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Abstract

Macrophages are dynamic and plastic immune cells essential for tissue homeostasis
and pathogen defense. Their cell cycle regulation is highly influenced by intrinsic and
extrinsic signals facilitating rapid responses to infections and tissue damage.
Dysregulation of their cell cycle leads to diseases like cancer and HIV. This chapter
highlights aspects of the macrophage cell cycle crucial for the development of targeted

therapies.
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1. Introduction

Macrophages are highly dynamic immune cells that play a key role in tissue health,
homeostasis, defense against pathogens, chronic rejection of transplants, and wound
healing (Lucas et al. 2010; Wynn et al. 2013; Jiang et al. 2014; Gordon and
Pliddemann 2017; Gossselin et al.2014, 2017). They are distributed in almost all
tissues of the body and originate from bone marrow-derived monocytes and embryonic
precursors (Yona et al. 2013; Hoeffel and Ginhoux 2018. Their specific cell cycle
regulation and ability to proliferate allow a rapid response to infections, organ

transplantations, or tissue damage (Sieweke and Allen 2013).

Macrophages, like other proliferating cells, progress through the cell cycle phases —
G1, S, G2, and M (Matsushime 1995; El Dika 2013; Ferreira et al. 2020; EI Dika et al.
2022; Uzbekov and Prigent 2022). In tissues, the cell cycle is tightly regulated by
extracellular signals that control cell proliferation, thus influencing tissue growth and
expansion. Disruption of the cell cycle and cell proliferation is frequently implicated in
various pathologies, including cancer (Malumbres and Barbacid 2009; Metcalfe et al.
2022). Macrophages in G1 and possibly in G2 phase can enter a permanent state of
cell cycle arrest called senescence, which is characterized by irreversible growth arrest
and changes in cellular morphology and function (Fig.1), (Wang et al. 2024). Key
molecular changes associated with macrophage senescence include increased levels
of Senescence-Associated Beta-Galactosidase (SA-B-Gal) and upregulation of the
cyclin-dependent kinase inhibitor 2A (also known as CDKN2A or p16INK4a, (Wang et
al. 2024). Senescent macrophages exhibit a Senescence-Associated Secretory
Phenotype (SASP) and secrete pro-inflammatory factors. They are characterized by
specific gene expression alterations, imbalanced polarization states, dysregulation of
cholesterol homeostasis, and oxidative respiration (Wang et al. 2024).

Macrophages can also enter a resting stage or GO phase. In the GO phase
macrophages are primarily in a non-dividing state of quiescence until prompted by
specific stimuli such as growth factors, nutrients, pathogen invasion, or cytokines

(Weiss and Schaible 2015). This state is crucial for maintaining a pool of ready-to-



activate macrophages that can respond quickly to infection or tissue damage. When
activated, macrophages can exit the GO phase to proliferate or differentiate into
specialized forms, which are more effective at dealing with specific threats or injuries.
Their ability to exit the GO phase and become active is vital for effective immune
responses and the resolution of inflammation. Recent research indicates that the shift
from GO to G1 creates an opportunity for HIV-1 infection (Ferreira et al. 2020).
Macrophages are key targets for HIV-1, but they produce high levels of SAM domain
and HD domain-containing protein 1 (SAMHD1), a deoxynucleotide-triphosphate
hydrolase that restricts viral DNA synthesis by reducing dNTP levels (Laguette et al.
2011; Ferreira et al. 2020). While the GO state is resistant to HIV-1 infection, the G1
state becomes highly permissive (Fig.1). In the G1 state, macrophages deactivate the
antiviral restriction factor SAMHD1 through the phosphorylation process, thereby
facilitating effective HIV-1 infection (Laguette et al. 2011; Kim et al. 2013; Micochova
et al. 2017; Antonucci et al. 2017; Schott et al. 2018; Ferreira et al. 2020). The
macrophages’ internal molecular machinery regulating cell cycle progression is
affected by extracellular signals that dictate proliferation, quiescence, or differentiation
(Sieweke and Allen 2013; Pearce and Pearce 2013). These signals include interactions
with microbial products such as lipopolysaccharides (LPS) or cytokines (e.g. IFN-y),
which can promote macrophages to exit the GO phase and resume the cell cycle
(Kawai and Akira 2010). These stimuli are essential for macrophages to respond
effectively to environmental challenges, thus affirming their role as guardians of tissue
health and integrity.

