in the morning [135–138]. 
Such changes in sleep in response to ecological or 
physiological inputs also lead to elevations in mar
kers of inflammation, which in turn foment 
inflammation-related disease, cardiovascular, neu
rodegenerative, and neoplastic diseases [19,139].

In our recent meta-analytic review that systemati
cally evaluated over 70 studies on sleep and inflam
matory outcomes, we assessed evidence that links self- 
reported sleep disturbance or extremes of sleep dura
tion (i.e. short sleep, long sleep) with circulating mar
kers of inflammation [105]. Here we summarize the 
major conclusions from these naturalistic, case- 
control studies which have used a diverse variety of 
methods to assess sleep disturbance including single 
survey item, multiple symptoms reporting, validated 
questionnaire, or diagnosis. Similarly, these studies 
have evaluated sleep duration using various measures 
including single survey items, validated questionnaire, 
sleep diary, actigraphy, or PSG. The vast majority of 
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this research examined only three inflammatory mar
kers, namely, CRP, IL-6, and TNF-α [105].

Normal nocturnal sleep and inflammatory 
dynamics are homeostatically aligned, as reviewed 
above, and normal sleep leads to increases in noctur

nal levels of inflammation. Given these observations 
under normal conditions, it is important to ask how it 
is that sleep disturbance or loss of normal leads to 
increases in daytime levels of inflammatory cytokines. 
First, similar to the effects of sleep deprivation which 
shifts peak levels of IL-6 from the night to the day 
[83], patients with chronic sleep disturbance or 
insomnia disorder also show a shift in peak IL-6 
from the night to the day, with greater 24-hour cumu
lative levels of IL-6 as compared to comparison con
trols [140]. Together, these data suggest that there is 
a misalignment of sleep and immunity with chronic 
sleep disturbance. In other words, the homeostatic 
mechanisms that normally serve to dampen daytime 
markers of inflammation are impaired in those with 
sleep disturbance. Second, sleep disturbance can be 
viewed to have physiologic effects similar to other 
conditions of chronic social adversities [76], and 
such loss of sleep leads to chronic HPA activation 
[141]. In turn, there is reduced glucocorticoid sensi
tivity which steers the immune system toward a pro- 
inflammatory transcriptional profiles and away from 
antiviral profile, as previously reviewed [69]. Third, 
sleep disturbance leads to increases in SNS outflow as 
well as SNS overactivity [76,142] which activate 
NFκB, related inflammatory transcriptional pathways, 
and cellular inflammation [69]. Finally during the 
subsequent night, higher levels of inflammatory cyto
kines can lead to decreases in sleep amounts, sleep 
fragmentation, and increases REM sleep at the 
expense of SWS sleep [31,143,144]. In turn, such 
disruptions in sleep continuity and sleep architecture 
in turn lead to further increases in inflammatory 
cytokines over the following day [143].

Across various methods of assessment of sleep, 
meta-analytic findings indicate that sleep disturbance 
is associated with higher levels of CRP (Figure 4) and 
with higher levels ofIL-6 [105]. (Figure 5) However, 
the number of studies was too small to detect an effect 
of sleep disturbance on TNFα. It is of interest that the 
associations between sleep disturbance and increases 
in CRP and IL-6 were consistently found, even though 
the assessment of sleep disturbance varied from single 
questions about sleep quality to validated question
naires and diagnostic interviews, which systematically 
assessed sleep disturbance. Further, similar results 

Table 3. Gene transcripts induced by sleep deprivation, as 
modified from [123].

Probe Name
Gene 

symbol Gene common name

Significant 
increase(% 

of 
participants)

202644_s_at TNFAIP3 tumor necrosis factor, 
alpha-induced protein 3

80

205067_at IL1B interleukin 1, beta 80
202014_at PPP1R15A protein phosphatase 1, 

regulatory (inhibitor) 
subunit 15A

60

210042_s_at CTSZ cathepsin Z 60
204373_s_at CAP350 centrosome-associated 

protein 350
60

217022_s_at IGHA2 /// 
MGC27165

immunoglobulin heavy 
constant alpha 2 (A2m 
marker) /// hypothetical 
protein MGC27165

60

37028_at PPP1R15A protein phosphatase 1, 
regulatory (inhibitor) 
subunit 15A

60

204440_at CD83 CD83 antigen (activated 
B lymphocytes, 
immunoglobulin 
superfamily)

60

204285_s_at PMAIP1 phorbol-12-myristate-13- 
acetate-induced protein 1

60

201110_s_at THBS1 thrombospondin 1 60
205114_s_at CCL3 /// 

CCL3L1 /// 
MGC12815

chemokine (C-C motif) 
ligand 3 /// chemokine 
(C-C motif) ligand 3-like 
1 /// chemokine 
(C-C motif) ligand 3-like, 
centromeric

60

202393_s_at KLF10 Kruppel-like factor 10 60
201631_s_at IER3 immediate early response 

3
60

202859_x_at IL8 interleukin 8 60
202887_s_at DDIT4 DNA-damage-inducible 

transcript 4
60

212099_at RHOB ras homolog gene family, 
member B

60

202768_at FOSB FBJ murine osteosarcoma 
viral oncogene homolog 
B

60

212830_at EGFL5 EGF-like-domain, multiple 
5

60

38037_at HBEGF heparin-binding EGF-like 
growth factor

60

211506_s_at IL8 interleukin 8 60
201044_x_at DUSP1 dual specificity 

phosphatase 1
60

202861_at PER1 period homolog 1 
(Drosophila)

60
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were found whether sleep duration was evaluated by 
subjective reports or objective means such as actigra
phy. Nevertheless, the assessment methods used to 
evaluate sleep disturbance may indeed account to 
heterogeneity in the findings. For example, Patel 
et al found that sleep duration assessed by self-report 
correlated with levels of CRP and IL-6, whereas sleep 
duration assessed objectively by PSG correlated inver
sely with levels of TNFα[145].

