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ABSTRACT 
The circadian clock, an intrinsic timekeeping system regulating physiological functions over a 24-hour cycle, 
profoundly influences immune responses and inflammation. Immune cells, including neutrophils, macrophages, 
and lymphocytes, exhibit circadian rhythms in their numbers, function, and migration. These rhythms are 
regulated by both central and peripheral clocks, synchronizing immune cell activity with environmental cues. The 
circadian clock modulates key immune processes such as leukocyte trafficking, cytokine production, and 
phagocytosis, affecting the body's ability to respond to pathogens and tissue injury. Furthermore, circadian 

rhythms tightly control inflammatory pathways, including NF-κB signaling, and regulate the balance between 
pro- and anti-inflammatory states in macrophages. Disruptions to circadian rhythms—due to factors like shift 
work or sleep disorders—are associated with heightened inflammation and increased risk for inflammatory 
diseases, such as autoimmune disorders, metabolic syndromes, and cancer. Understanding how circadian rhythms 
govern immune functions has significant implications for chronotherapy, which aims to optimize the timing of 
treatments to improve efficacy and reduce adverse effects. This review explores the mechanisms through which 
the circadian clock modulates immune responses and inflammation, highlighting the potential for circadian-based 
therapies in managing inflammatory and immune-related diseases. 
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INTRODUCTION 

The circadian clock is an internal timekeeping system that orchestrates a wide array of physiological and 
behavioral processes, enabling organisms to adapt to the daily cycles of light and darkness [1]. In humans, this 
24-hour rhythm not only governs essential functions like the sleep-wake cycle and metabolic activities, but also 
significantly influences the immune system and its capacity to respond to internal and external challenges [2]. 
The circadian clock exists at both the central level, within the suprachiasmatic nucleus (SCN) of the hypothalamus, 
and in peripheral tissues, including the liver, heart, and immune cells [3]. The synchronization between the 
central and peripheral clocks ensures that physiological functions are optimally timed with environmental cues, 
particularly light [4]. In recent years, researchers have uncovered a complex relationship between the circadian 
clock and the immune system, revealing that immune functions exhibit strong circadian rhythms. This interaction, 
often referred to as "circadian immunomodulation," impacts nearly every aspect of immune activity, from the 
migration and function of immune cells to the production of cytokines and the body's response to infection and 
inflammation [5]. The immune system’s ability to combat pathogens, repair tissues, and maintain homeostasis is 
not static; it fluctuates throughout the day, following a circadian pattern driven by the clock's molecular 
machinery. Disruptions to these natural rhythms, such as those caused by shift work, irregular sleep patterns, or 
jet lag, have been linked to immune dysregulation and an increased susceptibility to infections, chronic 
inflammatory diseases, and even cancer [6]. One of the key pathways by which the circadian clock regulates 
immune function is through its impact on inflammation. Inflammation is the body’s natural response to harmful 
stimuli such as pathogens or injury, but when not properly controlled, it can lead to tissue damage and chronic 
disease. Circadian rhythms influence both the initiation and resolution of inflammation, determining the timing 
and intensity of inflammatory responses [7]. This circadian control of inflammation has profound implications for 
a variety of conditions, including autoimmune diseases, metabolic disorders, and cardiovascular diseases, where 
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dysregulated immune responses play a central role. The growing understanding of the circadian clock’s role in 
immunomodulation has opened new avenues for therapeutic interventions [8]. Chronotherapy, which tailors 
treatments to the body’s circadian rhythms, aims to optimize the timing of medical interventions, including 
immunotherapies and anti-inflammatory drugs, to maximize efficacy and minimize side effects [9]. This emerging 
field underscores the importance of aligning medical treatments with the body’s internal clock to enhance health 
outcomes. Understanding the intricate connections between the circadian clock, immunity, and inflammation is 
crucial for developing new strategies to prevent and treat a wide range of diseases [10]. 

