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CDK4/6 Inhibition Induces CD8* T Cell Antitumor
Immunity via MIF-Induced Functional Orchestration of

Tumor-Associated Macrophages

Lin He, Yuzhong Peng, Lat-lun Leong, Jingbo Zhou, Dongyang Tang, Weilu Wang,
Xiaoran Wu, Josh haipeng Lei, Yongqin Ye, Yangyang Feng, Yunfeng Qiao, Xiangpeng Chu,
Di Mu, Qi Zhao, Tzuming Liu, Yan Chen, Paul Kwonghang Tam,* and Chu-Xia Deng*

Cyclin-dependent kinases 4 and 6 (CDK4/6) regulate cell cycle progression
from the G, to S phase. Recently, CDK4/6 inhibition (CDK4/6i) is
demonstrated to enhance antitumor immunity, as evidenced by increased
tumor infiltration of CD8" T cells; however, the mechanism underlying this
phenomenon remains unclear. This study reveals that CDK4/6i enhances
intratumoral CD8* T cell infiltration in breast tumors through functional
reprogramming of tumor-associated macrophages (TAMs), facilitating indirect
interactions between tumor and CD8™ T cells. Mechanistically, CDK4/6i
enhances the accumulation and activation of M1 TAMs and promotes the M2
to M1 polarization via augmented interaction of the macrophage migration
inhibitory factor (MIF)-CD44/CD74 axis between tumor cells and
macrophages. CDK4/6i drives tumor cells to secrete MIF by activating the
HIF-1a pathway. CDK4/6i-trained M1 TAMs increase the population of CD8*
T cells and activate them through the MHC-I antigen presentation machinery.
Inhibition of MIF or loss of Mifin tumor cells reverses the
immunostimulatory effects of CDK4/6i on macrophages and subsequent
CD8* T cell antitumor immunity. Therefore, CDK4/6i-trained M1 TAM
supernatant therapy surmounts the immunosuppressive tumor
microenvironment and induces a tumor response to low-dose PD-1 immune
checkpoint blockade therapy in breast cancers.

1. Introduction

Cell cycle dysregulation is a hallmark
of carcinogenesis.['?! Cyclin-dependent ki-
nases 4 and 6 (CDK4/6) control cell cy-
cle progression from the G; phase to the
S phase. The CDK4/6 activity is exempli-
fied by hyperphosphorylation of retinoblas-
toma protein (Rb) and the resultant acti-
vation of the central E2F transcription fac-
tor, which drives cell cycle progression.®!
CDK4/6 inhibition restrains this path-
way and induces tumor cell cycle ar-
rest at the G, phase.[! Four CDK4/6 in-
hibitors (CDK4/6i)—palbociclib, ribociclib,
abemaciclib, and trilaciclib—have been ap-
proved by the U.S. Food and Drug Admin-
istration (FDA) for cancer therapeutics. Pal-
bociclib, ribociclib, and abemaciclib are ad-
ministered for the treatment of advanced lu-
minal human epidermal growth factor re-
ceptor 2 (HER2)-negative breast cancers,
whereas trilaciclib is specifically used to
prevent chemotherapy-induced damage to
normal bone marrow cells in patients
with small cell lung cancer.>] Notably,
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CDK4/6i not only displays tumoricidal activity but also regulates
immune cells within the tumor ecosystem.>~!

The tumor immune microenvironment (TIME) plays a crucial
role in controlling cancer activity. Escape from immune surveil-
lance is another hallmark of cancer.['? Programmed cell death
protein 1 (PD-1) is a coinhibitory receptor on CD8* T cells. PD-1
immune checkpoint blockade (ICB) has emerged as a standard-
of-care treatment for various advanced solid tumors; however
it has an objective response rate of only 14.2%-33%.!1-13] No-
tably, the overwhelming majority of patients who benefit from
this treatment experience lasting tumor regression and a signif-
icant prolongation of overall survival.'*1¢! Therefore, combin-
ing therapies that potentiate CD8% T cell activation with PD-
1 ICB therapy may maximize the benefits for cancer patients.
Alterations in the CDK4/6 pathway are related to acquired re-
sistance to ICB.['] CDK4/6i enhances antitumor immunity via
several mechanisms: 1) increased tumor infiltration of CD8* T
cells®18-201; 2) activation of CD8* T cellsl*>821821l; 3) enhanced
proliferation kinetics of CD8* T cells>??]; and 4) remodeling of
the TIME.['*%] The synergistic effect of the CDK4/6i and PD-
1 ICB combination has been demonstrated in many preclinical
cancer models, resulting in tumor shrinkage and significantly en-
hanced overall survival.[*1920.24-26] However, the precise mecha-
nisms by which CDK4/6i invokes the proliferation and activation
of CD8* T cells remain unclear.