Consistent with experimental sleep deprivation 
findings, as described above, shorter sleep duration 
showed null or small effects on inflammatory mar
kers [105]. For example, when sleep duration was 
evaluated continuously using self-report or objec
tive methods, a small effect was noted for CRP but 
not IL-6; shorter sleep duration was associated 
with higher CRP. Interestingly, meta-analytic find
ings that focused on extremes of sleep duration, 
long sleep duration, as referenced to 7 to 8 hours 
of sleep but not short sleep duration, was asso
ciated with increases in CRP and in IL-6. 
However, persons who report long sleep duration 

often have a variety of medical comorbidities such 
as diabetes, cancer, and cardiovascular disease 
which are associated with increases in markers of 
inflammation. Because the quality of these meta- 
analytic data cannot go beyond the quality of the 
individual studies included, it is important to note 
that many studies did not comprehensively evalu
ate medical morbidities, or control for the con
founding influence on morbidity on increases in 
inflammation in long sleepers. Some evidence sug
gests that nightly variability in sleep duration is 
associated with increases in morbidity, and notably 
one study has found that variability in sleep dura
tion is also associated with increases in CRP [146].

Overall, results from this meta-analysis suggest 
that larger effect sizes were found in studies where 
the sample population was younger aged, and with 
a greater proportion of female subjects [105]. 
However, the effect of age and sex in these cross- 
sectional studies was small and statistically signifi
cant for only two subsamples; sleep disturbance pre
dicting IL-6, with greater likelihood in females; and 

Figure 4. Forest plot of sleep disturbance associated with inflammation as indexed by C-reactive protein (CRP). Sleep disturbance is 
assessed by self-reported symptoms and questionnaires. Results are expressed as effect sizes (ES) and 95% confidence intervals. 
Reprinted from Irwin et al. [105] with permission.
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sleep duration continuously predicting CRP, with 
greater likelihood in younger samples. Other studies 
have reported ethnic differences, in which increases 
of circulating markers inflammation at the extremes 
of short sleep duration are more likely in African 
Americans as compared to other ethnic groups 
[147]. Finally, it is possible that quality of social ties 
may buffer the adverse effects of sleep disturbance 
on circulating markers of inflammation, although 
data are limited. Nevertheless, poor sleep efficiency 
has been found to be associated higher levels of CRP 
[148] and IL-6 [149], and these relationship are more 
robust in women with poor social relationships.

This cross-sectional evidence provides support 
for an effect of short sleep duration on circulating 
markers of inflammation, which are further sup
ported by prospective data that sleep disturbance 
may be causally linked to increases in these mar
kers of inflammation. For example, both self- 
reported sleep disturbance and short sleep dura
tion predict subsequent increases in CRP in 
a sample of over 3000 persons [150]. Moreover, 
when short sleep duration (<5 hours) and sleep 

fragmentation (nocturnal wakening for >90 min
utes) are objectively ascertained by in home PSG 
and actigraphy, these objective measures of short 
sleep duration were found to be prospectively 
associated with increases in inflammatory burden 
as indexed by a composite measure of levels of 
CRP, IL-6, TNFα, sTNF-RII, and IFN-γ, which 
further mediate mortality risk [151]. Other pro
spective findings demonstrate that sleep quality 
predicts increases in inflammatory cytokines, but 
only in females [152], consistent with experimental 
data that show that females show a heightened 
activation of inflammatory transcriptional path
ways in response to sleep loss as compared to 
males [132,133]. Likewise, there are sex difference 
for the prospective effects of long sleep duration 
on markers of inflammation, in which long sleep 
duration predicts higher levels of CRP and IL-6 in 
females more than males [153], although other 
studies have found that long sleep duration pre
dicts greater increases in males than females [154].

As compared to multiple other demographic (e. 
g, age, race) and biobehavioral (e.g. body mass 

Figure 5. Forest plot of sleep disturbance associated with inflammation as indexed by circulating levels of interleukin-6 (IL-6). Sleep 
disturbance is assessed by self-reported symptoms and questionnaires. Results are expressed as effect sizes (ES) and 95% confidence 
intervals. Reprinted from Irwin et al. [105] with permission.

TEMPERATURE 215



index, physical activity) factors [105,155], sleep 
disturbance has effects on markers of inflamma
tion that are equivalent, or in some cases greater. 
Additionally, as noted below, the reduction in CRP 
following insomnia treatment is comparable to the 
anti-inflammatory effects of a healthy dietary pat
tern and exercise [156,157].

The clinical implications of sleep disturbance of 
adverse health outcomes, as well as mortality risk, 
have been previously reviewed and indicate that 
subjectively reported sleep disturbance, short sleep 
duration (<7 h), and possibly long sleep duration 
(>8 h) are associated with increased risk of 
a number of disorders related to inflammation 
including diabetes, cardiovascular disease, and 
dementia [19,29]. In regards to mortality risk, 
a meta-analysis of 40 prospective cohort studies 
involving over two million participants found that 
extremes of sleep duration (<7 h) increased all- 
cause mortality risk [158]. To the extent that 
inflammation mediates the association between 
sleep disturbances and mortality has begun to be 
examined. In about 3,000 older adults followed 
prospectively followed over a 9-year period, self- 
reported short sleep duration predicted all-cause 
mortality in models adjusting for demographic, 
lifestyle, and health factors. When a composite of 
inflammatory markers (levels of IL-6, TNF, and 
CRP) was included in the model, the mortality 
risk profile was significantly attenuated suggesting 
that the association between sleep duration and 
mortality was partially mediated by inflammation 
[159]. One other study assessed sleep duration 
using actigraphy and found that short sleep dura
tion (<5 h) was related to all-cause mortality. 
Moreover, when a composite of circulating mar
kers of inflammation, including CRP, IL-6, TNFα, 
sTNF-RII, and IFN-γ, was included in the risk 
model, there was again a substantial attenuation 
of the sleep duration to mortality risk associa
tion [151].

Treatment of insomnia and reversal of 
inflammatory risk

As further evidence that sleep disturbance is cau
sally linked to inflammation, clinical trial results 
have shown that treatment of insomnia leads to 
reversal of inflammatory activation profiles. 

