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This systematic literature review evaluates evidence from 25 primary studies, including human experimental trials and controlled
animal models to examine how acute (24–64 hours) and chronic (≤6 hours/night for ≥3 nights) sleep deprivation affects
immune function and susceptibility to disease. The review used a systematic search of PubMed, Web of Science, and Scopus
using already defined inclusion and exclusion criteria. In addition, a PRISMA flow process documented study selection where
the search identified 342 records, 298 after duplicates, 68 full texts screened, and 25 studies included. The evidence analyzed
shows that acute sleep loss is associated with rapid increases in pro-inflammatory cytokines, including interleukin-6 (IL-6),
tumor necrosis factor-α (TNF-α), and temporary reductions in natural killer (NK) cell cytotoxicity, showing an immediate but
short immune disruption. Chronic sleep restriction, in contrast, seems to induce continuous low-grade inflammation, sustained
NK cell suppression, and circadian dysregulation of immune-related gene expression, which all increase the chances of getting
infections and chronic diseases. Overall, the literature demonstrates that insufficient sleep simultaneously triggers inflammatory
pathways and impairs protective immune defenses, which highlights the important role of adequate sleep in maintaining immune
homeostasis and overall health, with acute sleep loss producing transient immune disruption and chronic sleep restriction
contributing to sustained low-grade inflammation and increased susceptibility to infectious and inflammatory diseases. These
findings indicate that insufficient sleep is a modifiable risk factor for immune dysregulation and increased disease susceptibility,
which is why this review intentionally presents a broad mechanistic overview of inflammatory, innate, and circadian pathways.
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toimmune diseases; Natural Killer cells; C-reactive protein; insomnia.

Introduction

Previous research discovered shows that sleep influences cy-
tokine production, leukocyte trafficking, and adaptive immune
responses since it affects both innate and adaptive defenses1.
Specifically, sleep is able to regulate cytokine production,
leukocyte trafficking, and antigen-specific immune responses,
which are all controlled temporarily by circadian rhythms2.
Insufficient sleep can also disrupt cytokine balances, reduce
natural killer (NK) cell cytotoxicity, and change circadian
regulations of immune gene expression, which all affect the
body’s ability to respond to infections and to maintain home-
ostasis3. However, the mechanisms linking sleep deprivation
to immune dysfunction depends on the duration of sleep loss,
study design, and population studied. These conditions will
create distinct physiological responses and have to be evalu-
ated separately.

Firstly, acute sleep deprivation, which is defined as 24–
64 hours of continuous wakefulness, produces rapid immune
changes. For example, controlled laboratory studies have
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shown that 40 hours of total sleep deprivation significantly
increases circulating interleukin-6 (IL-6), indicating acute in-
flammatory activation, while 64 hours of wakefulness is linked
with leukocytosis and altered immune cell distribution4. Con-
currently, reductions in NK cell cytotoxicity were seen follow-
ing prolonged wakefulness5.

Meanwhile, chronic sleep restriction, where one has ≤6
hours of sleep per night for multiple consecutive nights, is
seen to produce more sustained immune alterations. This is
recognized in population-based studies where habitual short
sleep duration has been related with elevated C-reactive pro-
tein (CRP), a marker of systemic inflammation and cardiovas-
cular risk, while experimental restriction studies demonstrate
cumulative increases in inflammatory signaling across consec-
utive nights of insufficient sleep6,7.

Transcriptomic studies have shown that repeated nights of
restricted sleep upregulate pro-inflammatory gene pathways
and reduce circadian rhythmicity in immune-related genes8.
The same is for chronic insufficient sleep, which also reduces
NK cell activity over time1. This suggests that there is a per-
sistent impairment of innate immunity and potential vulnera-
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bility to infections and chronic diseases.
Gaps still remain despite discoveries since many reviews

blend acute and chronic sleep deprivation, or combine human
and animal evidence without clearly distinguishing underlying
mechanisms. Additionally, cytokine responses and NK cell
activity show inconsistent results across studies, likely due
to differences in sleep deprivation protocols, circadian tim-
ing, and measurement methods5,8. Most studies also focused
on short-term outcomes in healthy adult populations, limiting
generalizability to older or medically vulnerable groups.

