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Recent studies have shown that in addition to regulating the growth of tumor cells,
cell cycle proteins can also regulate immune cells and factors in the tumor immune microen-
vironment (TIME), thus playing a role in regulating tumor immunity. This review summarizes
the relevant mechanisms of cell cycle regulatory proteins in TIME regulation. The development
of effective drugs against relevant therapeutic targets may be a hot research topic for the next
generation of antitumor immunotherapy.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,

Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Tumor cells have unlimited replicative potential, and their
main feature is abnormal cell proliferation. There are a
variety of regulatory proteins involved in the cell cycle;
these proteins can be divided into positive regulatory pro-
teins and negative regulatory proteins, but all play roles
focused on cyclin-dependent kinases (CDKs) and carry out
positive and negative regulation of CDKs. The tumor
microenvironment (TME) is a complex environment that

tumor cells rely on for survival and which affects the
occurrence and development of tumors. Studies have
shown that increased cell cycle activity in tumor cells
suppresses antitumor immunity. Therefore, approaches to
transform some clinically refractory immunologically
“cold” tumors into "hot” tumors through regulation,
thereby eliminating treatment resistance and increasing
the sensitivity of tumors to immunotherapy drugs to inhibit
their malignant progression, have been popular research
topics in recent years. There is accumulating evidence of a
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correlation between “cold” tumors and enhanced cell cycle
progression in tumor cells. Therefore, we summarize recent
studies on the effects of cell cycle regulatory proteins on
antitumor immunity via the regulation of the TME and re-
view the corresponding regulatory mechanisms.

Cell cycle proteins

Generally, the cell cycle is divided into four phases: the
first gap phase (G1 phase), the DNA synthesis phase (S
phase), the second gap phase (G2 phase), and the mitotic
phase (M phase). Cell cycle regulation refers to the process
by which the cell cycle is sequentially initiated and termi-
nated via the activation and inactivation of various cell
cycle regulatory proteins under the control of two immune
checkpoints, the G1/S checkpoint and the G2/M
checkpoint.”

Cell cycle proteins can be divided into positive and
negative regulatory proteins.

Positive regulatory proteins include mainly cyclins and
CDKs. CDKs contain serine/threonine-specific catalytic
cores that control their kinase activity and substrate
specificity, whereas members of the cyclin family act as
catalytic subunits of CDKs that control cell cycle progres-
sion through synergistic synthesis, activation, and degra-
dation of cyclin family members.? Different cyclin/CDK
holoenzymes are activated at specific stages of the cell
cycle and play regulatory roles by phosphorylation of key
proteins involved in the cell cycle process.” Negative cell
cycle regulatory proteins inhibit the kinase activity of
intracellular CDKs mainly by binding to CDKs, cyclins, or
complexes containing both. On the basis of the structure
and specificity of binding CDKs, negative cell cycle regula-
tory proteins can be generally divided into two distinct
families: the inhibitors of CDK4 (INK4) family and the CDK
inhibitory protein (CIP/KIP) family. The first family, the
INK4 family, was named for its ability to specifically inhibit
the catalytic subunits of CDK4 and CDK6. Four such proteins
(p16™K42 p15INK4b 51 8INKC “and p19™K“d) bind only to CDK4
and CDKé6 and not to other CDKs. The second family is the
CIP/KIP family, which comprises p21“P' (CDKN1A), p27%P!
(CDKN1B), and p57%P? (CDKN1C).> These CDK inhibitors
(CKIs) regulate cell proliferation throughout the cell cycle
and extensively interfere with the activity of cyclin D-, E-,
A-, and B-dependent kinase complexes.*

In conclusion, these three proteins together constitute
the cyclin-CDK-CKI signal regulatory network, which en-
sures the precise regulation of the whole cell cycle.’

Tumor immune microenvironment

The tumor immune microenvironment (TIME) is a complex
microenvironment that comprises cellular components and
biochemical components as well as their interactions. The
cellular components are primarily composed of tumor cells,
immune cells, and stromal cells, whereas the biochemical
components mainly consist of cytokines, chemokines, and
immune checkpoints. These elements collectively play
crucial roles in malignant tumor progression, immune
escape, and therapeutic resistance.® Tumor cells influence

their microenvironment by releasing cellular signaling
molecules to promote tumor angiogenesis and induce im-
mune tolerance. Immune cells encompass T cells, B cells,
monocytes-macrophages, natural killer (NK) cells, dendritic
cells (DCs) and their subsets. These cells can inhibit or
promote tumorigenesis, tumor development, and metas-
tasis. Stromal cells include mainly fibroblasts and vascular
endothelial cells (VECs). Fibroblasts maintain organ struc-
ture and homeostasis by secreting cytokines, chemokines,
growth factors, and extracellular matrix (ECM) compo-
nents, and among fibroblasts, cancer-related fibroblasts
(CAFs) are one of the most important immune cells in the
TIME. Angiogenesis mediated by vascular endothelial cells
provides nutrients for tumor growth.®

With respect to the TIME, a popular “seed and soil”
hypothesis holds that the development of tumors is the
result of the interactions of tumor cells with the microen-
vironment. Tumor cells communicate with other cells or
components of the TME mainly through two pathways: the
first pathway is a contact-dependent mechanism between a
particular cancer cell and another cell; the second pathway
is the establishment of contact-independent mechanisms
through soluble molecules, such as cellular molecules.’

The TME can classify tumors as “cold” tumors or “hot”
tumors according to the differences in the immune cell
population and the therapeutic effects of immune check-
point inhibitors. "Hot” tumors are enriched with activated
T cells, NK cells, and other effector cells with killing ac-
tivity in the immune microenvironment and activity against
tumor cells, along with active expression of Th1 cytokines.®
*Cold” tumors are tumors with only a low number of im-
mune cells and low levels of Th1 cytokines in the TIME but
accumulation of inhibitory immune cell subgroups, such as
regulatory T cells (Tregs), myeloid-derived suppressor cells
(MDSCs) and tumor-associated macrophages (TAMs) or tu-
mors in which antitumor immune cells cannot effectively
infiltrate into the TIME and are only distributed in the pe-
ripheral interstitium, making exertion of a tumor inhibitory
effect difficult.® "Hot” tumors are sensitive to immune
checkpoint inhibitor therapies, such as those targeting
programmed cell death protein 1 (PD-1) and programmed
cell death 1 ligand 1 (PD-L1), whereas “cold” tumors do not
respond to immune checkpoint therapy; thus, immunosup-
pressants are largely ineffective, and immunotherapy is
less effective against “cold” tumors.’

Positive regulatory proteins
Cyclins

Cyclin J

Cyclin J was originally identified as a CDK interactor in
Drosophila melanogaster' and is a member of the atypical
cyclin family. Chong et al'" demonstrated that lipopoly-
saccharide (LPS) stimulation induced cyclin J expression in
macrophages. Under LPS stimulation, cyclin J inhibited the
expression of proinflammatory cytokines and type | inter-
feron genes in macrophages; that is, cyclin J inhibited the
inflammatory response in macrophages. Researchers then
explored the mechanism by which this effect occurs.
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Phosphoproteomics analysis revealed that cyclin J in-
teracts with CDKs to regulate CDK activity and promote the
phosphorylation of a set of CDK substrates, including the
transcription factors forkhead box protein K1 (FoxK1) and
dynamin-related protein 1 (Drp1), which control glycolysis'?
and mitochondrial kinetics,'® respectively. FoxK1 is known
to induce aerobic glycolysis by increasing the expression of
genes encoding glycolytic enzymes.' Cyclin J inhibits
glycolytic gene expression by phosphorylating FoxK1 and
reducing its nuclear localization. Furthermore, further
studies found that FoxK1 knockdown inhibited the increase
in hypoxia-inducible factor-1o. (HIF-1a) expression in
response to LPS at both the translational and transcrip-
tional levels."" HIF-1¢ is an important transcription factor
for genes required for glycolysis and angiogenesis, and a
reduction in glycolytic pathway activity reduces the
immunoinflammatory response of macrophages.' Drp1 is a
GTPase that drives mitochondrial fission events through
phosphorylation to maintain mitochondrial homeostasis.
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Disruption of mitochondrial integrity may affect the im-
mune function of activated macrophages.'>'®'” Chong et
al'" observed that overactivation of Drp1 through cyclin J-
dependent phosphorylation promotes mitochondrial frag-
mentation and that electron leakage leads to a partial
reduction of molecular oxygen, resulting in the production
of mitochondrial reactive oxygen species (mtROS) that
subsequently block the macrophage immune response.
Together, these results suggest that cyclin J limits macro-
phage activation and reduces the macrophage inflamma-
tory response by inhibiting glycolysis and mtROS expression
(Fig. 1A).