Transition in the macrophage cell cycle is also rigorously controlled to ensure proper
DNA replication and integrity (Ferreira et al. 2020; Mlicochova et al. 2024). This
regulation is vital in normal physiological conditions as well as in pathological contexts,
such as mentioned HIV viral infections where the macrophage cell cycle greatly
influences vulnerability to the infection of the organism (Dupont and Sattentau 2020;
Ferreira et al. 2020; Micochova et al. 2024). In the context of cancer, the dynamics of
macrophage proliferation and their interactions with tumor cells can influence tumor
growth, thus highlighting the complexity of macrophage roles in diseases such as, for
example, periodontal and oral cancer (Gosselin et al. 2014; Gosselin et al. 2017;
Metcalfe et al. 2022).



2. Regulation of Macrophage Cell Cycle

The regulation of the macrophage cell cycle involves a network of signaling pathways,
transcription factors, and external stimuli that govern their proliferation and
differentiation. The ability of macrophages to join the cell cycle and undergo self-

renewal shows their dynamic nature and plasticity.

2.1. Signaling Pathways

Macrophages have the unique ability to mature and specialize under the influence of
two important growth factors: Macrophage Colony Stimulating Factor (M-CSF) and
Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF) (Mehta et al. 2015;
Ushach and Zlotnik 2016; Munsif et al. 2023). M-CSF is found in most tissues and can
be easily detected in the blood. In contrast, GM-CSF is primarily produced in the lungs
and increases during inflammatory responses. These molecules are essential for the
survival and growth of macrophages. When macrophages differentiate in response to
M-CSF or GM-CSF, they exhibit different behaviors during the cell cycle, especially
during the transition from the G1 to the S phase.

Recent research has shown that GM-CSF and M-CSF activate distinct pathways in
macrophages — one responsible for proliferation and the other for survival (Vico et al.
2022). M-CSF is very effective in promoting macrophage proliferation, significantly
increasing the growth and differentiation of monocytic/macrophage lineage cells when
present. In contrast, although GM-CSF induces proliferation, it does so less efficiently
than M-CSF. However, GM-CSF excels in protecting macrophages from DNA damage.
After DNA breaks caused by substances such as etoposide or hydrogen peroxide, GM-
CSF contributes to faster recovery and reduced proliferation, probably by activating
genes that pause the cell cycle. The ability of GM-CSF to protect macrophages against
DNA damage exceeds that of M-CSF.

Macrophages differentiated with M-CSF multiply faster than those with GM-CSF, as
shown by intracellular Ki67 staining (also known as MKI67, a marker of proliferation)
(Badia et al. 2016). The M-CSF-stimulation results in 7% of Ki67+ macrophages
compared to GM-CSF-stimulation which results in 0.5% of Ki67+ macrophages (Badia
et al. 2016). Also, the M-CSF-stimulated macrophage population has more cells in the
active stages of the cell cycle (S/G2M). These differences also affect macrophages’

vulnerability to HIV-1 infection. The M-CSF-stimulated macrophages are about ten



times more likely to be infected with HIV-1 compared to GM-CSF-stimulated (Badia et
al. 2016). There are additionally higher levels of dNTPs in actively cycling M-CSF-
treated macrophages, hinting that the dynamics of the cell cycle, especially
progression through the S phase, are crucial for HIV-1 to infect and replicate within
these cells.

Additionally, SAMHD1, a protein that restricts HIV-1 replication, plays a significant role
in this process (Badia et al. 2016). Significant differences in SAMHD1 activity were
observed between macrophages treated with M-CSF and those treated with GM-CSF.
M-CSF-treated ones show changes in SAMHD1, which could make them more
susceptible to HIV-1. When Viral Protein X (HIV-2 Vpx) degrades SAMHD1, HIV-1
replication increases, demonstrating the importance of SAMHD1 in limiting viral
infection (Badia et al. 2016). This emphasizes how factors related to the cell cycle and
proliferation can affect SAMHD1 and, consequently, the susceptibility of macrophages
to HIV-1 infection.

