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Figure 1 Mono-macrophages are regulated by the circadian clock. (a) The migration of monocytes is rhythmic. Monocytes migrate from bone marrow
to blood vessels during the daytime and from blood vessels to tissues during the nighttime, which is regulated by the rhythmic expression of CXCR4;
(b) The phagocytic activity of macrophages is rthythmic. Phagocytic ability and expression of TLR9 in macrophages are stronger at night than during the
day; (c) Macrophage-mediated inflammatory response exhibits a rhythmic pattern. Relatively low expression of REV-ERBa relives its suppression
effect on IL-6 and CCL2, leading to the intensification of the inflammatory response. Figure was created with BioRender.com
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Figure 2 The aging and clearance of neutrophils are rhythmic. During
the daytime, CXCR4 increases on the surface of aging neutrophils,
accelerating the removal of neutrophils from the vasculature to the
tissues to maintain vascular health. During the nighttime, CXCR2 is
highly expressed on the surface of neutrophils in the vasculature, which
promotes neutrophil senescence and clearance to enhance the immune
defense in the tissues. Figure was created with BioRender.com
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Figure 3 Dendritic cells are regulated by the circadian clock. The
number of dendritic cells in the lymph nodes of mice is synchronized
with T cells that peak at night, when antigen presentation is more
efficient and the immune response is stronger. Figure was created with
BioRender.com
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Figure 4 Adaptive immunity is modulated by the circadian clock. (a) The number of lymphocytes presents circadian fluctuation. During the daytime,
lymphocytes mainly circulate in the blood vessels rather than appear in the lymph nodes; During the nighttime, lymphocytes tend to home to the lymph
nodes; (b) The migration of lymphocytes between the vasculature and the peripheral lymphoid organs follows a rhythmic pattern. Lymphocytes in the
vasculature migrate to the spleen and peripheral lymph nodes during the night, which is regulated by glucocorticoids and the circadian clock; (c) The
activation and proliferation of CD8" T cells in the initiation of adaptive immunity also have a rhythmic pattern in mice. Antigen presentation is more
efficient at night, with more rapid activation and proliferation of CD8" T cells and more prompt immune response. Figure was created with BioRender.com
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Figure 5 The disruption of circadian rhythm in immune cells is associated with tumorigenesis. (a) Immune cells in tumors with normal rhythms exert
anti-tumor functions and inhibit the development of tumor cells; (b) immune cells in tumors with disturbed rhythms show weakened anti-tumor
functions and promote tumor progression. Figure was created with BioRender.com
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Immune circadian clock and tumorigenesis
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In order to accommodate the light/dark cycle generated by the Earth’s rotation with a period of about 24 hours, circadian
clocks evolved in most organisms to coordinate with the external cyclic environment during the long process of evolution.
The molecular circadian clock is a transcription-translation feedback loop (TTFL) mainly composed of the positive arm
driven by CLOCK (circadian locomotor output cycles kaput)-BMAL1 (basic helix-loop-helix ARNT like 1, BMALT1) and
the negative arm driven by CRY (cryptochrome)-PER (period). This negative feedback mechanism enables the circadian
transcription of downstream circadian-controlled genes that participate in regulating circadian physiological processes.
The circadian clock regulates a multitude of physiological functions, including immunity that plays a crucial role in
fighting against tumor invasion. The circadian clock orchestrates the quantity, spatial arrangement, and mobilization of
immune cells, as well as modulating the anti-tumor immune response in both innate and adaptive immunity. Innate
immunity exhibits significant circadian rhythms in the functions of migration, motility, phagocytosis and antigen
presentation of monocytes, macrophages, neutrophils and dendritic cells. Similarly, adaptive immunity showed circadian
oscillations in the recognition of foreign antigens by B cells and subsets of T cells and cytotoxicity.

The circadian clock is critical for the preservation of efficient antitumor immune function. Immune cells rhythmically
secrete perforin, granzyme B, interferon and other cytotoxic factors to ensure lymphocyte infiltration, activation and
cytotoxicity within the tumor, which maintains effective anti-tumor activity to resist tumor development. In modern
society, people’s lifestyles have undergone great changes, shift work, night-time feeding and staying up late and other
unhealthy lifestyles harm health, and cause the internal immune rhythm of the organism to lose synchronization with the
external environment. This forms an immunosuppressive microenvironment that undermines anti-tumor immune function
and promotes the malignant progression of tumors by inhibiting the activation, proliferation or cytotoxicity of tumor-
infiltrating T cells. Importantly, the efficacy of anti-tumor immunotherapy depends on the rhythmic variation of immune
cells across the day, considering that the immune system might be differentially modulated by the circadian clock in
individuals, individualized chrono-immunotherapy is of great significance for cancer treatment.

In this review, we summarize the latest understanding of the immune circadian clock and the mechanisms of how rhythm
disturbances in immune cells attenuate anti-tumor immune function. Further, we illustrate that chrono-immunotherapy
restores immune rhythm for cancer treatment, and propose that restoring the patient’s immune rhythm in addition to
conventional cancer treatment can achieve improved therapeutic efficacy. Understanding the role of immune clock
disruption in tumor development, as well as in-depth investigation on chrono-immunotherapy will be of benefit for
developing novel strategies for the treatment of patients with cancer.

immune rhythm, circadian clock, tumor, chronotherapy
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