Finally, in xenograft models and models of sponta-
neous intestinal tumors, researchers observed that
cyclin J-deficient TAMs promote tumor development."
These results suggest that cyclin J determines the
strength of macrophage antitumor immunity. Therefore,
cyclin J may be a potential target for antitumor
immunotherapy.
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The related mechanism by which the overexpression of cyclin J in macrophages and cyclin G2 in tumor cells and

macrophages regulates the tumor immune microenvironment. (A) Lipopolysaccharide stimulation can induce the overexpression of
cyclin J in macrophages, and cyclin J interacts with CDKs to promote the phosphorylation of FoxK1 and Drp1. In the nucleus, cyclin
J reduces the nuclear localization of FoxK1 by phosphorylating it, thereby inhibiting the expression of glycolysis genes and HIF-1a.
In mitochondria, cyclin J drives mitochondrial fission events through the phosphorylation of Drp1, resulting in the production of
mtROS, which together inhibit the inflammatory response of macrophages. Together, these events inhibit the inflammatory
response of macrophages and enhance anti-tumor immunity. (B) Cyclin G2 catalyzes tyrosine 10 phosphorylation of lactate de-
hydrogenase A by inhibiting FGFR1, inhibiting tumor cell glycolysis, and reducing lactic acid production. The levels of TNF-« and
IFN-yare increased in the microenvironment, whereas the TGF-B and IL-10 levels are decreased. In addition, lactic acid can
activate the NF-«kB pathway, thereby reducing the expression of Foxp3. Foxp3 is essential for Treg development, and Tregs induce
CTL dysfunction. Therefore, cyclin G2 overexpression can lead to Treg dysplasia and enhance the cytotoxicity of CTLs. In summary,
cyclin G2 overexpression in tumor cells can promote the activity of immune effector cells and factors that inhibit tumor pro-
gression. (C) INF-y can up-regulate the expression of cyclin G2 in macrophages and inhibit the interaction between PP2Ac and
STAT1, thereby increasing the content of nuclear STAT1 and the expression of CXCL9. Increased secretion of CXCL9 can promote the
chemotaxis of CTLs and inhibit the formation of vascular endothelial tubes, which together inhibit the progression of tumors.
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Cyclin G2

Cyclin G2 in tumor cells. Li et al'® found that cyclin G2
inhibits fibroblast growth factor receptor 1 (FGFR1) from
catalyzing tyrosine 10 (Y10) phosphorylation of lactate
dehydrogenase A (LDHA), thereby inhibiting glycolysis.
Tumor cells produce large amounts of lactic acid through
glycolysis. Thus, cyclin G2 in glioma cells inhibits glycolysis
in tumor cells, thereby reducing the production of lactic
acid. As reported, extracellular lactate can promote tumor
expansion and immune escape.’®?° That is, cyclin G2
overexpression can reverse the acidic immunosuppressive
TME. Lactic acid promotes the expression of nuclear factor
kappa-B (NF-kB), which is one of the major inducers of
forkhead box protein 3 (Foxp3) transcriptional activa-
tion.2""?2 Cyclin G2 reduces Foxp3 expression by inhibiting
lactate-induced NF-«kB pathway-mediated immune regula-
tion. Foxp3 is critical for the development of Tregs***** and
Tregs can induce cytotoxic T lymphocyte (CTL) dysfunction,
which is characterized by low expression of effector cyto-
kines and inefficient release of cytotoxic particles.?
Therefore, cyclin G2 overexpression leads to Treg
dysfunction and enhances the cytotoxicity of CTLs. In
addition, overexpressed cyclin G2 enhanced the inhibitory
effect of PD-1. Therefore, the efficacy of combined cyclin
G2 therapy can be improved in cases where immune
checkpoint blockade alone is ineffective.

Li et al'® reported that cyclin G2 inhibited the prolifer-
ation, migration, invasion, and glycolytic activity of glioma
cells and promoted their apoptosis, thus inhibiting tumor
growth and prolonging patient survival time (Fig. 1B).

Cyclin G2 in macrophages. In addition to the regulatory
effect of cyclin G2 in tumor cells on the TME, cyclin G2 in
macrophages can trigger CTL-mediated antitumor immu-
nity through interferon v (IFN-v) induction. Liu et al*® found
that INF-y could up-regulate cyclin G2 expression in mac-
rophages and that cyclin G2 could promote the antitumor
activity of M1 macrophages to inhibit tumor growth. Cyclin
G2 has been reported to interact with protein phosphatase
2 phosphatase activator (PP2Ac), affecting its
function.””~%° Liu et al’s’® immunoprecipitation results
showed that cyclin G2 and signal transduction and tran-
scription activator 1 (STAT1) both interact with PP2Ac after
IFN-y stimulation, forming a competitive binding interac-
tion. Up-regulated cyclin G2 can inhibit the interaction
between PP2Ac and STAT1, and the levels of p-STAT1 and
nuclear STAT1 are also increased, thereby promoting the
transport of STAT1 from the cytoplasm to the nucleus,
regulating the transcription of the STAT1 downstream gene
C-X-C motif chemokine ligand 9 (CXCL9), and increasing the
production and secretion of CXCL9 in macrophages. CXCL9
has been reported to play roles mainly in T-cell chemo-
attraction and blockade of angiogenesis.>’ Therefore, the
increase in cyclin G2 expression indirectly promotes the
chemotaxis of CTLs and inhibits the formation of vascular
endothelial tubes. CTLs are the main antitumor effector
cells, and blocking tumor angiogenesis inhibits the occur-
rence and development of tumors.*'

These findings suggested that macrophage cyclin G2
activated the IFN-y-STAT 1 signaling pathway, reshaping the
TME (Fig. 1C). Liu et al?® found that cyclin G2 inhibited

tumor development in both lung and colon cancer mouse
models.

The above studies on cyclin G2 have led researchers to
propose the idea of injecting lentiviral or cyclin G2 over-
expression construct preparations into the tumors of clin-
ical patients to overexpress cyclin G2 in cancer cells and
macrophages and then combining these interventions with
treatment with IFN-y or IFN-y and PD-1 inhibitors to inhibit
tumor growth. This approach could yield very substantial
therapeutic benefits.

Cyclin-dependent kinases (CDKs)

CDK1

During the cell cycle, there are two checkpoints that pre-
vent the repair of damaged DNA in cells to maintain
genomic integrity; between these checkpoints, tumor cells
are more dependent on the G2 checkpoint.®? Schmidt et al
reported that CDK1 participated in the G2-M phase tran-
sition.>> These reports suggest that CDK1-related specific
signaling pathways have great research value.

Xue et al** analyzed the gene expression data of lung
adenocarcinoma (LUAD) patients in the TCGA database and
found that the CDK1 expression level is higher in tumor
tissues than in normal tissues, and high CDK1 expression is
related to poor prognosis of LUAD patients. Moreover, the
tumor immune dysfunction and exclusion (TIDE) scores in
the high CDK1 expression group were higher than those in
the low expression group, suggesting that high CDK1
expression may reduce the efficacy of antitumor imm-
unotherapy.

To understand the mechanism of immune escape, Xue
et al** explored the relationship between CDK1 and
immunoregulatory factors and found that CDK1 and CXCL8
participate in the G2/M checkpoint, tumor proliferation,
EMT, and other pathways and that CDK1 may have a regu-
latory relationship with CXCL8. Single-cell analysis revealed
that CXCL8 is mainly expressed in macrophages, suggesting
that CXCL8 induces an immunosuppressive microenviron-
ment through macrophages, thereby promoting tumor
progression.>* It has been reported that CXCL8 may be a
mitotic target of the CDK1/CDC14b-USP9x-WT1 signaling
axis.>> Inhibition of CDK1 may inhibit the above signaling
axis, thereby inhibiting CXCL8-specific transcriptional
activation, reversing the macrophage-induced immuno-
suppressive microenvironment, and thereby inhibiting the
development and progression of lung adenocarcinoma
(Fig. 2A). CDK1 may be a new therapeutic target for
tumors.

CDK2

It has been reported that the CDK4/6 inhibitor palbociclib
can improve clinical treatment efficacy in advanced
ER* breast cancer.*® However, most triple-negative breast
cancers (TNBCs) are resistant to inhibition of CDK4/6, and
this resistance has been shown to be due to compensatory
up-regulation of other kinases, such as CDK2.?”*® There-
fore, CDK2 is a potential therapeutic target for TNBC. It has
been reported that CDK2 can bind to cyclin E to form a
complex to promote the G1-S transition in the cell cycle.*’
Currently, no selective CDK2 inhibitors have been
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Figure 2 The related mechanism by which CDK1, CDK2, and CDK5 in tumor cells regulate the tumor immune microenvironment.
(A) CDK1 is highly expressed in lung adenocarcinoma tumor tissue, and CDK1 expression is positively correlated with CXCL8
expression in macrophages, forming an immunosuppressive microenvironment through macrophages and thereby promoting tumor
progression. Inhibition of CDK1 down-regulates the transcriptional activation of CXCL8 and reverses the macrophage-induced
immunosuppressive microenvironment, thereby inhibiting tumor proliferation. (B) The level of the cyclin E/CDK2 complex is
increased in basal-like/TNBC cells, and SNS-032 has a potent inhibitory effect on CDK2. SNS-032 treatment can generate a large
amount of cell debris by killing tumor cells, thus promoting T lymphocyte recruitment and activating the immune system’s anti-
tumor surveillance arm. Further studies showed that SNS-032 could up-regulate the expression of PD-L1 in some surviving TNBC
cells. The combination of SNS-032 with avelumab can enhance the cytotoxicity of NK cells, thereby triggering NK cell-mediated
antibody-dependent cell-mediated cytotoxicity. (C) On the one hand, IFN-y stimulation of medulloblastoma cells can stimulate IRF-
1-driven PD-L1 transcription. On the other hand, IFN-y stimulates p35 expression, thereby increasing CDK5 activity. CDK5 can
reduce the abundance of the IRF2/IRF2BP2 inhibitor complex through the action of an unknown kinase, thereby relieving the
inhibition of PD-L1 transcription. Specific knockout of the CDK5 gene down-regulated the expression of PD-L1 in tumor cells,
increased the number of CD8* T cells in the microenvironment, and decreased the number of Tregs.

developed clinically, but promiscuous CDK inhibitors have
shown drug toxicity in early clinical trials.“> Cheung et al*’
tried to develop a better treatment strategy for TNBC by
combining lower doses of CDK2 inhibitors with other drugs.