This review addresses these limitations by systematically
examining acute versus chronic sleep deprivation across in-
flammatory, innate immune, and circadian pathways in both
human and animal models.

Methods

This systematic literature review synthesizes 25 primary stud-
ies, including human experimental trials, observational stud-
ies, and controlled animal experiments, to clarify how sleep
deprivation affects inflammatory cytokines and NK cell ac-
tivity. By explicitly distinguishing acute versus chronic sleep
loss and integrating human and animal evidence, this review
aims to provide a mechanistic understanding of how insuf-
ficient sleep decides immune function and how it identifies
priorities for future research by examining peer-reviewed re-
search, investigating the effects of sleep deprivation on im-
mune function and disease susceptibility, and the human and
animal studies that reported primary research data.

Search Strategy

A search was conducted in PubMed, Web of Science, and Sco-
pus for studies published up to January 2025. Keywords in-
cluded “sleep deprivation,” “sleep restriction,” “immune func-
tion,” “cytokines,” “natural killer cells,” “inflammation,” “vac-
cination response,” and “disease susceptibility.” (“AND,”
“OR”) were used to combine terms, which ensured the inclu-
sion of studies which examined immune outcomes in response
towards acute or chronic sleep disruption.

Inclusion Criteria

Studies were included if they:

• Were published in peer-reviewed journals.

• Reported primary research data in human or animal mod-
els.

• Examined total sleep deprivation (≥24 hours) or partial
sleep restriction (<6 hours/night for ≥3 nights).

• Measured immune outcomes such as cytokine produc-
tion, natural killer cell activity, antibody responses, C-
reactive protein, or infection susceptibility.

• Were written in English.

Exclusion Criteria

Studies were excluded if they:

• Focused on sleep disorders unrelated to experimental or
voluntary sleep deprivation.

• Were secondary analyses, literature reviews, or opinion
pieces.

• Lacked quantifiable immune or inflammatory outcomes.

• Were non-peer-reviewed, conference abstracts, or unpub-
lished data.

Study Selection

Titles and abstracts of all available studies were analyzed
for relevance. Full texts were then reviewed for use based
on inclusion and exclusion criteria. The final review in-
cluded 25 studies spanning human experimental trials, ob-
servational studies, and controlled animal experiments. A
Preferred Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) flow showed the study selection process,
including reasons for exclusion at each stage:

• Records identified through database searching: 342

– PubMed: 125

– Web of Science: 110

– Scopus: 107

• Records after duplicates removed: 298

• Records screened (title/abstract): 298

– Records excluded: 230

• Full-text articles assessed for eligibility: 68

– Full-text articles excluded (with reasons): 43

* Not primary research: 15

* Non-relevant outcomes: 12

* Non-peer-reviewed / conference abstracts: 8

* Insufficient sleep deprivation definition: 8

• Studies included in qualitative synthesis: 25
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Data Extraction and Synthesis

Data extracted included study population, sample size, type
and duration of sleep deprivation, immune outcomes mea-
sured, key findings, and study design. Studies were organized
into innate immunity, adaptive immunity, inflammatory mark-
ers, circadian mechanisms, and disease susceptibility. Trends
and inconsistencies were summarized, as most included stud-
ies were observational or experimental but not interventional.

Results

Effects of Sleep Deprivation on Inflammatory Cytokines
and Systemic Inflammation

Controlled laboratory studies show that acute total sleep de-
privation (24–64 hours) increases circulating inflammatory
markers9. Specifically, IL-6 and TNF-α are the most consis-
tently reported cytokines to increase under acute sleep depri-
vation conditions, although the magnitude and timing of these
responses can vary with the circadian phase and sampling pro-
tocols. For instance, in a 40-hour sleep deprivation protocol,
healthy adults exhibited significant elevations in inflamma-
tory markers including interleukin-6 (IL-6) and tumor necro-
sis factor-related activity4. Similarly, exposure to 64 hours of
continuous wakefulness resulted in leukocytosis and increased
immune activation markers alongside physiological fatigue5.