2.2. Transcription Factors

Transcription factors are important in coordinating the gene expression programs that
govern macrophage proliferation, differentiation, and self-renewal. They interact with
specific DNA sequences to control the transcription of genes involved in cell cycle
progression and maintenance of macrophage identity.

Several transcription factors are involved in this process:

i.  Kruppel-like factor 4 (KLF4), a zinc finger transcription factor critical for
macrophage proliferation and differentiation (Liao et al. 2018). KLF4 binds to
specific DNA sequences to control the expression of genes involved in the cell
cycle progression and self-renewal. Its Inhibition results in aberrant macrophage
proliferation and impaired differentiation.

i.  Nuclear receptor signaling pathways such as liver X receptors (LXRs) and
retinoid X receptors (RXRs) (Chen and Ross 2004; Pascual-Garcia et al. 2011,
A-Gonzalez et al. 2013; Menéndez-Gutiérrez et al. 2015). LXRs are lipid-
activated transcription factors associated with lipid metabolism and
inflammation. They inhibit macrophage cell cycle progression and form
heterodimers with LXRs to modulate the macrophage gene expression during

the cell cycle. Interactions of LXRs, RXRs, and other nuclear receptors also



provide a complex regulatory network that regulates macrophage function and
self-renewal.

Sirtuin-1 (SIRT1), which is a member of the sirtuin family of NAD+-dependent
deacetylases and is implicated in the regulation of macrophage self-renewal
and proliferation (Imperatore et al. 2017; Rdszer 2018). Its Inhibition reduces
alveolar and peritoneal macrophage self-renewal, thus suggesting a role for this
transcriptional regulator in macrophage homeostasis. SIRT1 exerts its effects
by deacetylating histone and non-histone proteins, thus modulating gene
expression and cell cycle progression. However, the precise mechanisms by
which SIRT1 regulates macrophage proliferation and differentiation warrant
further investigation.

Nuclear Factor kB (NF-kB) and Signal Transducer and Activator of Transcription
(STAT), which are important transcription factors that regulate the cell cycle and
inflammatory responses (Aravindaram and Yang 2010; Pugazhenthi et al. 2013;
Dinasarapu et al. 2013; Pinheiro et al. 2019). They are activated by cytokines
and other signals. Indeed, NF-kB can both promote and inhibit the cell cycle,
which affects many genes involved in cell proliferation and survival, like cyclin
D1, crucial for the G1 phase of the cell cycle (Hinz et al. 1999; Joyce et al. 2001;
Witzel et al. 2010; Hwang et al. 2010). Similarly, STAT, particularly STAT3,
influences the cell cycle by enhancing the expression of genes like cyclin D1
and Myc (myelocytomatosis oncogene), which drive the transition from the G1
to the S phase (Sai et al. 2012; Zhou et al. 2018; Yu et al. 2022).

Myc and Hypoxia-Inducible Factor Alpha (HIF1a), a subunit of HIF-1. Myc
facilitates the transition from the G1 phase to the S phase of the macrophage
cell cycle by upregulating the expression of cyclins (like cyclin D1) and cyclin-
dependent kinases (CDKs), (Liu et al. 2016). Under hypoxia, macrophages
undergo HIF 1a-mediated transcriptional reprogramming that alters macrophage
metabolism and function toward pathogen elimination and inflammatory
responses, thus resulting in disruptions in cell cycle and proliferation. Moreover,
mitogenic stimulation, such as by CSF-1, activates a Myc-dependent
transcriptional program in macrophages to favor cell cycle entry and upregulate
glucose and glutamine metabolism supporting growth and proliferation (Liu et
al. 2016). Conversely, proinflammatory signals like LPS and IFN-y shift
metabolism towards glycolysis via a HIF1a-dependent program, thus



suppressing Myc-driven proliferation while enhancing the proinflammatory
response (Liu et al. 2016). M1 macrophages, under these conditions,
experience cell cycle arrest, ensuring they maintain their effector functions

without excessive proliferation (Fig. 1).