Cheung et al found that*' the expression of the cyclin E/
CDK2 complex genes was up-regulated in basal-like/TNBC
cells and that these genes can be targeted in vivo and in
vitro with the pan-CDK inhibitor SNS-032. SNS-032 has a
strong inhibitory effect on CDK2, and it has a high affinity
for CDK2.%* SNS-032 treatment can result in the production
of a large amount of cell debris by killing tumor cells, thus
promoting the recruitment of lymphocytes and activating
the antitumor surveillance arm of the immune system.
Further studies have shown that SNS-032 could up-regulate
the expression of PD-L1 in some surviving TNBC cells.”’
Therefore, sequential therapy with SNS-032 and an anti-PD-
L1 antibody was performed and was found to inhibit tumor
growth significantly more potently, with more CD45% im-
mune cell infiltration, than SNS-032 monotherapy. On the
one hand, the high expression of PD-L1 in cancer cells

enhances the targeting of anti-PD-L1 antibodies. However,
Cheung et al*' demonstrated that an anti-PD-L1 antibody
(avelumab) could increase the cytotoxicity of NK cells,
thereby triggering NK cell-mediated antibody-dependent
cell-mediated cytotoxicity (ADCC) in cells with high PD-L1
expression, directly killing tumor cells. In addition, this
study found that a suboptimal dose of SNS-032 did not have
significant cytotoxic effects on mice, thus increasing the
antitumor research value of SNS-032 (Fig. 2B).

CDK5

CDK5 is critical for the development of the central ner-
vous system.’>** Dorand et al* observed that CDK5
expression was negatively associated with T-cell infiltra-
tion in human medulloblastoma (MB) and detected T-cell-
dependent rejection mechanisms in CDK5-deficient MB
cells. Further studies revealed that this tumor rejection
mechanism was dependent on CD4" T cells. Studies have
shown that CD4" T cells play an immune role through the
signaling factor IFN-y.“¢ IFN-y has been reported to induce
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p35 expression,*” resulting in increased CDK5 activity,

while PD-L1 expression is also induced by IFN-y via the
JAK/STAT1 signaling pathway,*® and the expression of PD-
1 and PD-L1 plays a key role in tumor immune escape.*”>>°
Therefore, researchers speculated that there might be a
correlation between CDK5 and PD-L1. Further studies
showed that the absence of CDK5 in MB cells inhibited the
expression of PD-L1 and that stimulation by IFN-y could
not reverse the inhibitory effect. Regarding the mecha-
nism, Dorand et al*® investigated the IFN-y signaling
pathway and found that the levels of the PD-L1 tran-
scription inhibitors interferon regulatory factor-2 (IRF2)
and IRF2BP2 were elevated in CDK5-deficient cells,
thereby inhibiting PD-L1 transcription. This may be
because CDK5 reduces the abundance of the IRF2/IRF2BP2
inhibitor complex through the action of an unknown ki-
nase. These results suggest that MB tumor cells are more
vulnerable to attack by the immune system in the absence
of CDK5 and that a large number of CD4" T cells infiltrate
the microenvironment, thus inhibiting the occurrence and
development of tumors (Fig. 2C).

In mouse models of melanoma and breast cancer, Dorand
et al*® found that specific knockout of the CDK5 gene in vivo
can down-regulate the expression of PD-L1 in tumor cells,
thus blocking immune checkpoints, enhancing the T-cell-
mediated immune response, increasing the number of CD8"
T cells, and decreasing the number of Tregs in the TME.

CDKé6
In recent years, the anti-tumor effect of CDK4/6 dual in-
hibitors has been confirmed in a variety of studies and
clinical trials, and we will also elaborate and discuss the
related contents below. However, the unique function of
CDK6 or CDK4 molecules is unknown. Through bioinfor-
matics analysis, Gao et al’' found that CDK6 is highly
expressed in melanoma and is related to the poor prognosis
of patients receiving immunotherapy. This suggests that
CDKé6 may affect tumor growth by regulating the TME. By
comparing the growth of melanoma or colorectal cancer
between CDK6 KO or cyclin D3 KO mice and WT mice, it was
found that the tumor growth of CDKé KO or cyclin D3 KO
mice was significantly inhibited. The authors conducted
parallel experiments on CDK4 KO mice and did not obtain
such positive results. They further compared the cell sub-
sets in the TME in mouse tumors and found that the
depletion of CDKé in the TME remodeled TIME and
increased the cytotoxicity of tumor-infiltrating T cells.
Among them, the production of the cytokines IFN-y and
granzyme B (Gzm B) increased significantly. If the CD8" or
CD4™ T cells in the tumor were depleted, the difference in
tumor growth between CDKé6 KO and WT mice would
disappear. Therefore, the authors then studied the specific
mechanism by which CDK6 regulates the activity of TILs.
Cyclin D3/CDK6 specifically phosphorylates T cell protein
tyrosine phosphatase (TCPTP) and PTP1B, and if CDKé6 is
degraded or inhibited in tumors, PTP1B and TCPTP are
inactivated to increase CD3¢ phosphorylation. Cluster of
differentiation 3 (CD3) is a T cell helper receptor that plays
an important role in activating T cells.”? As an important
part of the CD3 protein complex, increased phosphorylation
of CD3¢ can promote the activation of TILs and the

formation of memory T cells. Therefore, CDK6 inhibition or
degradation can reshape the TME and inhibit tumor devel-
opment (Fig. 3A). It is worth noting that among the above
pathways by which CDKé regulates the TME, PTP1B and
TCPTP are better therapeutic targets, and PTP inhibitors
are more effective in enhancing immunotherapy.

CDK7

Role of CDK7 in small cell lung cancer. CDK7 is a major
regulator of the cell cycle and gene transcription. Zhang et
al®* found that YKL-5-124 can block cell cycle progression in
small cell lung cancer (SCLC) by inhibiting the CDK-acti-
vated kinase (CAK) activity of CDK7. The authors®® further
investigated the effect of YKL-5-124 on the intrinsic im-
mune response in tumors and found that YKL-5-124 inhibi-
ted the assembly of the hexameric minichromosome
maintenance 2—7 (MCMS) complex in the DNA replication
initiation machinery, resulting in DNA replication defects
and stress, manifested by an increased level of YH2AX and
micronucleus formation. Micronucleus formation has been
reported to enhance the association between genomic
instability and immunity,®*> thus triggering the secretion
of a large number of inflammatory signaling factors and
chemokines, including TNF-o. pathway components and
CXCL10. TNF-o signaling plays an important role in the
recruitment, maturation, and activation of DCs,”® and
CXCL9/CXCL10 are involved in regulating T-cell recruitment
and activity.>” These cytokines secreted in the TME can in
turn activate the cytotoxic activity of CD8" T cells to play a
potent antitumor immune role, thus controlling tumors and
prolonging the survival of mice.

A further study®® found that the survival benefit of YKL-
5-124 combined with anti-PD1 therapy suggested that CDK7
combined with PD-1 inhibition may further change the
tumor immune environment to elicit the optimal immune
response. A significant increase in total CD4" T-cell infil-
tration was observed during combination therapy, with
Ki67+ CD4" and ICOS* CD4" T cells showing the most sig-
nificant increases. In addition, the CTL-mediated tumor cell
clearance ability was enhanced. In the TME, the best
antitumor effect can be achieved through the mutual
cooperation of DCs and T cells. CD4* T cells provide the key
input signals for DCs to transmit help signals and induce the
CD8" CTL response.”?

Zhang et al®® evaluated the number and functional ac-
tivity of tumor-infiltrating immune cells and demonstrated
that YKL-5-124 stimulates the activation of a powerful
antitumor immune program through cooperation among
DCs, effector CD4* T cells, and cytotoxic CD8" T cells. This
effect was further enhanced by the addition of PD-1
blockers (Fig. 3B).

Role of CDK7 in non-small cell lung cancer. Gene
expression is often dysregulated in cancer. The general
transcription factor TFIIH is a component of the RNA poly-
merase |l preinitiation complex and plays a key role in
transcriptional regulation.>® Targeted inhibition of CDK7, a
subunit of the TFIIH structure, is envisaged as a promising
treatment for cancer by scientists.