Meanwhile, partial sleep restriction studies show compa-
rable but more gradual effects. Restricting sleep over mul-
tiple nights significantly increased circulating inflammatory
cytokines, including IL-6 and TNF-α , with moderate sleep
loss producing measurable immune activation10. Sustained
sleep restriction protocols also resulted in elevated inflamma-
tory markers across repeated measures11.

At the molecular level, sleep deprivation has shown to ac-
tivate pro-inflammatory gene expression pathways, as sleep
loss induces increased regulation of inflammatory transcrip-
tional pathways and increased expression of genes involved
in innate immune activation8. Complementary transcriptomic
evidence also indicates that insufficient sleep reduces the am-
plitude of circadian gene expression while also dysregulating
immune-related pathways3.

Furthermore, population-based studies further support these
findings. Short sleep duration has been associated with el-
evated biomarkers of systemic inflammation, including C-
reactive protein (CRP)7. Experimental sleep restriction has
also been shown to increase CRP levels in controlled condi-
tions, with convergence between epidemiological and labora-
tory findings6.

However, cytokine responses are not the same across stud-
ies. For example, while several studies report significant el-
evations in IL-6 because of sleep deprivation, other studies

found no change or time-dependent variation, suggesting that
cytokine responses are really influenced by circadian timing,
duration of deprivation, and individual variability12. In ad-
dition, combined sleep deprivation and circadian misalign-
ment further expands inflammatory responses beyond sleep
loss alone13.

Effects on Innate Immune Function: Natural Killer Cells
and Cellular Immunity

Sleep deprivation has been shown to impair innate immune
defenses, particularly natural killer (NK) cell activity and cel-
lular immune responses, both short and long term. Short-term
partial sleep deprivation significantly reduces NK cell cyto-
toxic activity in humans. These reductions in NK cell activity
indicate impaired innate immune defense, as the NK cells play
a critical role in early antiviral and antitumor responses. One
controlled study demonstrated that even a single night of re-
stricted sleep led to measurable reductions in NK cell function
and cellular immune responsiveness1. Likewise, prolonged
wakefulness over 64 hours was associated with altered NK
cell activity alongside broader immune dysregulation5. Cir-
cadian disruption further contributes to these effects. Acute
sleep deprivation alters the normal diurnal distribution of im-
mune cells, including lymphocytes and leukocytes, with sleep
loss disrupting immune cell trafficking and timing14.

Animal studies provide additional mechanistic support, as
sustained sleep deprivation in rodent models results in im-
paired host defense, which includes increased susceptibility
to infection and failure to maintain immune homeostasis15.
Follow-up work confirmed that prolonged sleep loss leads
to systemic immune failure and increased mortality risk in
animal models16. In infected rat models, sleep deprivation
worsens immune dysfunction, altering immune responses to
pathogens and worsening disease outcomes17.

Effects on Adaptive Immunity and Vaccine Response

Sleep also plays a critical role in adaptive immune pro-
cesses, particularly antigen-specific responses and immuno-
logical memory formation. Experimental studies demonstrate
that sleep enhances antibody production following vaccina-
tion, as individuals who obtained normal sleep after vaccina-
tion exhibited stronger antibody responses compared to those
dealing with sleep deprivation18. Moreover, sleep duration
positively predicted antibody response to hepatitis B vaccina-
tion in healthy adults19.

However, findings are not entirely consistent, as some stud-
ies report no long-term impairment in antibody titers follow-
ing acute sleep deprivation, suggesting that the timing and
duration of sleep loss relative to antigen exposure are criti-
cal determinants of adaptive immune outcomes. Individuals
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subjected to restricted sleep schedules produced significantly
lower antibody titers following immunization20. Supporting
this, early findings demonstrated reduced immunological re-
sponses to vaccination under sleep deprivation conditions21.