2.3. Cyclins, CDKs and Circadian Rhythm

Cyclins and cyclin-dependent kinases (CDKs) are key regulators of the cell cycle that
control the progression through the different phases of cell division. In macrophages,
the expression and activity of cyclins and CDKs are highly controlled to ensure proper
cell cycle progression and proliferation (Matsushime 1995). Cyclins and CDKs are also
important for the expression of cell cycle checkpoint genes. It has been demonstrated
that the reduced gene expression of cyclin D1 in response to LPS blocks the
macrophage cell cycle (Matsushime 1995; Rdszer 2018). Thus, the dysregulation of
the cyclin gene expression (or CDK activity) results in cell cycle arrest.

All cells and organisms function according to the circadian rhythm. The circadian
rhythm is endogenous but is adjusted to the local environment by external cues
(zeitgebers) such as light, temperature, and redox cycles. Because circadian rhythm
oscillates cell processes over a 24-hour cycle, it is not surprising that macrophage
functions and responses to pathogens and other stimuli also oscillate according to their
circadian rhythm (Fig. 2).

It has been shown that, in macrophages, the circadian clock influences the expression
of genes involved in cell cycle progression, such as cyclins and cyclin-dependent
kinases (CDKs) (Fig.1); (Timmons et al. 2020; Shirato and Sato 2022; Lellupitiyage
Don et al. 2022). The rhythmic expression of these regulators is essential for
coordinating cell division and proliferation in a timely manner. Disruption of the
circadian rhythms can then lead to dysregulation of the cell cycle, thus affecting
macrophage proliferation and differentiation.

Furthermore, the circadian clock impacts the response of macrophages to external
stimuli, such as pathogens or inflammatory signals, by modulating cell cycle
progression and activation of immune responses (Timmons et al. 2020; Shirato and
Sato 2022; Lellupitiyage Don et al. 2022). It has been demonstrated that deletion of
the circadian gene BMALT in macrophages alters their phagocytic activity and
antimicrobial response. Disruptions in circadian rhythms, such as those caused by

endotoxin exposure, affect the cell cycle of macrophages through the generation of



reactive oxygen species. Additionally, the clearance of apoptotic cells by macrophages,
known as efferocytosis, is subject to circadian regulation. This process is crucial for
maintaining tissue homeostasis and resolving inflammation. The activity of TAM
receptors, a family of receptor tyrosine kinases that includes Tyro3, Axl, and Mer and
known as efferocytosis mediators, shows circadian patterns, potentially influenced by

oscillations in glucocorticoid levels and core clock genes like BMALT.

2.4. TGF-B's Interactions

The complex interaction between transforming growth factor-B (TGF-B) and
macrophages impacts their functionality, polarization, and functions in tissue
regeneration and immune regulation (Ruscetti et al. 1991; Ashcroft 1999; Vannella and
Wynn 2017; Shapouri-Moghaddam et al. 2018; Chen et al. 2023). This cytokine
impacts the cell cycle by causing a pause in the G1 phase (Derynck 1994; Ravitz and
Wenner 1997; Hocevar and Howe 1998; Wolf 2000). This is primarily achieved by
activating CDK inhibitors like p21 (also known as cyclin-dependent kinase inhibitor 1)
and p15 (also known as cyclin-dependent kinase 4 inhibitor B), which play a critical
role in cell cycle arrest in the G1 phase (Nagahara et al. 1999). The p21 and p15
suppress the expression of the cyclin D-CDK4/6 (D-type cyclins complexed with cyclin-
dependent kinases 4 or 6) and cyclin E-CDK2 (E-type cyclins complexed with cyclin-
dependent kinases 2) that both are required for progressing towards the S phase
(Nagahara et al. 1999; El Dika 2013).