Wang et al®” found that CDK7 was highly expressed in
NSCLC tumor tissues and correlated with prognosis and that
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inactive if CDK6 is degraded or inhibited in tumors, leading to increased CD3¢ phosphorylation. As an important component of the
CD3 protein complex, increased CD3¢ phosphorylation can promote the activation of TlLs and the formation of memory T cells,
leading to an increase in the number of IFN-y and GzmB cytokines in the microenvironment. Therefore, CDKé inhibition or
degradation can reshape the tumor microenvironment and suppress tumor progression. (B) In small cell lung cancer, CDK7 inhibitor
(YKL-5-124) inhibits MCMS complex assembly, enabling the induction of DNA replication defects and stress, as indicated by elevated
YH2AX levels and increased micronucleus formation, which triggers the secretion of TNF-a, CXCL9/CXCL10, and other factors. YKL-
5-124 treatment elicits a robust antitumor immune program through cooperation among dendritic cells (DCs), CD4™ T cells, and
CD8 T cells. (C) In non-small cell lung cancer, a CDK7 inhibitor (THZ1) can down-regulate the expression of PD-1 and PD-L1 by
inhibiting the CDK7/p38a/MYC pathway, thereby enhancing antitumor immune responses. It can also inhibit extracellular lactate
release in NSCLC cells, which in turn inhibits PD-L1 expression. As a result, the number of tumor-infiltrating CD8" T cells increases,
the secretion of IFN-vy is increased, and anti-tumor immunity is enhanced. (D) High expression of CDK9 in tumor cells modulates the
CXCL12/CCL21/CXCR7 axis and thus participates in the formation of an immunosuppressive microenvironment, promotes the
depletion of CD8" T cells, and inhibits the infiltration of multiple types of immune cells.

the selective CDK7 inhibitor THZ1 promoted apoptosis in
NSCLC cells and inhibited tumor growth. GO analysis
revealed that the regulatory gene THZ1 was involved
mainly in the transcription process and that the THZ1-
regulated pathways were enriched mainly in the following
three subsystems®: the immune-related pathway, the
p38a-related pathway, and the MYC-related pathway.
Studies®® have shown that p38a regulates the MYC protein
level through the AP1-REGy-wnt/B-catenin pathway®' and
stabilizes MYC mRNA through tripeptide proline (TTP)
phosphorylation,®? and both p38s® and MYC®®®* are
involved in the remodeling of the TIME. These reports
suggest that the CDK7/p38a/MYC pathway may modulate
the TIME of NSCLC. A strong positive correlation between
the CDK7/p38a/MYC axis and tumor growth was found
through gene knockout verification, and this axis can affect
the proliferation of NSCLC cells. Studies have shown that

MYC inactivation can down-regulate the expression of PD-1
and PD-L1, thereby enhancing the antitumor immune
response.®* MYC is a major regulator of energy metabolism
in tumors. Tumor-derived lactic acid causes the up-regu-
lation of PD-L1 in lung cancer cells.®® Wang et al®” found
that THZ1 can inhibit extracellular lactic acid release in
NSCLC by inhibiting the MYC pathway, thus inhibiting the
expression of PD-L1.

Wang et al further investigated the changes in the TIME
after a combination treatment with THZ1 and anti-PD-1in a
mouse xenograft model established with Lewis lung cancer
cells and found that the expression of PD-L1 on the tumor
surface was decreased and that the number of tumor-
infiltrated CD8" T cells was increased. The combination
therapy also increased the number of CD45% immune cells
and the ratio of CD8" T cells to CD45* cells and increased
the secretion of IFN-y. Therefore, this finding suggests that
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THZ1 can enhance antitumor immunity against anti-PD-1
therapy by increasing the recruitment of CD8" T cells
(Fig. 3C).

CDK9

As mentioned earlier, the TME can be divided into cold and
hot states. Differences in both the number of infiltrated
immune cells in the TME and clinical outcomes have been
reported across colorectal cancer (CRC) patients receiving
pembrolizumab immunotherapy.®® Patients with microsat-
ellite instability-high (MSI-H) CRC exhibit significant levels
of mutant proteins in the TME after pembrolizumab treat-
ment, which promotes CD4" and CD8" T-cell infiltration by
stimulating the immune response.®” The efficacy of PD-1/
PD-L1 blockade in microsatellite-stable (MSS) CRC is poor,
and more therapeutic targets remain to be explored.®®~7°

CDK?9 is an important regulator of transcription elonga-
tion and is a promising therapeutic target for cancers
caused by transcriptional dysregulation.”"”? CRC is a type
of cancer caused by the up-regulation of transcription due
to APC/BRAF/Smad4 gene mutations.”>”’> Wang et al’®
found that high expression of CDK9 significantly shortened
the survival of colon cancer patients and that the number
of tumor-infiltrated CD8" T cells in the group with high
expression of CDK9 was significantly lower than that in the
group with low expression of CDK9.

The chemokine family is known to play a role in the
regulation of immune cell recruitment and migration. Re-
searchers’® found that CDK9 expression is associated with
lymphocyte migration mediated by CXCL12, C—C motif
chemokine ligand 21 (CCL21), and atypical chemokine re-
ceptor 3 (ACKR3; CXCR7) and is positively correlated with
CXCR7 expression. CXCL12 is secreted by fibroblasts and
reduces the numbers of tumor-infiltrating NK cells and
CD8" T cells.”””® In addition, CCL21 is involved in T-cell
migration and trafficking to secondary lymphoid organs.”®
CDK9 may participate in the CXCL12/CCL21/CXCR7 axis,
thus participating in shaping the immunosuppressive
microenvironment and affecting the migration of immune
cells, in turn inhibiting the infiltration of humerous immune
cells into the microenvironment (Fig. 3D).

Further studies’® have shown that CDK9 expression is
significantly positively correlated with that of genes related
to the depletion of CD8% T cells and that CDK9 may
participate in the immune escape of CRC by promoting the
depletion of CD8" T cells. In future studies, scientists can
explore the possible role of CDK9 inhibitors in prolonging
survival in patients with MSS CRC.

CDK20 (CCRK)

CDK20, or cell cycle-associated kinase (CCRK), is a new
member of the CDK family.? Zhou et al®' explored the
regulatory role of CDK20 in the hepatocellular carcinoma
(HCC) immune microenvironment and found that CDK20 can
up-regulate enhancer of zeste homolog 2 (EZH2) and then
phosphorylate the p65 subunit of NF-kB in HCC cells. By
promoting the binding of EZH2-NF-«B to the IL-6 promoter,
CDK20 increases the production of IL-6 and subsequently
induces the proliferation and accumulation of granulocytic

myelo-derived suppressor cells (PMN-MDSCs) in the TME.
Through analysis of clinical sample data of HCC patients, it
was found that the higher the expression of CDK20 and
MDSC markers (CD11b/CD33), the lower the survival rate of
patients. MDSCs are the main barrier to antitumor immunity
in human HCC,%27® mediating amino acid deprivation
through the expression of arginase |, producing oxidative
stress, and inducing the production of other immunosup-
pressive cells, such as TAMs and Tregs, thereby inhibiting
CD8* T-cell proliferation and function.®> That is, MDSCs
have robust T-cell—immunosuppressive activity, thus pro-
moting the occurrence and development of HCC.

Further studies®' showed that knockout of CDK20 in HCC
tumors could up-regulate the expression of PD-L1 and
significantly increase the infiltration of IFN-y* TNF-o." CD8*
T cells into the tumor. Therefore, scientists proposed that
the combination of blocking CDK20 and PD-L1 is a possible
effective approach for the radical treatment of large liver
cancer. CDK20 has become a new target in HCC therapy,
and the inhibition of CDK20 can result in the formation of
an immunosuppressive microenvironment to elicit anti-
tumor immunity (Fig. 4A).

Combined blockade with CDK inhibitors

CDK1/2/5

Immune checkpoint inhibition therapy has been shown to
be very effective in tumor suppression, but some tumors,
especially “cold” tumors, do not respond to this type of
immunotherapy.2® This lack of response may be caused by
adaptive resistance mediated by IFN-y production by T or
NK cells attempting to attack tumor cells.?” To improve the
prognosis of pancreatic ductal adenocarcinoma (PDAC)
patients, Huang et al®® developed strategies to counteract
IFN-y-mediated adaptive immune resistance.

By screening protease inhibitor libraries, researchers
found that dinaciclib effectively blocks the expression of
IFN-y-induced immune checkpoints (IDO1 and PD-L1) in
CFPAC1 cells, whereas simultaneous deletion of CDK1/2/5
mimics the effect of dinaciclib. Combined inhibition of
dinaciclib or CDK1/2/5 prevents IFN-y-induced phosphory-
lation of JUN at Ser63 and Ser73, abolishing JUN binding to
the STAT1 promoter and thereby inhibiting the expression
of the STAT1-dependent immune checkpoints IDO1 and PD-
L1. Through further research, Huang et al®® showed that
IFN-y/dinaciclib can induce histone H3- and H4-dependent
immunogenic cell death (ICD) in tumor cells and that IDO1
expression can negatively regulate translocation-related or
damage-related molecular pattern (DAMP) release during
apoptotic death. The results of in vivo experiments in mice
also showed that IFN-y/dinaciclib combination treatment
can induce ICD.

By establishing multiple animal models of pancreatic
cancer, Huang et al®® found that dinaciclib combined with
IFN-y significantly reduced tumor weight and prolonged
survival in mice. In addition to the decreased expression of
IDO1 and PD-L1, this therapeutic effect was associated with
increased infiltration and activation of CD8" T cells in the
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Figure 4 The related mechanisms by which CDK20 inhibition, dinaciclib treatment or CDK1/2/5 inhibition, and treatment with a
CDK12/13-specific inhibitor (SR-4835) regulate the tumor immune microenvironment. (A) CDK20 increases IL-6 production by
promoting the binding of the EZH2-NF-kB complex to the IL-6 promoter, induces the expansion and accumulation of MDSCs, and
shapes the immunosuppressive microenvironment. Knockout of CDK20 up-regulates PD-L1 expression and significantly increases
IFN-y" TNF-o" CD8" T-cell infiltration into the tumor. (B) Combined inhibition of CDK1/2/5 or dinaciclib prevents IFN-y-induced
phosphorylation of JUN, abolishing JUN binding to the STAT1 promoter and thereby inhibiting the expression of the STAT1-
dependent IDO1 and PD-L1 immune checkpoints. IFN-y/dinaciclib can induce immunogenic cell death (ICD), which converts an
immune “cold” TME into a "hot” TME. (C) Treatment of breast cancer cells with the CDK12/13 inhibitor SR-4835 increased CRT
levels on the cell surface, sending an “eat me” signal, whereas ATP levels increased, emitting a “find me” signal. This indicates that
SR-4835 induces ICD. Additionally, it triggered an ER stress response, increasing elF2« and IRE1 phosphorylation. Combined
treatment with SR-4835 and an anti-PD-1 antibody improved the infiltration and activation of CD4*" T cells, CD8" T cells, and DCs in

the microenvironment.