The same pattern is visible for other antigens as well. For
instance, at the cellular level, sleep also enhances antigen-
specific T cell responses, suggesting that sleep contributes di-
rectly to adaptive immune activation9. Again though, not all
findings are consistent. One study examining H1N1 vaccina-
tion found that acute sleep deprivation did not produce long-
term reductions in antibody titers and that short-term sleep
loss may not uniformly impair adaptive immune outcomes22.
The study used timing, duration, and type of immune chal-
lenge to influence observed effects.

Circadian Disruption, Hormonal Regulation, and Immune
Timing

Sleep deprivation disrupts circadian rhythms, which in turn
affects immune regulation and hormonal signaling8. Experi-
mental evidence shows that sleep loss alters melatonin secre-
tion and circadian clock gene expression through disruption
of central biological timing systems2. These disruptions ex-
tend to immune-relevant transcriptional processes, including
reduced rhythmicity in genes associated with immune func-
tions3. Sleep deprivation also alters circulating immune sig-
naling molecules linked to circadian regulation. Increased lev-
els of IL-6 and soluble TNF-α receptors have been recorded
under sleep deprivation conditions, as both inflammatory ac-
tivation and altered immune signaling dynamics were af-
fected23.

These circadian disruptions are further associated with
broader physiological consequences, with a major example
being how short sleep duration has been linked to metabolic
dysregulation, which includes alterations in endocrine signal-
ing pathways that interact with immune function24.

Human Pattern Intercrossing With Animal Studies

Human laboratory studies demonstrate that acute sleep loss
induces rapid inflammatory activation and suppresses innate
immune function, particularly NK cell activity and cytokine
balance4. Multi-night sleep restriction studies also show cu-
mulative increases in inflammatory markers and sustained im-
mune dysregulation11.

Animal studies extend these findings by demonstrating that
prolonged sleep deprivation leads to severe impairment in host
defense and increased mortality, giving mechanistic evidence
of immune system failure under chronic sleep loss15.

At the population level, shorter habitual sleep duration is as-
sociated with elevated systemic inflammation, suggesting that
these experimental findings translate into real-world physio-

logical patterns although these associations are largely corre-
lational and do not fully conclude a causality between sleep
duration and disease outcomes7.

Finally, across adaptive immune studies, sleep consistently
supports antigen-specific immune responses, although vari-
ability again exists depending on experimental design and tim-
ing of sleep deprivation relative to immune challenge19.

Fig. 1 Effects of Sleep and Stress on Immune Cell Populations
During Trichinella spiralis Infection. Immune cell counts in the
spleen and non-lymphoid mononuclear (NLM) compartment of
infected rats under three conditions: sleep deprivation, adequate
sleep, and psychological stress. Sleep deprivation elevated total T
cells, B cells, NK cells, and cytotoxic T cells, suggesting heightened
but potentially dysregulated immune activation. Adequate sleep
supported balanced immune enhancement across cell types. Stress
increased total T cells and B cells but reduced NK cells, cytotoxic T
cells, and helper T cells, resulting in impaired cellular immunity.
The figure illustrates how sleep and stress modulate host immune
responses during parasitic infection17.

Discussion

Mechanistic Integration: Inflammation, Immune Sup-
pression, and Circadian Disruption

The findings synthesized in this review show that sleep de-
privation can produce numerous effects on immune function
through three primary mechanisms: pro-inflammatory activa-
tion, suppression of innate immune defenses, and disruption
of circadian immune regulation.

These changes are further supported by transcrip-
tional evidence demonstrating increased regulation of pro-
inflammatory gene expression pathways under conditions of
sleep loss8. Together, these findings indicate that sleep depri-
vation shifts the immune system toward a pro-inflammatory
phenotype characterized by increased production of IL-6,
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TNF-α , and CRP alongside transcriptional activation of in-
flammatory signaling pathways, which may contribute to dis-
ease vulnerability.

Concurrently, sleep deprivation impairs innate immune
function, particularly through reductions in natural killer (NK)
cell activity and alterations in immune cell trafficking1,14.
This suppression of cellular immune defenses suggests that
sleep loss not only activates inflammatory pathways but also
compromises the body’s ability to respond effectively to
pathogens. This is particularly evident in reduced NK cell cy-
totoxicity and altered immune cell trafficking, which together
weaken early immune defense mechanisms.