Cognitive behavioral therapy for insomnia (CBT- 
I) is recommended as the first-line treatment for 
insomnia [160]. CBT-I combines cognitive ther
apy, stimulus control, sleep restriction, sleep 
hygiene, and relaxation, and has a robust efficacy 
profile as compared to other behavioral 
approaches, with more durable effects than phar
macological treatment [161]. Recent evidence has 
also found that mindfulness-based treatments 
including mindfulness meditation and tai-chi are 
non-inferior in the treatment of insomnia 
[162,163] with additional effects on neuroeffector 
mechanisms such as decreases in stress response 
pathways that are activated in association with 
insomnia [164–166]. Moreover, CBT-I, tai chi, 
and mindfulness all have been found to have dur
able effects in the treatment of insomnia, with 
improvement in insomnia symptoms sustained 
over the long term one-year follow-up [162,163]. 
With administration of any one of the treatment 
approaches for insomnia, improvements in 
insomnia are coupled with decreases in sympa
thetic activity, decreases in levels of systemic 
inflammation including CRP, decreases in cellular 
inflammation such as stimulated monocyte pro
duction of proinflammatory cytokines, and 
a reversal of inflammatory transcriptional profile 
[167–169]. Insomnia treatment effects on systemic 
inflammation especially robust in those who 
achieve full clinical remission of insomnia [170]. 
For example in older adults with insomnia disor
der, CBT-I induced decreases of CRP over the 16- 
month follow-up period as compared to 
a universal behavior therapy, sleep education 
[170]. The clinical significance of these changes 
is notable, as decreases in the proportion with 
high CRP in response to insomnia treatment was 
comparable to the benefits reported with vigorous 
physical activity [171] or weight loss [172]. 
Furthermore, in those who received tai chi treat
ment, there were robust decreases in the percen
tages of monocytes producing TNFα, IL-6, or 
combined TNFα and IL-6 expression, with similar 
findings in CBT-I, although effects of CBT-I were 
not sustained over the 16-month follow-up as 
compared to tai chi [169]. Finally, both CBT-I 
and tai chi, as compared to sleep education ther
apy, showed a down-regulation of transcriptional 
profiles related to inflammation and an 
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upregulation of genes related to IFN and the anti
viral response [169]. In older adults with sleep 
disturbance, but not insomnia, further research 
has found that tai chi can reduce severity of 
insomnia complaints [173], and also boost anti- 
viral memory T-cell responses to varicella zoster 
virus [174] and response to a varicella zoster vac
cine [174]. Separately, we have found that CBT 
has been found to improve depressive symptoms 
including insomnia complaints in rheumatoid 
arthritis patients, along with reduced the stimu
lated production of the proinflammatory cytokine, 
IL-6 [175]; that mindfulness meditation reduces 
proinflammatory response gene profiles [176] in 
lonely adults; and that a yogic meditation 
decreases NF-κB-related transcription of pro- 
inflammatory cytokines and increases IRF1- 
related transcription of innate anti-viral response 
genes [177]. These data from clinical trials show 
that treatment of insomnia, or insomnia com
plaints associated with medical or psychosocial co- 
morbidity, leads to a reduction in inflammatory 
and an increase in anti-viral profiles.

Sleep disturbance, adaptive immunity, and 
infectious disease risk

Normal nocturnal sleep, as described in Section 
IV, contributes to regulation of adaptive immunity 
and the Th1/Th2 cytokine balance, with a shift 
toward Th1 cytokine profile (i.e. ratio of IFN-γ 
to IL-4) in the early part of the night [178]. 
Similarly, IL-12 and IL-2, which are essential for 
the formation and maintenance of adaptive immu
nity, appear to be regulated by sleep with evidence 
of increases in the stimulated production of IL-2 
during sleep in humans [75,80], although these 
effect were not found within CD4 T cells 
[179,180]. Nevertheless, there is a striking increase 
of IL-12 producing cells during sleep compared 
with nocturnal wakefulness [178] and conversely, 
there is a sleep-dependent decrease in monocyte 
production of IL-10 [95] and CD4 T cell produc
tion of IL-4 production by CD4 T cells [180] at the 
specific cell-subset level in whole blood [179]. 
Together these findings linking normal sleep to 
cytokines involved in the regulation of the adap
tive immunity suggest that loss of sleep or sleep 
disturbance might alter adaptive immune 

response, leading to decreases in vaccination 
responses and increases in infectious disease risk.

Experimental and naturalistic disturbance of 
sleep and adaptive immunity

Experimental disruption of sleep leads to an opposing 
profile, as compared to normal sleep, on the adaptive 
immune response. Sleep deprivation, for example, 
decreases T cell production of IL-2 [75,181], induces 
increases in Th2 cytokine activity [95,180], decreases 
the IFN-γ/IL-4 ratio [102], and alters monocyte pro
duction of cytokines important in coordinating the 
adaptive immune response included decreases in pro
duction of IL-12 and increases in production of IL-10 
[95]. However, in contrast to the effects of a single 
night of sleep deprivation, the occurrence of sleep 
deprivation over several nights leads to only minimal 
changes in T cell derived cytokines such as IL-2, IL-4 
and IFN-γ[182].

Findings regarding the association between nat
uralistically occurring sleep disturbance and cyto
kine measures related to adaptive immunity are 
limited. However, consistent with alterations of 
Th1/Th2 cytokine balance following sleep depriva
tion, men who complain of insomnia symptoms 
were found to have lower stimulated production of 
IFN-γ and a lower IFN-γ/IL-4 ratio as compared 
to those without insomnia complaints [183]. In 
addition, in abstinent alcohol-dependent persons 
who have persistent sleep disturbance, noted espe
cially for a loss of slow wave sleep, a relative shift 
toward a Type 2 response (i.e. lower ratio of sti
mulated production of IFN-γ/IL-10) was found as 
compared to responses in comparison controls 
without sleep disturbance [79]. In regards to 
immune cell numbers possibly associated with 
adaptive immunity, patients with chronic insom
nia also show lower numbers of CD3+, CD4+, and 
CD8 + T cells as compared to those without 
insomnia [184], and females with short sleep (<6 
h per night) have lower numbers of naïve T cells as 
compared to those with normal sleep duration 
[185]. Lower number of naïve T cells may lead to 
impairments in ability to respond to novel anti
gens [185], which has been further interrogated by 
examining the association between short sleep 
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duration and antibody response after vaccination 
as reviewed in the following section.