TME. The increased production of Th1 (e.g., IFN-y, TNF, and
IL2) cytokine mRNAs and decreased production of Th2 (e.g.,
IL4, IL5, and IL13) cytokine mRNAs indicated increased
expression of proinflammatory cytokines in the tumor.

In conclusion, IFN-y combined with dinaciclib promotes
an effective antitumor immune response, converting an
immune “cold” TME into a “hot” TME (Fig. 4B). This
approach not only overcomes IFN-y-mediated immune
checkpoint expression but also leads to immunogenic
apoptotic cell death, the expression of proinflammatory
cytokines within the tumor, and the infiltration of CD8"
cytotoxic T lymphocytes.

CDK4/6

More studies have been conducted on the correlation be-
tween CDK4/6 inhibitors than on that between other CDK
inhibitors and the TME. Regarding the studies of CDK4/6,
Liu et al®® provided a more detailed summary and discus-
sion. Here, we only discuss several main mechanisms by

which CDK4/6 inhibitors regulate the TME. Scientists have
demonstrated that CDK4/6 inhibition (CDK4/6i) alone or in
combination with other drugs has a significant effect on
improving the immune efficacy of tumors. CDK4/6 inhibi-
tion regulates the TME mainly by influencing factors such as
tumor-secreted cytokines, major histocompatibility com-
plex-1 (MHC-I), the number and activity of T-cell sub-
populations, as determined by an immunoassay of NK cells,
and investigation of the senescence-associated secretory
phenotype (SASP).

CDK4/6 inhibitors increase the ability of tumor cells to
express antigens (MHC 1). Goel et al®® constructed a
transgenic mouse model of breast cancer MMTV-RTTA/Teto-
HER?2 to evaluate the effect of CDK4/6 inhibition on breast
cancer and found that abemaciclib could effectively induce
tumor regression. Further studies showed that abemaciclib
could up-regulate genes involved in antigen processing and
presentation as well as related peptide antigens and that
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the expression of 2 microglobulin and MHC class | molec-
ular proteins on the surface of breast cancer cells was also
increased. These results suggest that CDK4/6i enhances
tumor antigen presentation. Next, these scientists investi-
gated the mechanism by which CDK4/6 inhibition increases
antigen presentation.

In mammals, the DNA methyltransferase 1 gene (DNMT1)
is the main target gene of E2F. Dysregulation of the cell
cycle in cancer cells leads to overactivity of E2F, which
increases DNMT1 gene expression.”’ In breast cancer cell
lines, CDK4/6 inhibitors inhibit DNMTL gene expression via
the RB-E2F pathway. Inhibition of DNMT1 reduces endoge-
nous retroviral gene (ERV) methylation and induces “viral
mimicry” and double-stranded RNA (dsRNA) responses. In
turn, it stimulates the production of type Ill interferons.®?
Goel et al®® observed up-regulated expression of IFN-sen-
sitive transcription factors and genes in breast cancer cell
lines treated with abemaciclib, indicating that IFN-driven
transcriptional programs are up-regulated (Fig. 5A). This

A Abemaciclib

tumor cell

may be the reason for the enhanced antigen-presenting
ability of tumor cells.

CDK4/6 inhibitors regulate the number and activity of T-
cell subsets

CDK4/6 inhibitors inhibited the proliferation of
Tregs. As previously described, Goel et al*® treated breast
cancer cell lines with abemaciclib, enhancing the antigen-
presenting ability of tumor cells and thereby promoting the
proliferation and activation of CD8" T cells. Flow cyto-
metric analysis of tumor samples showed a significant in-
crease in the CD3% T cell population and a significant
decrease in the Treg population. Abemaciclib inhibited
DNMT1 expression in Tregs, resulting in hypomethylation of
the CDKN1A promoter, which increased the expression of
p21. As a negative cell cycle control protein, p21 induced
G1 arrest in Tregs,” thus reducing the number of Tregs.
Tregs are a subgroup of inhibitory T cells that can inhibit
the proliferation of effector T cells by promoting the
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The related mechanism by which CDK4/6 inhibitors regulate the tumor immune microenvironment. (A) The CDK4/6

inhibitor abemaciclib reduces DNMT1 gene expression via the RB-E2F pathway, leading to decreased ERV methylation and the
activation of “viral mimicry” responses. This stimulates type Il interferon production, up-regulates the expression of IFN-sensitive
genes and enhances antigen presentation in tumor cells. Consequently, CD8" T cells are activated and proliferate, while Tregs are
significantly reduced in the tumor microenvironment. (B) Knockout of CDK6 increased the nuclear NFAT4 level in tumor cells,
thereby increasing IL-2 production and T-cell activation. Treatment with palbociclib or trilaciclib increased the levels of Th1 cy-
tokines (CXCL9, CXCL10, IFN-v, IL-16, and CXCL16), improving CTL chemotaxis to tumors. CDK4/6 inhibitors activated CTL/Th1
responses, and the cytotoxicity of CTLs toward tumor cells was enhanced. (C) Combination treatment with trametinib and pal-
bociclib can induce the secretion of SASP factors by tumor cells through the NF-xB pathway, which promotes the recruitment and
activation of NK cells and stimulates the immune surveillance of NK cells in Kras mutant lung cancer. In Kras mutant pancreatic
ductal adenocarcinoma, SASP induction can lead to multiple vascular remodeling events and the activation of vascular endothelial
cells, increase vascular permeability and perfusion, and increase the sensitivity of tumor cells to gemcitabine. Moreover, the
number and activity of CD8" T cells are increased in tumor tissues, but these cells rapidly become exhausted after infiltration into
the tumor. Combined anti-PD-1 therapy can reawaken T cells and trigger antitumor immunity.
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depletion of CTLs, thus participating in immune escape in
some tumors.”® Intratumoral CD8" T cells in abemaciclib-
treated mice showed significantly reduced expression of
PD-1, T-cell immunoglobulin domain and mucin domain-3
(TIM-3), cytolytic T lymphocyte-associated antigen-4
(CTLA-4), and lymphocyte-activation gene 3 (LAG3), which
are markers commonly indicative of T-cell failure.”

In other words, these studies suggest that CDK4/6 in-
hibitors play an antitumor role by inhibiting DNMT1
expression in Tregs, inhibiting Treg proliferation, and
reducing CTL depletion (Fig. 5A).

CDK4/6 inhibitors enhance T-cell recruitment and
activation. Through undifferentiated screening of small
molecules, Deng et al’® determined that CDK4/6 inhibitors
are a class of compounds that can increase the production
of interleukin-2 (IL-2), which is a substitute marker for T-
cell activation. Regarding CDK4/6, the knockdown of CDKé
plays a leading role in enhancing IL-2 secretion. These
scientists”> next explored the mechanistic role of CDK4/6
inhibitors. Evidence shows that nuclear factor of activated
T cells (NFAT) family proteins are essential for T-cell acti-
vation and IL-2 transcriptional regulation.’® Moreover, a
recent biochemical screen showed that NFAT4 was a sub-
strate for CDK4/6.°” Deng et al found that CDK6 is the up-
stream kinase of NFAT. Inhibition of CDK4/6 can increase
the level of nuclear NFAT4 and the transcriptional activity
of NFAT, thus enhancing the activation of T cells in vitro
and playing a role in antitumor immunity.

By constructing a new organotype tumor spheroidal
culture system in vitro, researchers found that the levels of
Th1 cytokines such as CXCL9, CXCL10, IFN-y, IL-16, and
CXCL16 were increased after treatment with palbociclib or
trilaciclib.®® These results suggest that CDK4/6i may acti-
vate the CTL/Th1 response and enhance the cytotoxicity of
CTLs in tumor cells (Fig. 5B).

Next, these authors®® constructed a genetically engi-
neered mouse model of human non-small cell lung cancer
(NSCLC) for in vivo study. After palbociclib or trilaciclib
treatment, the infiltration of CD4" T cells and CD8* T cells
into lung tumors increased. In addition, the levels of the
Th1 chemokines CXCL9 and CXCL10, which can control CTL
chemotaxis to the tumor site, were elevated.’®°° Further-
more, CDK4/6 inhibitors enhance the efficacy of immune
checkpoint blockade therapy. These results suggest a
strong link between CDK4/6 inhibitors and immunotherapy.

CDK4/6 inhibitors combined with MEK inhibitors induce
SASP component production. SASP components, a group
of proinflammatory and proangiogenic factors secreted by
senescent cells, can affect a variety of cell types in the
tumor environment.'®'%" To date, most drugs have had
poor therapeutic effects on Kras mutant tumors.

Ruscetti et al'% constructed a model of Kras mutant lung
cancer in immunodeficient mice by combining a MAPK ki-
nase inhibitor (trametinib) with a CDK4/6 inhibitor (palbo-
ciclib) to inhibit the proliferation of Kras mutant lung
cancer cells and found that tumor growth was significantly
inhibited in these mice. It was found that this combination
therapy inhibited the expression of cell proliferation genes
and induced the secretion of SASP factors in tumor cells.
These up-regulated SASP factors included chemokines that

are involved mainly in NK cell recruitment and cytokines
that promote NK cell proliferation and activation. Inter-
cellular adhesion molecule-1 (ICAM-1) and natural killer
group 2 member D (NKG2D) ligands (ULBP2 and MICA) were
also induced. On the one hand, this combination therapy
led to increases in the number and activity of NK cells in the
lungs of tumor-bearing mice. On the other hand, studies
have shown that NK cell ligands can activate NK cytotox-
icity and tumor cell targeting.'®*'%* These results suggest
that trametinib/palbociclib therapy may promote immune
surveillance by NK cells by activating SASP programs.
Further studies found that the main SASP components
dependent on such immune surveillance are tumor necrosis
factor o (TNF-o) and ICAM-1. Thus, trametinib/palbociclib
therapy can control tumors through noncellular autono-
mous mechanisms involving NK cell surveillance (Fig. 5C).