The Smad (Mothers Against Decapentaplegic Homolog), a protein complex induced
by TGF-B, plays an essential role in controlling cell growth by suppressing specific
cellular activities essential for cell cycle progression (Syed 2016). This suppression
arrests the cell cycle in the G1 phase, preventing cells from progressing to the S phase,
where DNA synthesis occurs. Both Smad-dependent and -independent pathways are
involved in the TGF-B signaling cascade, contributing to its role in cell cycle regulation.
As an example, TGF- can trigger dephosphorylation Ribosomal protein S6 kinase
beta-1 (S6K1, also known as p70S6) through protein phosphatase 2A, resulting in cell
cycle disruption (Petritsch et al. 2000). This highlights the variety of signaling pathways
that TGF-B can stimulate to exert its actions and the importance of TGF- in cell cycle

regulation by balancing proliferation and cell cycle arrest.



2.5. Inflammatory Signals

Inflammatory cytokines include tumor necrosis factor alpha (TNFa) and interferon
gamma (IFNy) (Holden et al. 2017; Shapouri-Moghaddam et al. 2018; Mily et al. 2020;
Edris et al. 2022). They inhibit macrophage proliferation and induce cell cycle arrest by
altering the expression of cell cycle checkpoint genes. These inflammatory mediators
shift the transcriptional program of macrophages from a self-renewal state to an
inflammatory response state. M1 macrophages (pro-inflammatory) are activated by
signaling via Toll-like receptors (TLRs) and cytokines such as TNF-a and IFN-y,
resulting in the expression of pro-inflammatory genes controlled by transcription factors
such as NF-kB and STAT1 and release of antimicrobial and tumoricidal cytokines such
as TNF-q, IL-1, and IL-6 (Holden et al. 2017; Shapouri-Moghaddam et al. 2018; Mily
et al. 2020; Edris et al. 2022). However, the cell cycle regulation of M2 macrophages
(anti-inflammatory) involves activating specific signaling pathways such as JAK/STAT,
the IL-4, and IL-13 that impact macrophage proliferation, which in turn promotes not
only anti-inflammatory responses but also cell growth and cell survival. Besides, STAT6
is activated by IL-4 and IL-13 and plays an important role in stimulating the growth of
M2 macrophages. Advanced techniques are essential for investigating the nuanced
roles and cell cycle behaviors of macrophages, especially in understanding how M1

and M2 phenotypes influence their proliferation and functionality.

3. Cell Cycle-Dependent Plasticity of Macrophages

Macrophage plasticity is critical for their roles in host protection, tissue repair, and
immune regulation. Recent research on macrophage plasticity has shown that different
phases of the cell cycle influence the macrophage activation states and functional
properties (Daniel et al. 2023). For example, macrophages in the G1 phase are more
likely to turn on a pro-inflammatory response, while those in the S or G2/M phases
might adopt anti-inflammatory characteristics. So, this cell cycle-dependent plasticity
permits macrophages to fine-track their responses to changing environmental stimuli,
therefore ensuring effective immune function and tissue homeostasis.

Interestingly, single-cell approaches have been recently used to characterize the
heterogeneity in macrophage responses based on their cell cycle state (Daniel et al.
2023). It has been shown that macrophages in different phases exhibit distinct gene

expression profiles and functional properties. For example, macrophages analyzed at



the single-cell level show a wide range of activation states beyond the traditional M1
and M2 classifications. This diversity is influenced by local cytokine milieus, tissue-
specific signals, and the cell cycle phase. The authors also showed that IL-4 can induce
S-G2/M-biased gene expression, including tissue remodeling genes, in macrophages
(Daniel et al., 2023).

These mechanisms underlying cell cycle-dependent plasticity are complex and
multifaceted (EL Kasmi and Stenmark 2015; Viola et al. 2019; Chambers et al. 2021;
Daniel et al. 2023). As described above, cyclins and CDKs coordinate cell cycle
progression and macrophage activation states, while transcription factors such as NF-
kKB and STATSs play crucial roles in macrophage activation and polarization, with their
expression and activity varying across different cell cycle phases. These regulators
drive dynamic changes in macrophage gene expression profiles, thus influencing their
functional properties. Moreover, the cell cycle influences the metabolic and
bioenergetic status of macrophages, which in turn affects their activation state (EL
Kasmi and Stenmark 2015; Viola et al. 2019; Chambers et al. 2021; Daniel et al. 2023).
Metabolic reprogramming is a hallmark of macrophage activation, with distinct
metabolic pathways being associated with different activation states. The cell cycle
regulates metabolic pathways such as glycolysis, oxidative phosphorylation, and fatty
acid metabolism, which all are essential for macrophage function.