Experimental and naturalistic disturbance of 
sleep and vaccine responses

Vaccination mimics how adaptive immunity 
responds to an infectious challenge and has been 
used as an experimental model to provide 
a translational perspective on the impact of sleep 
disturbance on clinically relevant infectious end
points. One early study in animals found that sleep 
deprivation was associated with slowed clearing of 
influenza following infectious challenge [186], 
although this observation was not subsequently repli
cated [187–189]. In humans, data are limited to 
a small number of studies (Table 4), all of which 
have examined healthy adults except for one study 
of older adults [190]. Hence, it is not yet known 
whether sleep loss might alter vaccination responses 
in those who are known to evidence an attenuated 
vaccine response under basal conditions and who are 
at risk for infectious disease, such as older adults [63].

Two strategies have been used to examine experi
mentally whether sleep loss alters vaccine responses in 
humans: one approach experimentally manipulates 
sleep before vaccination, whereas the other approach 
manipulates sleep after vaccination, typically in the 
first 24 hours following challenge with a vaccine. 
Experimentally induced sleep deprivation prior to 
vaccination has been found to attenuate response to 
the influenza vaccine. The first study used partial sleep 
deprivation, mimicking the most ubiquitous type of 
sleep disturbance found in those who are older or are 
experiencing social adversity and are most vulnerable 
to infectious diseases. After four nights of partial night 
sleep deprivation with sleep time restricted to 4 hours, 
subjects were exposed to the trivalent influenza vac
cine, types A and B. In those who underwent sleep 
deprivation, antibody titers were reduced by over 50% 
as compared to immune responses in those who 
maintained a regular sleep schedule [191]. Another 
study examined the effects of a single night of total 
sleep deprivation before vaccine exposure to influenza 
A. In contrast to repeated nights of partial sleep loss, 
a single night of total sleep deprivation had mixed 
effects on antibody response, and a reduction in anti
body response to influenza A was found in males, but 

not females [192]. Furthermore, total sleep depriva
tion induced a decrease in antibody response only 
during the first five days after vaccination; antibody 
responses did not differ between the two conditions at 
later timepoints including 10 to 52 days after vaccina
tion [192]. The early response may be due to initial 
effects of sleep deprivation on the IgM response, 
which are not found with the later IgG response, 
although differences in IgM vs. IgG levels were not 
evaluate as the assessment method relied only on 
hemagglutination inhibition antibody titers against 
the H1N1 virus [192].

The second strategy has involved administration 
of the vaccine followed by experimental manipula
tion of sleep. In healthy adults who were adminis
tered the Hepatitis A vaccine and then exposed to 
total sleep deprivation, a reduction in antibody 
titers to Hepatitis A was found in the sleep depri
vation condition as compared to normal sleep 
schedule, with effects lasting 28 days after vaccina
tion challenge [193]. Similarly, in another study of 
healthy adults, subjects were challenged with either 
hepatitis A vaccine or with hepatitis B vaccine 
followed by exposure to a single night of total 

Table 4. Studies linking sleep deprivation to vaccination 
responses.

Type of sleep 
deprivation Findings References
Sleep deprivation before vaccination

PSD over 4 nights 
before 
vaccination;  

Decrease in antibody titers to 
influenza virus vaccine, Trivalent 
types A and B, at 10 days after 
vaccination, but no difference at 3 
or 4 weeks after vaccination

[191]

TSD over 1 night 
before 
vaccination

Decrease in antibody titers to 
influenza virus vaccine, Type A, at 
5 days after vaccination in males, 
but not females. No difference at 
10, 17, or 52 days after vaccination 
in either sex

[192]

Sleep deprivation after vaccination
TSD over 1 night 

after 
vaccination

Decrease in antibody titers to 
hepatitis A virus vaccine at 4 weeks 
after vaccination

[193]

TSD over 1 night 
after 
vaccination

Decrease in hepatitis A specific Th 
cell response over 52 weeks follow- 
up, and decrease hepatitis A IgG1, 
but IgG2, IgG3, or IgG4, over 
20 weeks follow-up

[194]

TSD over 1 night 
after 
vaccination

Decrease in hepatitis B specific Th 
cell response over 20 weeks, but 
not 52 weeks, follow-up, and 
decrease in hepatitis B IgG1, over 
52 weeks follow-up

[194]
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sleep deprivation [194]. Rather than simply evalu
ating antibody titers, this study examined specific 
antibody subtypes (i., IgG1, IgG2, IgG3, and IgG4) 
as well as Ag-specific Th cell response (i.e. IFN) to 
either Hepatitis A- and Hepatitis B challenge 
[194]. Further, the durability of immune responses 
was evaluated over one year follow-up. In those 
who were exposed to sleep deprivation, Ag-specific 
IgG1 levels to Hepatitis A, but not levels to other 
IgG subtypes, were significantly reduced as com
pared to the control condition, with similar effects 
for Hepatitis B [194]. Furthermore, effects of sleep 
loss were markedly durable, with reduction in 
IgG1 levels persisting over one year follow-up 
[194]. Not only were there reductions in IgG1 
levels, but sleep deprivation also reduced the num
ber of antigen-specific CD4 T cells, and the pro
duction of the Th1 effector cytokine IFN-γ [194]. 
Interestingly, durability of response was associated 
with the amount of slow wave sleep during the 
night after vaccination, suggesting that EEG slow 
oscillatory activity in the period after vaccination 
may predict long-term increases in antigen- 
specific persisting T cells HAV [194].

Given that exposure to sleep deprivation 
occurred within 24 hours after vaccination, these 
findings suggest that sleep loss may be altering 
immunologic processes occurring early in 
response to infectious challenge. For example, it 
is possible that sleep deprivation is altering APC–T 
cell interactions before the differentiation of effec
tor T cells, which then disrupts the coordinated 
accumulation of APCs and T cells in lymphoid 
tissue and strength of the Th1 cytokine signal 
and maintenance of the response. Indeed, reduc
tions in immunologic memory to HAV persisted 
for at least one year, which further emphasizes the 
clinical significance of sleep loss on vaccine effi
cacy [194]. Finally, in regard to the clinical impli
cations, anecdotal observations found that three of 
the fourteen subjects assigned to sleep deprivation 
failed to achieve levels above the hepatitis 
A threshold defined as necessary for clinical pro
tection; all subjects assigned to normal sleep con
dition achieved antibody levels consistent with 
protective clinical response [193].