PDAC is an immunologically cold tumor with a
dysfunctional vascular system, and the delivery of drugs to
the tumor is blocked.'®'% Two years later, Ruscetti et
al'”” constructed a Kras mutant PDAC mouse model in
which trametinib/palbociclib treatment resulted in mul-
tiple vascular remodeling, activation of vascular endo-
thelial cells, and enhanced vascular permeability and
perfusion, which were also induced by SASP activation.
Gemcitabine is one of the first-line therapies for patients
with pancreatic cancer. Trametinib/palbociclib/gemcita-
bine combination therapy enhanced the uptake and ac-
tivity of gemcitabine. Moreover, after trametinib/
palbociclib treatment for 2 weeks, the number and ac-
tivity of CD8" T cells in tumor tissues increased, and the
expression of TNF-o. and IFN-yincreased. However, Rus-
cetti et al'”” found that CD8" T cells isolated from tra-
metinib/palbociclib-treated tissues were rapidly depleted
after infiltration into the tumor. Nevertheless, trametinib/
palbociclib treatment could be combined with immune
checkpoint blockade therapy to reawaken T cells and
trigger antitumor immunity. That is, the SASP activated by
age-induced therapy can reverse the "cold” TME of PDAC,
thereby improving the therapeutic efficacy of immune
checkpoint blockade therapy (Fig. 5C).

CDK12/13
In recent years, immune checkpoint blockade therapy in
combination with small molecule drug therapy, especially
the evaluation of combination therapies with CDK in-
hibitors, has become a promising area of research.'®

Li et al'” treated 4T1, T47D, and MDA-MB-231 cells with
the CDK12/13-specific inhibitor SR-4835 and reported a dose-
dependent increase in the level of calreticulin (CRT) on the
surface of cancer cells, and exposure to CRT increased cell
immunogenicity.''® CRTsends an “eat me” DAMP signal on the
cell surface, triggering antigen-presenting cell (APC)-medi-
ated recognition, phagocytosis, and processing of tumor
cells.""" Simultaneously, the level of ATP outside the tumor
cells is elevated, and the appearance of extracellular ATP
elicits the emission of a "find me” DAMP signal, promoting the
participation and activation of APCs.''? In addition, the
expression of high mobility group box 1 (HMGB1) in 4T1 cells
treated with SR-4835 was increased. These results suggest
that the CDK12/13-specific inhibitor SR-4835 can induce ICD in
breast cancer cells (Fig. 4C).
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The endoplasmic reticulum (ER) plays an important role
in the intracellular signaling pathway that induces ICD.""* Li
et al'” further found that SR-4835 can initiate the ER stress
response; for example, eukaryotic translation factor
(elF2a), a marker protein of ICD, exhibited increased
phosphorylation at Ser51, which initiates the ER stress
response. The phosphorylation of inositol-requiring enzyme
1 (IRE1), another ER protein in the ER stress-sensing
pathway, is also increased, and p-PERK and BIP levels are
increased. SR-4835-treated 4T1, T47D, and MDA-MB-
231 cells exhibited a significantly decreased level of glucose
transporter 3 (GLUT3), resulting in decreased glucose up-
take. ER processes depend on external energy sources
produced via glycolysis or oxidative phosphorylation,’'* and
decreased glucose uptake leads to ATP secretion, which
induces endoplasmic stress responses. DCs have been re-
ported to play an important role in the recognition of I1CD-
associated DAMPs and subsequent tumor antigen uptake
and presentation.’” Through coculture experiments, Li et
al'® found that SR-4835 promotes DC activation in tumors
and that the phagocytosis of SR-4835-treated tumor cells by
DCs is increased.

Researchers'”® subsequently explored the efficacy of SR-
4835 treatment in combination with anti-PD-1 therapy. The
number of CD4* and CD8™" T cells and the expression of tumor-
infiltrating T-cell activation markers (CD69™ and CD44™) were
increased after the combination therapy compared with after
SR-4835 monotherapy. CD8" T cells showed an increased
ability to produce the cytokines Gzm B. In addition, the infil-
tration and activation of DCs are enhanced. The results of this
study suggest that the combination of immune checkpoint
blockade and ICD inducers is effective in treating tumors that
respond relatively poorly to immunotherapy, such as triple-
negative breast cancer.

Negative regulatory proteins

CDK is a key protein in the cell cycle regulation system.
Negative regulatory proteins act mainly by inhibiting CDKs
or cyclin-CDK complexes. Therefore, there are a few
studies on correlations between negative cell cycle regu-
latory proteins and the TIME. In this review, the relevant
studies on negative regulatory proteins mainly focus on p21
and p16, and a few other studies exist.

p21

LincRNA-p21 reverses the TAM phenotype in the breast

cancer microenvironment

Zhou et al''® detected the infiltration of macrophages by
constructing a model in MMTV-PYVT transgenic mice and
found that lincRNA-p21 was significantly up-regulated in
TAMs. SiRNA was used to down-regulate the expression of
lincRNA-p21, and fluorescence in situ hybridization (FISH)
probes were used to label lincRNA-p21. Zhou et al'"® found
that the knockdown of lincRNA-p21 in TAMs may promote the
activation of murine double minute2 (MDM2)-antagonistic
p53 and activate the NF-kB and STAT3 signaling pathways.
Previous studies have shown that the activation of NF-«xB and
STAT3 promotes the polarization of macrophages toward the

M1 phenotype.'"” Therefore, the TAM phenotype in the TME
is reversed; that is, the proportion of M1 macrophages in-
creases to produce TNF-a to kill tumor cells and exert anti-
tumor effects. TAMs with down-regulated lincRNA-p21 can
promote apoptosis in tumor cells and inhibit the prolifera-
tion, migration, and invasion of cancer cells, thus sup-
pressing the development of breast cancer (Fig. 6A).

Therefore, lincRNA-p21 is an important regulator of TAM
function in the TME and a novel therapeutic target for
cancers characterized by macrophage infiltration.

p21 sets a biological timer for stressed cells

When each type of cell in humans is subjected to various
types of stress, some types will recover a normal phenotype
through autonomous adaptation or repair mechanisms.''®
However, severe or chronic stress can lead to senescence or
death in some types of cells.""”'?° Cell senescence is
characterized by induced expression of p21, and cells
permanently exit the cell cycle, thus limiting the risk of
malignant transformation.'?’"'?? Therefore, Sturmlechner
et al'?® explored the antitumor properties of senescent
cells at the molecular mechanistic level.

Researchers'”® found that superenhancer-linked tran-
scription of p21 in senescent cells is up-regulated. On the
one hand, p21 can continuously inhibit the transcription of
E2F target genes through the hypophosphorylation of Rb'**
to prevent cell cycle reentry in senescent cells, thus
inducing cell proliferation arrest. On the other hand,
hypophosphorylated Rb binds to specific small mothesr
against decapentaplegic (SMAD) and STAT transcription
factors (TFs) to produce a p21-activated secretory pheno-
type (PASP) with multiple biological functions.

These PASPs are mainly involved in cell migration/
adhesion and the immune system. CXCL14 is one of the up-
regulated PASP factors that can place stressed cells under
immune surveillance by attracting macrophages. Further
study found that p21 sets a biological timer by recruiting
macrophages for a four-day transition to damage repair or
stress adaptation. If stressed cells regain normal p21
expression within four days, the normal cell cycle can be
reinstated. If stressed cells still overexpress p21 after four
days, the immune system transitions from the surveillance
mode to the clearance mode, and macrophages become
polarized toward the M1 phenotype. Moreover, a large
number of killer lymphocytes are recruited to regions
around liver cells with high p21 expression, and they work
together to eliminate these stressed cells that cannot be
restored to a normal phenotype.

These results indicate that p21 induces both cell prolifer-
ation arrest and immune surveillance functions (Fig. 6B). p21
can effectively reduce the risk of stressed cells transforming
into tumor cells.

p21 affects tumor stiffness through CAFs

An association between collagen metabolism and tumor
progression has been reported.'? p21 deficiency promotes
inflammation and fibrosis of the lungs in patients with a
variety of diseases, including idiopathic pulmonary fibrosis
(IPF) and lung cancer.'?® Therefore, Chen et al'?” explored
the biochemical properties of collagen crosslinking in lung
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Figure 6 The related mechanism by which p21 regulates the tumor immune microenvironment. (A) Knockdown of lincRNA-p21 in

TAMs may promote the activation of MDM2 to antagonize p53 expression and thus activate the NF-«B and STAT3 signaling pathways.
The polarization of macrophages toward the M1 phenotype is promoted, and these macrophages then produce TNF-a. to kill tumor
cells and play an antitumor role. (B) High expression of p21 in normal cells during the cell cycle causes Rb to be hypophosphorylated
after stress exposure, allowing it to bind to SMAD and STAT TFs, which produces SASP factors. Up-regulated CXCL14 attracts
macrophages for immune surveillance. Normalizing p21 expression within four days restores the cell cycle, but sustained high p21
levels lead to elimination by M1 macrophages and CTLs, reducing the risk of malignant transformation in stressed cells. (C) p21
defects in tumor cells can stimulate CAFs to secrete factors that activate STAT3 signaling, which binds to HIF-1a to up-regulate LH2
expression in tumor cells. LH2 induces a transition in the main types of collagen crosslinking to high Hylald-derived collagen
crosslinks and low Lysald-derived collagen crosslinks, qualitatively affecting fibrous and interstitial tissues in tumors and thereby

enhancing tumor invasion.

cancer by constructing a model of metastatic Kras®'?°-

expressing lung cancer in p21“P1"WAF1_deficient (KC) mice.