These immune alterations are further modulated by disrup-
tion of circadian rhythms. Sleep deprivation alters melatonin
secretion, clock gene expression, and the rhythmic regula-
tion of immune-related genes2,3. Because immune responses,
which include cytokine release and immune cell distribution,
are tightly regulated by circadian timing, disruption of these
rhythms likely amplifies both inflammatory dysregulation and
immune suppression.

In summary, the evidence shows that sleep deprivation pro-
duces simultaneous immune activation and dysfunction, rather
than a simple unidirectional effect. This dual response is char-
acterized by increased inflammation alongside impaired im-
mune defense capacity.

Acute Versus Chronic Sleep Deprivation

A distinction shown from the literature is the difference be-
tween acute total sleep deprivation and chronic partial sleep
restriction, which produce overlapping but not identical im-
mune outcomes.

Acute sleep deprivation studies, which usually involves 24
to 64 hours of continuous wakefulness, demonstrate rapid in-
creases in inflammatory markers and immediate reductions in
NK cell activity4,5. These effects appear to be transient but
profound, reflecting short-term physiological stress responses.
In contrast, chronic sleep restriction studies show more grad-
ual but sustained immune alterations. Repeated nights of in-
sufficient sleep result in persistent elevations in inflamma-
tory cytokines and cumulative dysregulation of immune sig-
naling pathways7,11. Importantly, chronic sleep loss is also
associated with broader systemic effects, including metabolic
dysregulation, which may further interact with immune path-
ways24.

Animal studies extend these findings by demonstrating that
prolonged sleep deprivation leads to severe impairment of host
defense and increased mortality15,16. These results suggest
that while acute sleep loss produces immediate immune dis-
ruption, chronic deprivation may have more profound and
potentially irreversible physiological consequences. Impor-
tantly, while acute sleep deprivation effects are generally re-

versible following recovery sleep, chronic sleep restriction
may lead to potentially cause long-lasting alterations in im-
mune regulation, as acute sleep loss helps initiates a state of
simultaneous immune activation and suppression, with rapid
but brief effects on cytokines and NK cell activity.

Adaptive Immunity and Variability in Vaccine Response

The effects of sleep on adaptive immunity are generally con-
sistent but exhibit important variability across studies. Multi-
ple studies demonstrate that sleep enhances antibody produc-
tion and antigen-specific immune responses following vacci-
nation18,19. Sleep also promotes T cell activation and im-
munological memory formation, indicating a critical role in
adaptive immune function9.

However, not all findings are the same, as the studies ana-
lyzed report that there was a reduced vaccine response under
sleep restriction conditions20. Meanwhile, other studies also
find that there was no lasting impact of acute sleep deprivation
on antibody titers22. These inconsistencies may reflect differ-
ences in experimental design, including the timing of sleep
deprivation relative to vaccination, duration of sleep loss, and
type of immune challenge.

This variability highlights that the relationship between
sleep and adaptive immunity is context-dependent rather than
absolute, reinforcing the importance of considering study con-
ditions when interpreting findings.

Contradictions and Inconsistencies Across Studies

A key strength of the literature is also a source of complexity:
findings are not entirely consistent across all studies.

For example, while many studies report increases in IL-6
following sleep deprivation, others demonstrate variable or
condition-dependent responses12. Differences in sampling
time, circadian phase, and duration of sleep restriction may
account for these discrepancies. Similarly, while inflamma-
tory activation is widely observed, the possibility of change
varies across populations and experimental conditions.

In adaptive immunity, conflicting findings regarding vac-
cine response further illustrate these inconsistencies. While
several studies demonstrate enhanced immune responses with
sufficient sleep, others show minimal or no long-term impair-
ment following acute deprivation22.