Epigenetic modifications affect the macrophage cell cycle and activation (Daniel et al.
2023). They include changes in chromatin structure and histones modifications that
alter gene expression patterns in a cell cycle-dependent manner, thus influencing
macrophage responses. For instance, during certain cell cycle phases, macrophages
may go through chromatin remodeling that enhances or suppresses the expression of
genes involved in inflammation or tissue repair. These epigenetic modifications permit
macrophages to evolve their activation states to specific environmental cues, thus fine-

tuning their responses to inflammatory stimuli and tissue-specific signals.

4. Novel techniques advancing macrophage regulation

Advancing our understanding of the regulatory processes and developing targeted
therapies can be greatly aided by innovative techniques in macrophage research
(Shimi et al. 2004; Ishikawa-Ankerhold et al. 2012; De Los Santos et al. 2015; Na et
al. 2015; Wu et al. 2020; Zhang et al. 2021; Song et al. 2022; Fan et al. 2023; Miljkovic
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et al. 2023) i) High-Throughput Screening (HTS) rapidly test thousands of conditions
to identify modulators of macrophage function that are relevant to diseases ii) Single-
Cell RNA Sequencing (scRNA-seq) generate new data about the individual cellular
responses at the transcriptomic level, thus shedding light on eventual population
heterogeneity iii) Live cell imaging techniques, including Fluorescence Recovery After
Photobleaching (FRAP) and Fluorescence Resonance Energy Transfer (FRET), allow
analyzing real-time dynamics of macrophage related proteins and the signaling
pathway activation iv) Mass Cytometry (CyTOF) that uses metal-labeled antibodies for
detailed cellular analysis and CRISPR-Cas9 gene editing enable precise
manipulations of such genes to study their roles in response to cytokines and growth
factors (Wu et al. 2020) v) proteomic screens like Tandem Mass Tag (TMT) and Liquid
Chromatography-Tandem Mass Spectrometry (LC-MS/MS) can identify quantifying
proteomic changes and discovering new signaling molecules involved in macrophage
regulation. All these approaches have recently become pivotal for advancing our

understanding of macrophage biology and developing targeted therapies.

5. Conclusions

The dynamic regulation of the macrophage cell cycle in response to different stimuli
and circadian clock, and the mechanisms underlying cell cycle-dependent plasticity will
have significant clinical implications. Dysregulation of macrophage activation states
and cell cycle control is associated with various inflammatory diseases, autoimmune
disorders, and cancer. Thus, targeting cell cycle regulators, transcription factors, or
epigenetic modifiers in macrophages presents promising therapeutic opportunities for
modulating immune responses and treating inflammatory disorders. By harnessing the
dynamic nature of macrophage plasticity, the cell cycle, and circadian rhythm-regulated
responses researchers can develop novel strategies for precision medicine and

personalized immunotherapy.
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Figure Legends

Fig. 1. Macrophage functions and processes depend on the phase of the cell
cycle.

The phases of the cell cycle are: G1, S, G2, M. The cell cycle is also affected by the
circadian clock that regulates the expression of cyclins and CDKs. Under the effect of
growth factors, nutrients, cytokines, and microbes, G1 can reversibly transit to the
resting phase GO. The macrophages in GO are more resistant, and in G1, more
permissive to HIV-1 infection. G1 and probably also G2 macrophages can enter
senescence, a durable cell cycle arrest accompanied by the production of inflammatory

factors.

Fig. 2. Circadian rhythm regulation of macrophage functions.
Macrophage/monocyte migratory behavior, phagocytosis, metabolism, pro- and anti-
inflammatory cytokine production, and sepsis mortality (in the mouse model) oscillate

within 24 hours.
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