These scientists'?’ found that p21 deficiency promotes in-
vasion and metastasis in mice with Kras mutant LUAD. CAFs in
the lung cancer microenvironment of KC mice were cocul-
tured with A549 cells, and these CAFs were found to increase
the expression of endogenous lysyl hydroxylase 2 (LH2) in
A549 cells. CAFs can secrete a variety of cytokines, chemo-
kines, and growth factors to activate signaling via STAT3,
which can bind to HIF-1a2 and form a complex that binds to the
promoter of endogenous LH2, thereby up-regulating the
expression of LH2. Researchers'?’ further investigated the
function of LH2 as a collagen-modifying enzyme and found
that LH2 induced the transition of the main types of collagen
crosslinks to high Hylald-derived collagen crosslinks (HLCCs)
and low Lysald-derived collagen crosslinks (LCCs). The total
amount of collagen crosslinking also increased, qualitatively
affecting fibrogenesis and stromal tissue.

This conversion enhances the stiffness of the tumor,
which is conducive to the invasion and metastasis of tumor
cells. Although p21 defects do not directly affect collagen
crosslinking, they can indirectly affect collagen-type trans-
formation through CAF-mediated up-regulation of LH2
expression. CAFs are also major contributors to collagen

128,129

production in epithelial tumors."° In conclusion, these find-
ings suggest that p21 defects result in up-regulated expression
of LH2 and can affect the regulation of the physical parame-
ters of the lung cancer microenvironment, thus promoting
tumor development (Fig. 6C).

p16

Macrophages and endothelial cells with high expression
of p16™%2 promote the occurrence and development of
tumors

In recent years, a large number of studies have shown that
cellular senescence is closely related to important patho-
logical processes, such as tumorigenesis and aging.'?%'3!
Therefore, p16™K* is widely considered to be an alterna-
tive marker of cellular aging in vivo. Cells expressing

p16™%“ have been observed to accumulate during
aging.132’133
Haston et al'** investigated the role of cells expressing

p16™%42 in the mouse NSCLC TME and the effect of these
cells on tumor development. The researchers generated
KraSG12D/+;p16FDR/+;RosaZéloxP—STOP-loxP-YFP/+ triple hetero-
zygous mice (referred to as KY-FDR mice). In these mice,
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Kras-transformed tumor cells were labeled with YFP, and
p16™%4a_expressing cells were labeled with mCherry. The
results showed that almost all p16™K*-positive cells colo-
calized with mCherry expression. Approximately eight
weeks after tumor induction in KY-FDR mice, analysis of the
mouse lung cell population showed that most of the cells
expressing p16™%42 were nontumor cells in the lung TME
that exhibited characteristics of cellular senescence.
Among these cells, macrophages and endothelial cells are
the main types of senescent cells. However, only macro-
phages showed a unique SASP secretion signature. Re-
searchers found that as tumors develop or the mouse
tissues and organs age, the proportion of senescent mac-
rophages expressing p16"™*® increases significantly.

Cells expressing p16™K* including macrophages and
endothelial cells, were ablated in tumor-bearing mice via
DT and ABT-737. In the treatment group, the tumor burden
was significantly reduced, the lung tumor proliferation
index was significantly decreased, and the survival of the
mice was prolonged. In the TME, the proportions of CD4"
and CD8" T lymphocytes are significantly increased, the
number of Tregs is reduced, and normal endovascular for-
mation is disrupted. A similar conclusion was obtained in
human NSCLC lung cancer specimens, where the expression
of aging markers was associated with the early (precan-
cerous) stage of lung tumorigenesis. This study suggests

macrophages, play an important role in the development of
lung tumors (Fig. 7A).

Tissue-resident alveolar macrophages (AMs) with high
expression of p16'™“*? and CXCR1 promote the
occurrence and development of tumors

In addition, Prieto et al'*® conducted a similar study by
establishing a mouse model of Kras-driven spontaneous lung
tumors. Analysis of lung lesions in 8-week-old mice showed
that age-related markers were significantly up-regulated in
tumor tissues, the expression levels of p21°P" and p16™K
were increased, and the production of proinflammatory
SASP factors was also significantly increased in lung tumor
mice. This suggests that senescent cells accumulate in Kras
lung lesions early during tumorigenesis. Senescent cells
expressing p16 are involved in the formation of early tumor
lesions. Therefore, scientists'*>> believe that eliminating
p16-expressing cells early during tumor development may
inhibit tumor progression. Further investigation of the se-
nescent cell types generated during Kras-induced adenoma
formation revealed that tissue-resident AMs accounted for
the highest proportion of senescent cells and exhibited the
highest levels of p16 expression. Functional analysis of cells
in this group revealed that the AM subset was positive for
both markers, SigleC-F and CXCR1. CXCR1 is a chemokine
receptor with a high affinity for IL-8, which mediates im-
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Figure 7 The related mechanism by which p16 regulates the tumor immune microenvironment. (A) In Kras-driven lung cancer,
senescent alveolar macrophages and endothelial cells accumulate early in the tumor, but only macrophages display a unique

signature of secreted SASP factors. Ablation of p16'NK42

-expressing cells in tumor-bearing mice treated with DT or ABT-737

significantly increased the proportion of CD4" and CD8* T lymphocytes in the TME, reduced the number of Tregs, abolished normal
tumor angiogenesis, and inhibited tumor growth. (B) In Kras-driven lung cancer, senescent alveolar macrophages accumulate early
in the tumor, showing increased p16™¥“® and CXCR1 expression, and they inhibit CTL responses. Removing these macrophages or
knocking out the p16 gene reduces CXCR1 levels, leading to increased CTL accumulation in the microenvironment and the inhibition

of tumor progression.



Table 1  Different cell cycle proteins regulate the immune microenvironment of different tumor types.
Protein Regulated Regulated Tumor type Mechanism® Reference
(Therapeutic immune cell  biochemical
target) component
Cyclin J Macrophage  IL6, Intestinal tumor e LPS—cyclin J1 — p-FoxK1—glycolysis genes| HIF-1a.| — macrophages| (nucleus) 11
CXCL1, IFN-B, e LPS—cyclin J1 — p-Drp1 — mtROS 1 — macrophages| (mitochondria)
IL-10
Cyclin G2 Treg, CTL TNF-a, Glioma e cyclin G2—FGFR1| — p-LDHA — glycolysis | — lactic acid| -»TNF-at IFN-yt TGF-B| 18
IFN-v, TGF-B, IL-10| /NF-xB pathwayt — Tregs | CTLs 1
IL-10
CTL, VEC CXCL9 Lung cancer/ e INF-y—cyclin G21 — PP2Ac- STAT1— nuclear STAT11 —CXCL91 —CTLst vascular 26
colorectal cancer endothelial tube |
CDK1 Macrophage  CXCL8 LUAD e CDK11 — CXCL81 — macrophages? 34
CDK2 T cell, PD-L1 TNBC e CDK2i (SNS-032) — cell debris—T lymphocytes 41
NK cell e SNS-032-+avelumab— NK cellt —ADCC?
CDK5 CD8" Tcell, PD-L1 MB e CDK5i— an unknown kinase —IRF2/IRF2BP21 —PD-L1| —CD8" T cells? Tregs| 45
Treg
CDK6? CD4" T cell, IFN- vy, granzyme B Melanoma e CDK6/cyclin D3i— p-PTP1B/p-TCPTP | —CD3¢t —CD4"/CD8* T cellst 51
CD8" T cell
CDK7 DC, TNF-o,, CXCL9/CXCL10 SCLC e CDK7i (YKL-5-124)— MCMS complex| —yH2AXt micronucleust — TNF-o1CXCL9/ 53
CD4" T cell, CXCL101 — cooperation (DCs, CD4" T cells and CD8* T cells)t
CD8" T cell
CD8* T cell IFN-v, NSCLC e CDK7i(THZ1)— CDK7/p38a./MYC | —PD-1/PD-L1| —CD8" T cellst IFN-y1 59
PD-1/PD-L1
CDK9 CD8" T cell CXCL12/CCL21/CXCR7 MSS CRC e CDK91 —CXCL12/CCL21/CXCR7—CD8* T cells| 76
CDK20 MDSC, CD8" T IL-6, HCC e CDK201 —EZH2-NF-kB-IL-61 —MDSCs 1 81
cell IFN-v, TNF-a, e CDK20i—PD-L11 —IFN-y* TNF-o." CD8" T-cells?
PD-L1
CDK1/2/5 CTL IFN-v, PDAC e CDK1/2/5i(dinaciclib) —IFN-y/JUN/p-STAT1| —IDO1| PD-L1| 88
PD-L1 e IFN-y/dinaciclib — ICD — DAMPs — CTLs 1
CDK4/6 CD8" Tcell, Type lll Breast cancer e CDK4/6i (abemaciclib) — RB-E2F —DNMT1 | —type Ill IFNT — APt —CTLs?t Tregs| 90
Treg IFN(IL-29, IL-28a, IL-
28b)
T cell Th1 cytokines (CXCL9/ NSCLC e CDK6i— the nuclear NFAT4 levelt —IL-2 —T-cellt 95
CXCL10, IFN-vy, e CDK4/6i (palbociclib or trilaciclib) —Th1 cytokinest —CTL/Th1 response 1
IL-16,
CXCL16)
NK cell SASP factors Kras mutant lung e CDK4/6i (palbociclib) + MAPKi — NF-kB pathway — SASP factorst — NK cells?t 102
cancer
VEC, SASP factors Kras mutant PDAC e CDK4/6i (palbociclib) + MAPKi — NF-«xB pathway— SASP factorst — VECs 1 107
CD8™ T cell o CDK4/6i + MAPKi + anti-PD-1 therapy— CD8" T cells?
CDK12/13 CD4* T cell, Granzyme B Breast cancer e CDK12/13i (SR-4835) — CRTt HMGB11 —ICD 109
CD8" T cell, e SR-4835 —GLUT3 | —»ATP | — the ER stress response (p-elF2« and p-IRE1)1 —DCs