Prospective cohort studies yield similar results 
suggesting that naturalistically occurring sleep dis
turbance characterized by short sleep duration, 

low sleep efficiency, and/or insomnia diagnosis 
are associated with lower antibody responses to 
vaccination for influenza [195–197] and hepatitis 
B [198], but not meningitis C [199]. First, in 
regards to short sleep duration, Prather et al. 
found that sleep duration less than 6 hours per 
night as confirmed by sleep diary or by actigraphy 
was prospectively related to decreased likelihood 
of protection to a hepatitis B vaccination in 125 
midlife adults [198]; clinical protection status was 
defined as anti-hepatitis B surface antigen immu
noglobulin G ≥ 10 mIU/ml.

These findings were recently extended by exam
ining response to influenza A vaccination in 83 
healthy adults [200]. Again, self-reported shorter 
sleep duration before vaccination, but not after 
vaccination, was associated with lower levels of 
antibodies to influenza over 4 months follow-up. 
No associations were found between sleep effi
ciency and reported sleep quality and vaccination 
responses [200]. In contrast in older adults, no 
relationship was found between self-reported 
sleep duration, sleep latency or sleep efficiency 
and IgG response to influenza vaccination, possi
bly because responses in this age cohort are 
already attenuated due to their age [190]. Finally, 
no association between insomnia diagnosis and 
response to influenza vaccination was demon
strated in another study of healthy mid-life 
adults [197].

Together, these observations from experimental 
and prospective cohort studies suggest that short 
sleep duration, at least in healthy adults, is likely 
associated with an attenuated adaptive immunolo
gic response, and possibly clinical protection, fol
lowing influenza- or hepatitis vaccine 
administration, although null findings are also 
reported. Nevertheless, the findings further suggest 
the possibility that sleep disturbance, and espe
cially short sleep duration might be associated 
with reduced response to other vaccines, and pos
sibly related to increased infectious disease risk, 
another area of investigation, as review below.

Naturalistic disturbance of sleep and infectious 
disease risk

The most striking feature linking sleep disturbance 
to adaptive immune response is the compelling 
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association between short sleep duration, whether 
experimentally manipulated or naturalistically 
occurring, on Th1 cytokine regulation and vaccine 
responses. Hence, consistent with this evidence, 
sleep duration but not other aspects of sleep (i.e. 
sleep quality, sleep efficiency) are associated with 
infectious disease risk outcomes in both basic 
research, and clinical translational studies. Briefly, 
basic research has found that prolonging sleep 
duration leads to decreases in bacterial load and 
improved survival in a variety of infectious disease 
models, as previously reviewed [27,30,31]. For 
example, using a genetic approach in Drosophila, 
a prolonged sleep duration was associated with 
increased resistance to bacterial infection as 
indexed by bacterial load as compared to 
Drosophila with normal sleep. Additionally, 
Drosphophla with prolonged sleep duration show 
improved survival [201]. However, in other studies 
in Drosophla, sleep deprivation led to increased, 
not decreased, resistance to bacterial infection 
[202]. In mice exposed to experimentally induced 
sepsis, sleep deprivation was associated with 
increased mortality as compared to mice with 
uninterrupted sleep who were also exposed to sep
sis[203]. Other data indicate the sleep deprivation 
can reduce resistance to other pathogens such as 
parasites. In mice exposed to malaria, sleep depri
vation was found to increase the number of 
infected cells and decrease survival as compared 
to mice who had uninterrupted sleep; interest
ingly, these adverse effects were reversed following 
a night of recovery sleep [204]. In contrast, sleep 
deprivation did not alter severity of infection with 
Trichinella spiralis in rats [205].

In humans, short sleep duration (≤5 h) is pro
spectively associated with a greater than 70% 
increase in the risk of pneumonia in 56,953 females 
who were followed over 4 years, with similar asso
ciations between perceived inadequate sleep and 
pneumonia [206]. In addition, this study also 
found that long sleep duration (≥9 h) was asso
ciated with pneumonia, similar to the association 
between long sleep duration and mortality risk [20], 
although it is not fully understood whether under
lying medical morbidity is contributing to the asso
ciation between long sleep duration and morbid 
and mortality outcomes. In another nationally 
representative sample of 22,726 Americans enrolled 

in the National Health and Nutrition Examination 
Surveys (NHANES), self-reported sleep duration 
and physician reported diagnosis of a sleep disorder 
was characterized in association with reported his
tory of a head or chest cold or a respiratory infec
tion, including influenza or pneumonia, in the past 
30 days [207]. Again, short sleepers (≤5 hours) 
showed about a 30% increase in the risk of a head 
or chest infection, and about an 82% increases in 
the risk of respiratory infection as compared to 
those sleeping 7 to 8 hours per night. In addition, 
those with a history of physician reported sleep 
disorder showed similar increases in the risk of 
infection [207].