The Circadian Clock: A Brief Overview 
The circadian clock is a network of transcriptional and translational feedback loops that oscillate within nearly 
every cell of the body [11]. The master circadian clock is located in the suprachiasmatic nucleus (SCN) of the 
hypothalamus and is primarily entrained by light. Peripheral clocks exist in various tissues, including the liver, 
lungs, and immune cells, and are coordinated with the central clock to regulate tissue-specific functions [12]. Key 
molecular components of the circadian clock include the transcription factors CLOCK (Circadian Locomotor 
Output Cycles Kaput) and BMAL1 (Brain and Muscle ARNT-Like 1), which form a heterodimer and drive the 
expression of Period (PER) and Cryptochrome (CRY) genes. The PER and CRY proteins accumulate in the 
cytoplasm, inhibit CLOCK: BMAL1 activity, and create a feedback loop that drives rhythmic gene expression 
[13]. This molecular clock machinery regulates approximately 40-50% of the transcriptome in a tissue-specific 
manner, controlling essential physiological processes like immune function and inflammation. 

Circadian Regulation of Immune Cells 
Immune cells, including macrophages, neutrophils, dendritic cells, and lymphocytes, exhibit circadian rhythmicity 
in their numbers, function, and migration. The rhythmic behavior of these cells is driven by both the central clock 
and peripheral clocks within immune tissues [14]. The following are some key aspects of how the circadian clock 
influences immune cell behavior: 

1. Leukocyte Trafficking and Homing: 
Leukocytes, or white blood cells, show circadian variations in their trafficking and homing behaviors. Studies have 
shown that the number of circulating neutrophils peaks during the day, while lymphocytes and monocytes peak at 
night. The circadian clock regulates the expression of adhesion molecules like ICAM-1 and selectins, which play 
critical roles in immune cell trafficking to tissues. For example, CCR7 expression on T cells oscillates in a 
circadian manner, promoting rhythmic homing to lymph nodes [15]. 

2. Cytokine Production: 

Pro-inflammatory cytokines, such as TNF-α, IL-6, and IL-1β, are key mediators of inflammation and show 

circadian patterns of secretion. The clock genes PER2 and REV-ERBα have been implicated in the modulation of 

cytokine production by controlling NF-κB signaling, a critical pathway for inflammatory responses. Studies 
suggest that disruptions in circadian rhythms can lead to dysregulated cytokine production, exacerbating 
inflammatory diseases [16,17]. 

3. Phagocytosis and Antigen Presentation: 
The phagocytic activity of macrophages and dendritic cells is influenced by the circadian clock. Studies indicate 
that macrophages exhibit a circadian rhythm in their ability to engulf pathogens, with peak activity occurring 
during the day in mice, which are nocturnal. Antigen presentation by dendritic cells also shows circadian 
regulation, influencing T cell activation and adaptive immunity [18]. 

4. Innate Immune Responses: 
The circadian clock modulates the activity of innate immune cells, such as neutrophils and natural killer (NK) cells. 
Neutrophils exhibit circadian rhythms in their capacity to produce reactive oxygen species (ROS) and respond to 
bacterial infections. Similarly, NK cell cytotoxicity and cytokine production are under circadian control, affecting 
the body's ability to respond to viral infections and tumors [19]. 

Circadian Clock and Inflammation 
Inflammation is a protective response of the immune system to infection, injury, or stress, but chronic or excessive 
inflammation is implicated in numerous diseases, including autoimmune disorders, cardiovascular diseases, and 
cancer. The circadian clock plays a critical role in regulating inflammatory responses, both in maintaining basal 
immune surveillance and in limiting excessive inflammation [20]. 