(continued on next page)
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Table 1 (continued)

Reference

Mechanism®

Tumor type

Regulated

Regulated

Protein

biochemical
component

immune cell

(Therapeutic
target)

e SR-4835/anti-PD-1 antibody —CD4™" T cellstCD8™ T cells? DCs1

DC

e lincRNA-p21 | - MDM2 1 — p53 | — NF-kB/STAT3 — macrophages — TNF-a 116

Breast cancer

TNF-o.

Macrophage
(M1, M2)

p21

e p211t —Rb hypophosphorylated — SMAD/STAT — SASP(CXCL14)t —M1 macrophages/ 123

Liver cancer

CXCL14

Macrophage

(M1)

CTLs?
e p21| —CAFs—STAT3/HIF-1e—LH21 —HLCCs? LCCs |

127
134

Lung cancer

Lung

CAF

o DT/ABT-737 —p16™K4 | . CD4"/CD8" T cellt Tregs| tumor angiogenesis |

SASP factors

CD4™ T cell,

p16

Cancer

CD8" T cell,
Treg
CTL

135

o p16INK4a l"AMSCXCR14highl4’CTLST

@ Cell cycle proteins themselves are potential targets for tumor therapy. However, in the regulatory mechanism of CDK6, PTP1B and TCPTP are more effective therapeutic targets.

b In the "Mechanism” column of the table, the drugs marked in bold are those developed against therapeutic targets of cell cycle proteins themselves.

Lung cancer

CXCR1

signature can be used as a marker to identify senescent AMs
and other macrophages. This population accumulates in the
tissues and organs of mice as they age, and they are sen-
sitive to senescence-clearing strategies. These findings are
consistent with the characteristics of senescent cells.”*” In
the process of tumor development, if these senescent AM
subsets were removed or p16 was knocked out in these
cells, the number of CXCR1-high macrophages would be
significantly decreased, and a large number of CTLs would
accumulate in the microenvironment, thereby inhibiting
tumor progression.

In conclusion, Prieto et al’s'* findings suggest that
specific subpopulations of tissue-resident macrophages
(those with high expression of CXCR1 and p16™%*?) exhibit
senescent and tumor-promoting properties and can pro-
mote tumorigenesis by altering the TME, suggesting that
interventions targeting senescent macrophages may slow
the progression of lung cancer in the early stages of the
disease (Fig. 7B). This study also confirmed previous
conclusions.

Discussion

In recent years, there have been an increasing number of
studies on the TIME. The TIME is a very complex environ-
ment that plays an important regulatory role in the occur-
rence and development of tumors. However, we found that
in the past five years, a large number of studies have
explored the effects of cell cycle proteins on the occur-
rence and development of tumors via the regulation of the
TIME. In other words, a large amount of evidence supports
the hypothesis that cell cycle programs in tumors can elicit
antitumor immunity by regulating tumor cells, immune
cells, stromal cells, and some cytokines secreted by these
cells in the microenvironment, and this finding provides a
new target for some tumors that have a poor clinical
response to chemotherapy or immunotherapy, especially
those of the immune desert type. This review mainly
summarizes and discusses the relevant researches from the
following aspects.

Cell cycle proteins and TIME regulation

Cell cycle regulation is a very complex process, with
different proteins playing a role in different cell cycles. On
the basis of the classification of cyclins, we studied
the immunoregulatory effect of each protein on the TME
(Table 1). The role of positive regulatory proteins is rela-
tively simple. Among these roles, the overexpression of
cyclin J and cyclin G2 inhibits the occurrence and devel-
opment of tumors, whereas the inhibition of CDK1/2/4/5/
6/7/9/12/13/20 alone or in combination leads to the inhi-
bition of tumor occurrence and development. There are a
few studies on the correlations between negative regula-
tory proteins and the TIME, most of which have focused on
p21 and p16, but the related mechanism is complex. In
breast cancer, the down-regulation of lincRNA-p21 in TAMs
inhibits the proliferation of tumor cells. In lung cancer, p21
defects in tumor cells can result in regulatory effects on the
physical parameters of the lung cancer microenvironment,
thereby promoting tumor development. p21 also provides a
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biological timer for stressed cells, reducing their risk of
malignant transformation. However, in the Kras-driven lung
cancer mouse model, the number of senescent AMs with
high p16™¥42 expression would be increased, and the sur-
vival of the mice would be prolonged if these senescent
macrophages were eliminated or the p16 gene was knocked
out in these cells. All of these cell cycle proteins regulate
tumor growth by driving immune cells or stromal cells to
convert the TME into “cold” tumors that favor tumor cell
growth or *hot” tumors that inhibit tumor growth.

Mechanisms of action

Inhibition or overexpression of different cell cycle proteins
can regulate the TME through different pathways. For
example, scientists'%” have found that the regulation of cell
cycle proteins can remodel blood vessels in PDAC and
activate vascular endothelial cells, thereby increasing the
accessibility of drugs such as gemcitabine to tumors. This
effect is achieved mainly via the regulation of vascular
endothelial cells in the microenvironment by inhibiting
CDK4/6. Defects in p21 can result in increased tumor
stiffness by regulating fibroblasts and qualitatively
affecting fiber formation in the microenvironment, thus
promoting tumor invasion and metastasis.'”” These regu-
latory effects on the TIME are achieved through stromal
cells. In fact, by regulating immune cells in the microen-
vironment, most regulatory proteins increase the number
and activity of immune cells that have killing effects and
auxiliary killing effects on immune cold tumors to convert
*cold” tumors into "hot” tumors and better play a role in
antitumor immunity. This regulatory mechanism is more
extensive. It was concluded that the regulated immune

cells mainly included CTLs, Tregs, macrophages, NK cells,
CD4" T cells, DCs, and MDSCs, encompassing most immune
cells in the TME (Fig. 8). Notably it is still worth investi-
gating whether other types of immune cells or cell cycle
regulatory proteins influence antitumor immunity through
other pathways, and we anticipate the emergence of more
effective immunotherapeutic targets.

Therapeutic implications

On the one hand, scientists have developed specific drugs
as inhibitors for some CDKs. This review mentioned pan-
CDK2 inhibitors (SNS-032), CDK4/6 inhibitors (abemaciclib,
palbociclib, and trilaciclib), CDK7 inhibitors (YKL-5-124,
THZ1), CDK12/13 inhibitors (SR-4835) and CDK1/2/5 in-
hibitors (dinaciclib). Among these inhibitors, CDK4/6 in-
hibitors have been applied in clinical treatment and have
achieved sound effects. Palbociclib, for example, entered
the market in the US in 2015 and is used to treat advanced
ER*/HER2-postmenopausal breast cancer. This is the first
CDK4/6 inhibitor to enter the market. Palbociclib can
double the progression-free survival time of patients with
breast cancer compared with letrozole and is a new hope
for breast cancer patients. These results indicate that
cyclin regulation has a good effect on inhibiting tumor
occurrence and development. On the other hand, tumor
monotherapy is known to be very limited and prone to drug
resistance, so immunosuppressive therapy is generally
combined with other chemotherapies or targeted thera-
pies. Here, we found that the overexpression or inhibition
of cell cycle proteins in combination with treatment with
other inhibitors could have a greater effect than either
approach alone on tumor regression and prolonged survival

CyclinJ
T T DC
Macrophage p35/CDK5 CDK12
Cyclin G2
Cyclin CDK13
D/CDK4/6
p16
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Figure 8

Mechanistic network diagram of the interaction between cell cycle proteins and immune cells in the tumor immune

microenvironment. The yellow boxes represent immune cells, and the pink boxes represent various cell cycle proteins. The light
blue solid lines indicate a certain regulatory relationship between cell cycle proteins and specific immune cells. The specific
regulatory mechanisms are detailed in Figure 1—7. The intersecting part of the solid line has no point of intersection, indicating
that the intersecting solid line has no redundant divergent connection but only a direct connection.
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in tumor-bearing mice. Inhibition of most CDKs can affect
PD-1 or PD-L1 protein expression; thus, the combination of
CDK inhibitors and immune checkpoint inhibitors has a
potent effect on antitumor immunity. In particular, the
combination of CDK4/6 and MEK inhibitors induced the
production of SASP factors, constituting effective progress
in the immunotherapy of Kras mutant tumors.

In the future, scientists should increase their focus on
exploring protein targets involved in the cell cycle and
developing effective drugs. The mechanisms by which cell
cycle proteins regulate the TIME need to be elucidated
more deeply.
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