Similarly in adolescents, short sleep duration as 
objectively characterized by actigraphy was asso
ciated with self-report increases in the number of 
illness events, including symptoms related to 
respiratory infections [208], although no such 
association between self-reported sleep duration 
and self-reported upper- respiratory tract infec
tions was found in a Swedish cohort [209]. 
Finally, whereas there is an abundance of evidence 
that the prevalence of sleep disturbance and 
depressive symptoms has markedly increased in 
the midst of the Covid-19 pandemic [210–214], 
little is known about the potential influence of 
sleep disturbance on risk of infection, hospitaliza
tion, and mortality related to Covid-19. One recent 
study of 46,535 participants obtained information 
on sleep behaviors including sleep duration, day
time sleepiness, insomnia complaints with assign
ment of a composite sleep score based on severity 
(i.e. sleep duration <6) and frequency of symptoms 
[215]. Of the sample, 8422 participants tested posi
tive (COVID+), and 38,111 participants were 
tested but never positive (COVID-). Mortality 
over 30-days, primary outcome, was examined in 
COVID + and COVID – groups. In COVID+ 
participants, high scores on the sleep composite 
indicating significant sleep disturbance was asso
ciated with an over 2-fold increase in the risk of 
mortality in COVID + participants; no such asso
ciation was found in the COVID – participants. In 
addition, secondary outcome analyses examined 
rates of hospitalization, and found that sleep dis
turbance as defined by the composite scores pre
dicted an over 50% increases in the rate of 
hospitalization in the COVID + group [215].
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Experimental models of infectious disease risk 
yield similar findings with evidence that both short 
sleep duration and poor sleep efficiency are asso
ciated with reduced resistance to infectious illness. 
In a study of 153 healthy adults, self-reported sleep 
duration and sleep efficiency were obtained for 
14 days, followed by experimental inoculation 
with the rhinovirus (i.e. common cold) and objec
tive evaluation of signs of illness and its severity. 
Among those sleeping less 7 hours of sleep, there 
was nearly a 3-fold greater risk of developing the 
common cold infection as compared to those who 
reported sleeping 8 or more hours [216]. 
Furthermore, among those who reported sleep 
efficiency of 92% or less, there was a 5 times 
greater likelihood of developing a common cold 
infection as compared to those with a sleep effi
ciency of 98% or more [216]. These findings are 
striking given the rather modest disturbance of 
sleep efficiency. For example, a sleep efficiency of 
85% or less typically characterizes those with sleep 
disturbance or insomnia; hence, a sleep efficiency 
of 92% might be conceptualized as in the norma
tive range. Given that treatment with selective 
serotonin reuptake inhibitor improves sleep com
plaints and normalizes vaccine responses to the 
zoster vaccine in depressed patients [217], further 
research is need to evaluate whether targeting 
sleep problems might mitigate infectious disease 
risk profiles in vulnerable older adults.

The evolutionary advantage of sleep and its 
contribution to dynamic variations in adaptive 
immune responses, vaccine response, and infec
tious disease risk are not known. Possibly, because 
sleep is quiescent period, it is speculated that 
energy resources can be reallocated from daytime 
functions to support immune responses to infec
tious challenge, which are known to be metaboli
cally demanding [93]. Consonant with this notion, 
circadian processes such as change in the 24 hours 
rhythm of cortisol drive the redistribution of 
immune cells (i.e. naïve T cell, B cells) from the 
circulation to the lymph nodes, where they are first 
exposed to foreign antigens with initiation of an 
adaptive immune response. It is speculated that 
available metabolic resources during sleep support 
the demands on immune-cell division and differ
entiation, so that an effective adaptive immune 
response can be generated.

Neuroeffector mechanisms linking sleep and 
immunity

The central nervous system (CNS) is linked to the 
immune system by two principal effector path
ways, namely the HPA axis and the autonomic 
nervous system. (Figure 6) As previously reviewed, 
HPA axis activation leads to the release of cortisol, 
and this glucocorticoid hormone is anti- 
inflammatory, acting to suppress transcriptional 
expression of antiviral immune response genes, 
as well as inflammatory immune response genes. 
Three mechanisms are thought to contribute to 
the immune suppressive effects of cortisol [27]. 
First, glucocorticoids can bind to receptor on 
gene promoter sequences, and thereby interrupt 
expression of antiviral and proinflammatory gene 
transcription. Second, when glucocorticoids bind 
to the glucocorticoid receptors, there is 
a transcriptional activation of anti-inflammatory 
genes, which inhibit activation of inflammatory 
transcriptional signaling pathways induced by the 
transcription factor NF-κB. Given that NF-κB is 
key in initiating the inflammatory cascade, inflam
matory activation is effectively abrogated. Finally, 
in order for the proinflammatory transcription 
factors, NF-κB and AP-1, to initiate transcription, 
these factors must bind to gene promoters; gluco
corticoids lead to protein-protein interactions that 
interfere with bind of proinflammatory transcrip
tion factors, thereby antagonizing inflammatory 
gene transcription [69].