1. Inflammatory Diseases and Clock Dysfunction: 
Circadian disruption, such as that caused by shift work, jet lag, or irregular sleep patterns, has been linked to 
increased risk for inflammatory diseases. In animal models, disruption of the core clock gene BMAL1 leads to 
heightened inflammatory responses and susceptibility to sepsis. Similarly, PER2-deficient mice show exaggerated 
inflammatory responses, suggesting that proper circadian control of the immune system is essential for preventing 
chronic inflammation [21]. 
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2. Crosstalk Between the Clock and Inflammatory Pathways: 

The molecular circadian clock interacts with key inflammatory signaling pathways, including the NF-κB pathway, 

which regulates the expression of pro-inflammatory genes. The clock proteins REV-ERBα and RORα are 

particularly important in modulating inflammation [22]. REV-ERBα, a negative regulator of BMAL1, suppresses 

the expression of pro-inflammatory cytokines and chemokines by inhibiting NF-κB. Conversely, disruption of 

REV-ERBα results in elevated inflammation and tissue damage. 
3. Metabolic Regulation and Inflammation: 

Metabolic pathways, which are also under circadian regulation, have a profound impact on inflammation. For 
instance, glucose metabolism and lipid synthesis are rhythmic processes that influence immune cell function [23]. 
Macrophages, which can switch between pro-inflammatory (M1) and anti-inflammatory (M2) states, show 
circadian regulation in their metabolic reprogramming. The circadian clock controls the balance between 
glycolysis and oxidative phosphorylation, which determines the inflammatory phenotype of macrophages [24]. 

Chronoimmunology and Disease Implications 
The circadian regulation of immunity and inflammation has significant implications for various diseases, including 
infections, autoimmune diseases, metabolic disorders, and cancer. 

1. Infections: 
The timing of infection and immune responses can significantly influence disease outcomes. Animal studies have 
demonstrated that the timing of pathogen exposure relative to the circadian clock affects susceptibility to viral and 
bacterial infections. For example, circadian disruption has been shown to impair the host's ability to mount an 
effective immune response to infections, such as influenza and malaria [25]. 

2. Autoimmune Diseases: 
Autoimmune diseases, such as rheumatoid arthritis, multiple sclerosis, and lupus, exhibit diurnal patterns in 
symptom severity and progression. Research suggests that circadian disruptions may exacerbate autoimmune 
disease progression by promoting dysregulated immune responses and chronic inflammation [26]. 

3. Cancer: 
Circadian rhythms also influence cancer development and progression, particularly through immune surveillance 
and tumor microenvironment regulation [26]. NK cells and cytotoxic T lymphocytes, which play a crucial role in 
tumor cell elimination, exhibit circadian rhythms in their activity. Circadian disruption can impair immune 
surveillance and enhance tumor growth [27]. 

Chronotherapeutic Implications 
Understanding the circadian modulation of immunity and inflammation opens new avenues for chronotherapy—
optimizing the timing of medical treatments based on circadian rhythms. Administering immunotherapies, 
vaccines, or anti-inflammatory drugs at specific times of the day when the immune system is most responsive can 
improve therapeutic outcomes [28]. For instance, studies have shown that vaccines are more effective when 
administered at certain times of the day, likely due to enhanced antigen presentation and immune activation. 
In addition to timing therapies, targeting the molecular components of the circadian clock itself offers potential 

therapeutic strategies for inflammatory diseases [29]. Drugs that modulate REV-ERBα or BMAL1 activity, for 
instance, could be used to dampen excessive inflammation or restore normal immune function in the context of 
circadian disruption [30]. 

CONCLUSION 
The interplay between the circadian clock, immunity, and inflammation is a rapidly expanding field with 
significant implications for health and disease. The circadian clock regulates immune cell trafficking, cytokine 
production, phagocytosis, and inflammatory responses, which collectively influence the body’s ability to respond to 
infections, injuries, and pathological conditions. Disruptions to circadian rhythms are increasingly recognized as 
contributors to the pathogenesis of various diseases, particularly those with an inflammatory component. 
Understanding these dynamics not only deepens our insight into the immune system but also provides a 
foundation for developing chronotherapeutic interventions that harness the power of biological rhythms to 
enhance treatment efficacy and improve patient outcomes. 
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