Differences between human and animal studies should be
considered. Animal models often demonstrate more severe
outcomes, including immune system failure and mortality un-
der prolonged sleep deprivation15. In contrast, human studies
typically observe more moderate physiological changes, re-
flecting differences for deciding experimental feasibility and
ethical constraints. These inconsistencies overall highlight
that immune responses to sleep deprivation are not uniform
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and depend heavily on experimental design, including dura-
tion of sleep loss, circadian timing, and the specific immune
markers measured.

Limitations and Gaps

Several methodological limitations across the reviewed stud-
ies constrain the interpretation and generalizability of find-
ings.

First, many experimental studies rely on small sample sizes
and homogeneous populations, often consisting of healthy
young adults. Evidence from adolescent populations indicates
that sleep deprivation is also associated with increased inflam-
matory activity, suggesting that age and developmental stage
may influence immune responses to sleep loss25. This lim-
its the ability to generalize findings to broader populations,
including older adults or individuals with underlying health
conditions.

Second, there is substantial variability in study design, in-
cluding differences in sleep deprivation protocols (total vs.
partial), duration (acute vs. chronic), and outcome measures.
This heterogeneity complicates direct comparisons across
studies and could cause inconsistent findings.

Third, measurement of immune function varies widely,
ranging from circulating cytokine levels to gene expression
and functional immune assays. These differences in measure-
ment approaches can produce contrasting results even when
underlying physiological processes are similar.

Fourth, many studies assess short-term outcomes, limiting
insight into long-term clinical consequences of sleep depriva-
tion. While epidemiological studies suggest associations be-
tween short sleep duration and disease risk, causal relation-
ships cannot be established based on the available evidence7.

Finally, the interaction between circadian disruption and
sleep loss is not consistently controlled across studies. Be-
cause circadian misalignment independently affects immune
function, failure to isolate these variables introduces addi-
tional complexity13. Additionally, variability in cytokine
measurement techniques and differences in defining sleep de-
privation across studies introduce methodological heterogene-
ity that complicates direct comparison of findings.

Implications for Intervention and Future Research

The findings reviewed here suggest that interventions target-
ing sleep may influence immune function, but the evidence
remains indirect and context-dependent.

Improving sleep duration and quality may enhance adaptive
immune responses, as demonstrated in vaccination studies19.
However, variability across studies indicates that the effective-
ness of such interventions depends on timing, duration, and
individual physiological factors.

Future research should prioritize:

• Standardized definitions of sleep deprivation and mea-
surement protocols

• Longitudinal studies examining long-term immune and
disease outcomes

• Greater inclusion of diverse populations

• Integration of circadian biology into experimental design

By addressing these gaps, future work can more precisely
define the relationship between sleep and immune health.

Conclusion

This literature review demonstrates that sleep deprivation al-
ters immune function through coordinated effects on inflam-
matory signaling and innate immune defenses. Acute sleep
loss rapidly elevates pro-inflammatory cytokines (IL-6, TNF-
α) and reduces NK cell activity, causing immediate but tem-
porary immune disruption, while chronic sleep restriction in-
duces persistent low-grade inflammation, sustained NK cell
suppression, and circadian dysregulation of immune gene ex-
pression, collectively heightening vulnerability to infections
and chronic diseases. Although some findings vary depending
on study design, timing, and population, the overall pattern
highlights a dual effect: simultaneous immune activation and
functional suppression.

Human and animal studies converge to show that both
acute and chronic insufficient sleep compromise host defense,
though human outcomes are generally less severe than in ani-
mal models. Key limitations include small sample sizes, het-
erogeneous sleep protocols, short-term follow-up, and under-
representation of diverse populations. Future research should
standardize sleep deprivation definitions, incorporate longi-
tudinal immune assessments, and integrate circadian biology
to clarify mechanistic pathways and guide intervention strate-
gies.

From a public health perspective, these findings show that
maintaining adequate sleep is a modifiable factor crucial for
immune health, with implications for infection prevention,
vaccine efficacy, and chronic disease risk reduction. Together,
these findings highlight sleep as a modifiable determinant of
immune health and a priority for future mechanistic and clini-
cal research.
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