SNS activation is the second neuroeffector path
way linking the CNS to regulation of immunity. 
The SNS is thought to have a more nuanced role 
in the regulation of immunity and acts to steer or 
balance adaptive and pro-inflammatory immune 
responses [218]. Throughout the many lymphoid 
tissues, SNS neural fibers innervate these micro
environments, making synaptic like contact with 
immune cells to modulate immune response gene 
transcription [219–221]. Indeed, SNS nerve fibers 
innervate all the following tissues: primary and 
secondary lymphoid organs, vasculature and peri- 
vascular tissues, and most visceral organs and 
musculoskeletal structures. When SNS fibers are 
activated, release of norepinephrine occurs and 
this sympathetic neurotransmitter crosses the 
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Figure 6. Model of effects of sleep disturbance on the regulation of immune response gene profiles a | In response to activation of 
the hypothalamic–pituitary–adrenal (HPA) axis, the circulating neuroendocrine glucocorticoid hormone, cortisol, is produced, which 
regulates by inhibits inflammatory and antiviral immune response genes (IRGs). With sustained engagement of the HPA axis, as 
might occur with insomnia, glucocorticoid resistance develops, and typical suppression of pro- inflammatory gene networks (such as 
those encoding IL-1β.
IL-6 and tumor necrosis factor (TNF)) does not occur. However, cortisol continues suppress antiviral gene profiles (such as those 
encoding IFNα and IFNβ). Glucocorticoid resistance is thought to develop when damage- associated molecular patterns (DAMPs) 
trigger triggering of pattern recognition receptors (PRRs), leading to activation of inflammatory signaling pathways involving nuclear 
factor- κB (NF- κB) and the NOD-, LRR- and pyrin domain- containing protein 3 (NLRP3) inflammasome. NLRP3 stimulation in turn 
activates caspase 1, which cleaves the glucocorticoid receptor, leading to glucocorticoid resistance.b | During sleep disturbance, 
activation of the SNS leads to release of the neurotransmitter norepinephrine from SNS nerve fibers, as well as release of epinephrine 
from the adrenal glands into the blood. Both norepinephrine and epinephrine stimulate β2-adrenergic receptors (ADRB2) on 
leukocytes, which suppresses transcription of antiviral IRGs, and enhances transcription of inflammatory IRGs. ACTH, adrenocortico
tropic hormone. Reprinted from Irwin [27] with permission.
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synaptic-like cleft and binds to β-adrenergic recep
tors. In turn, β-adrenergic receptor binding acti
vates the Gs protein–adenylyl cyclase–cAMP–PKA 
signaling cascade and regulation of leukocyte gene 
expression. SNS activation has divergent effects on 
adaptive and inflammatory gene expression. 
Adrenergic signaling suppresses Th1-type gene 
expression (such as IFNG and IL12B), and also 
activates T helper 2 (Th2)-type cytokine genes 
including IL4 and IL5 which together suppress 
the adaptive cytokine immune response profiles 
[69]. In addition, SNS activation suppresses Type 
I IFN-mediated immune responses. In contrast 
with the suppressive effects on the adaptive 
immune, the SNS has been found to induce an 
activation of NF-κB [222] along with upregulation 
of pro-inflammatory cytokine gene expression, 
inducing increases in the transcription of IL1B, 
TNF and IL6 genes [218]. Whereas these data 
suggest that SNS activity can activate the inflam
matory response, it would be simplistic to suggest 
that sympathetic neurotransmitters are pro- 
inflammatory, as substantial evidence has also 
found that. the sympathetic activity can have anti- 
inflammatory effects, including inhibition of the 
release of TNFα [90–92]. Indeed, as reviewed by 
Pongratz and Straub [223], it might be more accu
rate to state that sympathetic neurotransmitters 
(i.e. norepinephrine) modulate inflammatory cyto
kine production and their release depending on 
a number of contextual factors including the 
state of activation state of the cell [224], how 
proximal the cell is to the source of the neuro
transmitters and/or neurotransmitter concentra
tion [225], and the co-expression of other factors 
capable of modulating adrenergic activation and/ 
or density adrenergic receptor expression [226] 
including activation of vagal activity [227]. 
Finally, the timing of sympathetic activity in rela
tion to the inflammatory response requires con
sideration, with evidence at the systemic level that 
the SNS signal can be proinflammatory at the 
initial phase of inflammation (e.g. sleep depriva
tion), but can become anti-inflammatory when 
inflammation becomes chronic (e.g. chronic social 
adversity) [223]. In addition to changes in adaptive 
and inflammatory gene profiles and related 

immune response, the distribution of immune 
cell types showing a high density of β-adrenergic 
receptors are preferentially influenced, leading to 
a selective distribution of these immune cells as 
characterized by a mobilization of hematopoietic 
stem cells, natural killer cells and splenic neutro
phils and monocytes into the circulation [69].

The sleep circadian profile is synchronized with 
HPA activity, which indicates a substantial influ
ence of both sleep and circadian processes on 
innate and adaptive immune responses. During 
the early part of the night, which is characterized 
by an enrichment of slow wave sleep, the 24 hour 
profile of hypothalamic corticotropin-releasing 
hormone (CRH), pituitary corticotropin (ACTH) 
and adrenal corticosteroids shows an absolute 
minimum [30,74]. During the late part of the 
night, which is characterized by a REM sleep dom
inance, HPA activity is increases typically reaching 
its maximum shortly after wakening. Although 
experimental evidence is limited, increases of mar
kers of the adaptive immune system during the 
early part of the night might be mechanistically 
related to low levels of cortisol which occur during 
this period along with a predominance of slow 
wave sleep [96]. One study collected blood samples 
during a period of slow wave sleep, and then 
added to cortisol ex vivo to these samples; 
a decrease in percentage of CD4+ and CD8 + T 
cells producing IFN-γ, IL-2 and TNF was found 
[74]. Conversely, if blood samples were collected 
during the late part of the night in which there is 
a maximum in circadian oscillation of cortisol, 
selective blockade of cortisol binding to the gluco
corticoid receptor leads to an increase of CD4 
+ and CD8 + T cells producing IL-2, IFN-γ, and 
TNFα [74,228]. Other studies indicate that sleep, 
as compared to circadian processes, has a more 
salient role, in the regulation of the inflammatory 
cytokine IL-6. Early night sleep deprivation inter
rupts early night increases in IL-6, which indicates 
that sleep is needed to support activation of 
inflammatory or innate immune responses during 
the night [74,84].

Sleep disturbance that becomes chronic induces 
repeated and recurring activation of the HPA axis. 
In turn, chronic elevation of cortisol leads to 
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glucocorticoid resistance. In this instance, there is 
a decreased sensitivity to cortisol and glucocorti
coids show a reduced potency or ability to con
strain an inflammatory response [229]. For 
example in patients with chronic insomnia and 
short sleep duration, there is evidence of both 
increases in cortisol and increases in inflammation 
as evidenced by elevated levels of CRP and IL-6; 
elevated levels of cortisol do not effectively reduce 
inflammation because immune cells no longer 
“hear” this message [230]. The mechanisms that 
lead to glucocorticoid resistance with chronic sleep 
disturbance are not known. However, chronic 
stressors have been found to induce increases in 
endogenous damage-associated molecular patterns 
(DAMPs), along with activation of the NOD-, 
LRR- and pyrin domain-containing protein 3 
(NLRP3) inflammasome. When the NLRP3 
inflammasome is upregulated, leading to caspase- 
mediated cleavage of the glucocorticoid receptor, 
glucocorticoid resistance emerges [231]. A second 
mechanism pertains to the polymorphic variation 
in the gene encoding the glucocorticoid receptor; 
such variation correlates with anti-inflammatory 
signaling of glucocorticoids at the cellular level. 
This latter observations might explain heterogene
ity in risk of inflammatory disorders among short 
sleepers at the population level; namely that 
chronic short sleep duration is associated with 
variance in glucocorticoid sensitivity [232].

Sleep also regulates sympathetic outflow, and 
during normal nocturnal sleep, SNS activity 
decreases along with an increase in parasympa
thetic outflow. Additionally, depth of sleep and 
stage of sleep are related to changes in SNS activity 
[233]. During NREM and slow wave sleep, which 
predominantly occur in the first half of the night, 
sympathetic outflow decreases, as indexed by 
microneurographic recording of sympathetic 
nerve cell activity [234]. In contrast during REM 
sleep, which occurs mainly during the latter part of 
the night, there is a marked increase in SNS out
flow reaching levels similar to waking states during 
the day [234]. The measurement of plasma levels 
of norepinephrine by repeated blood sampling 
every 30 minutes during the night has also 
shown that circulating levels of norepinephrine, 
but not epinephrine, decrease during the nocturnal 
period as compared to wakefulness. In addition, 

lower levels of norepinephrine are found during 
slow wave sleep as compared to awake, whereas 
levels of norepinephrine during REM sleep are 
similar to awake [88]. In sum, SNS activity mea
sured by either sympathetic neural activity or 
release of norepinephrine show similar changes 
during sleep, with decreases during the nocturnal 
period due to predominant decreases during slow 
wave sleep, but not REM sleep.

Experimental manipulation of sleep shows that 
that sleep is causally linked to nocturnal regulation 
of sympathetic activity. In recumbent persons who 
are deprived of sleep, the nocturnal decrease of 
sympathetic activity is not found as compared to 
sleep persons who are also recumbent. In addition 
to increasing sympathetic activity, sleep depriva
tion leads to increases in nocturnal sympathovagal 
balance, as assessed by heart rate variability. 
Interestingly, increases in sympathovagal balance 
that occur with sleep deprivation, persist into the 
following day leading to daytime increases in sym
pathetic tone as compared to those who are not 
exposed to sleep deprivation [112,235]. 
Naturalistic observations are in agreement with 
these experimental findings. In patients with 
insomnia, for example, there are increases in levels 
of norepinephrine, epinephrine, and other markers 
of sympathetic outflow [50] as compared to con
trols, and persons with insomnia who have co- 
morbid short sleep duration, show even greater 
increases in measures of sympathetic activity (i.e. 
urinary catecholamines and their metabolites) as 
compared to those with insomnia without short 
sleep duration. Separately, persons with insomnia 
who are co-morbid for short sleep duration also 
show greater increases in inflammatory biomar
kers as compared to those who do not express 
this more severe phenotype of insomnia [50].

The mediating path linking sleep disturbance, 
increases in sympathetic activity, and subsequent 
increases of inflammatory outcomes is not yet fully 
established, although correlative findings suggest 
that nocturnal elevations in sympathetic activity 
are temporally associated with increases in circu
lating markers of inflammation during the day. 
For example, when sympathetic activity is esti
mated by measures of heart rate variability during 
NREM and REM sleep, higher sympathetic tone 
correlates with higher levels of IL-6 in the morning 
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[236]. Moreover, experimentally induced sleep 
deprivation leads to increases in sympathetic activ
ity, which corresponds to decreases in natural 
killer cell activity. Similar relationships between 
increases in sympathetic tone during the night 
and decreases in NK activity are found in patients 
with insomnia. Because the effects of sleep depri
vation to reduce NK activity was abrogated by 
pretreatment with a β-adrenergic antagonist, pro
pranolol [237], it appears that SNS activation is 
causally mediating these effects.

Multiple other effector mechanisms are associated 
with sleep-wake activity, including the regulation of 
neuroendocrine hormones such as prolactin, mela
tonin, and growth hormone. Nevertheless, despite 
robust evidence suggesting that melatonin, for exam
ple, can alter immunity, little is known whether sleep 
drives changes in these hormones which alter the 
sleep-wake profiles of innate or- adaptive immune 
responses, as reviewed by [93].

In summary, chronic sleep disturbance activates 
HPA and SNS pathways [50] and these neuroeffector 
mechanisms contribute to decreases in antiviral 
immunity, and increases in inflammatory responses. 
(Figure 6) This change in balance of these adaptive 
and inflammatory transcriptional profiles, coined 
a conserved transcriptional response to adversity 
(CTRA) occurs with chronic sleep disturbance, as 
well as in association with multiple psychosocial 
adversities such as depression, which are typically 
co-morbid with sleep disturbance [69,238].

Conclusions

Chronic sleep disturbance, as occurs with insomnia 
disorder, leads to activation of the inflammatory 
response, and when such inflammation is sustained, 
it can be damaging to the person. Indeed, such 
inflammation is known to contribute to major dis
ease risk including depression, dementia, cardiovas
cular disease, and inflammatory disorders. (Figure 7) 
The reasons for sleep disturbance are varied as sleep 
patterns are influenced in part by environmental 
factors and perceived threats. Such social adversities 
can also increase inflammation, which also disrupts 
sleep as extensively discussed in other reviews10−12. 
In the presence of chronic adversities and/or intrin
sic low grade inflammation, the beneficial crosstalk 

between sleep and the immune system becomes 
imbalanced. In turn, this dysregulation in sleep 
further leads to increases in inflammation and 
decreases in antiviral immune responses. Moreover, 
further elevations in inflammation induce sleep frag
mentation with decreases in sleep efficiency, 
decreases in slow wave sleep, and increases in REM 
sleep, further fomenting inflammation, inflamma
tory disease risk, and vulnerability to infectious dis
ease. Fortunately, there is evidence that this spiral 
can be interrupted; behavioral interventions and as 
well pharmacologic treatments can treat insomnia 
and redirect a misaligned inflammatory transcrip
tional profile with the potential to mitigate risk of 
inflammation-related cardiovascular, neurodegen
erative, and mental health diseases, and possibly 
alter susceptibility to infectious disease. Knowing 
that sleep is impacted by multiple factors such as 
physical activity, the circadian rhythm of sleep wake 
cycles, and the homeostatic drive to sleep, there is 
substantial opportunity to refine interventions that 
consider the separate and overlapping influences of 
these extrinsic and intrinsic factors on sleep conti
nuity and sleep depth. Finally, research that advances 
understanding of sleep with assessment of sleep 
architecture and spectral analyses to evaluate sleep 
depth will inform development of specific interven
tions that target components of sleep to modify pre
cise pathways between sleep, inflammatory and 
antiviral dynamics, and morbidity risk.
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