Macrophages exhibit significant plasticity, which is essen-
tial for responding to pathogenic cues and maintaining tissue
homeostasis.””] Within the tumor microenvironment (TME),
tumor-associated macrophages (TAMs) interact with multiple
cell types, including tumor cells, T cells, and fibroblasts, ul-
timately promoting tumor growth and immune escape. How-
ever, in the initial stages, TAMs play two crucial roles in
dampening tumor development—eliminating malignant cells
via phagocytosis and amplifying inflammatory signals to ini-
tiate systemic immune responses. Damage-associated molecu-
lar patterns (DAMPs) produced by damaged cells are detected
by pattern-recognition receptors (PRRs) on macrophages.?!
The binding of PRRs to DAMPs activates inflammatory re-
sponses and recruits adaptive immune cells. Conversely, the
rapid replication and apoptosis of tumor cells continuously
release DAMPs, triggering chronic inflammation and pro-
moting tumor progression.?? Notably, tumor cells exploit
the proinflammatory functions of macrophages by produc-
ing macrophage polarization-related hematopoietic growth fac-
tors, such as granulocyte-macrophage colony-stimulating factors
(GM-CSFs/CSF-2) and macrophage colony-stimulating factors
(M-CSFs/CSF-1).13% TAMs elicit CD8* T cell antitumor immu-
nity via two main functions—the release of neoantigens and cy-
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tokines and presentation of antigens on the macrophage surface
for recognition by the T cell receptor on CD8* T cells.

In this study, we utilized breast tumor mouse models, as well
as murine and human breast tumor slices, to investigate the un-
derlying mechanisms. We found that CDK4/6i enhanced the pro-
liferation of intratumoral macrophages and CD8* T cells through
a tumor cell-macrophage-CD8" T cell loop. CDK4/6i prompted
tumor cells to release macrophage migration inhibitory factor
(MIF), which induced the functional reprogramming of TAMs.
The MIF-induced M1 TAMs activated CD8" T cell-dependent an-
titumor immunity via the MHC-I antigen presentation machin-
ery. A similar enhancement of CD8* T cell antitumor immunity
was observed with CDK4/6i-trained M1 TAM supernatant ther-
apy. Our findings reveal that this supernatant pretreatment en-
hances a tumor response to low-dose PD-1 ICB therapy in breast
tumors, presenting a novel therapeutic approach to boost cancer
immunotherapy.

2. Results

2.1. CDK4/6i Increases Intratumoral Macrophage and CD8* T
Cell Populations and the M1/M2 Ratio

Two murine breast cancer cell lines, HP5712 and 4T1, were used
to study the responses to the CDK4/6 inhibitors abemaciclib
and palbociclib (Figure S1A, Supporting Information). Both in-
hibitors induced dose-dependent cytotoxicity and tumor cell ar-
rest at the G, phase (Figure S1A-C, Supporting Information).
We then investigated the effect of abemaciclib on orthotopi-
cally implanted tumors by injecting HP5712 cells into the mam-
mary gland of FVB mice, which resulted in a significantly re-
duced tumor volume (Figure S1D-E, Supporting Information).
Notably, RNA-seq analysis revealed 54 upregulated genes that
served as common regulators in immunocompetent mice im-
planted with 4T1 and HP5712 tumors (Figure 1a). The GO anal-
ysis of these upregulated genes showed that the top 10 can-
didate pathways were involved in T cell selection, T cell dif-
ferentiation, T cell activation, and lymphocyte differentiation
(Figure 1D). Consistently, the Kyoto encyclopedia of genes and
genomes (KEGG) analysis indicated that these genes were pri-
marily enriched in T cell activation and macrophage reprogram-
ming pathways (Figure 1c). Flow cytometric analysis showed
that abemaciclib significantly increased the population of in-
tratumoral lymphocytes, macrophages, M1 macrophages (i.e.,
CD867CD206'), and CD8* T cells, while decreasing the popula-
tion of M2 macrophages (i.e., CD206*CD86’), thereby increas-
ing the M1/M2 ratio in HP5712 and 4T1 tumors (Figure 1d-f;
Figure S1F-G, Supporting Information). However, in spleens
from Balb/c mice with 4T1 tumors, the GSEA and GO terms of
abemaciclib-upregulated genes were only enriched for canonical
pathways, such as G, /S cell cycle regulation and mitotic G,/S
transition (Figure S1H,1, Supporting Information). Flow cytom-
etry analysis indicated that abemaciclib markedly decreased the
population of both M1 and M2 macrophages and did not al-
ter the total populations of macrophages and CD8" T cells, or
the M1/M2 ratio (Figure S1J-K, Supporting Information). These
findings indicated that CDK4/6i increases the accumulation of
intratumoral macrophages and CD8" T cells and converts TAMs
into an immunostimulatory state.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

8518017 SUOWILIOD A0 3|l dde 8Ly Aq peusenob ke sajolfe YO '8sN JO S9INJ 0§ kg1 8UIIUO A8 |1 UO (SUOIPUOD-PUR-SLLIBYWIOD"AB | 1M ARIq 1 BU1|UO//SdNL) SUORIPUOD pue Swie | 8U388S *[5202Z/TT/20] Uo AriqiTauliuo &I Mede JO Aisienun Aq 0EETTSZ0Z SAPR/Z00T OT/I0P/Wo A8 | IMAleiq 1 pul|uo’peoUeApe//Sdiy WOy pepeojumod ‘0 ‘v¥8s86T2


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED AD\Q%‘I%E(?E

SCIENCE NEWS
www.advancedsciencenews.com www.advancedscience.com

Figure 1. CDK4/6 inhibition increases the intratumoral macrophage and CD8* T cell populations. a—c). Schematic for Venn diagram a), top 10 gene
ontology (GO) terms b), and top 10 Kyoto encyclopedia of genes and genomes (KEGG) terms c) enriched for common abemaciclib-upregulated genes
in Balb/c mice orthotopically implanted with 4T1 cells and FVB mice orthotopically implanted with HP5712 cells (n = 3, for each). d,e) Intratumoral
macrophages d), M1 and M2 phenotypes, and fold changes in the M1/M2 ratio €) in Balb/c mice orthotopically injected 4T1 cells after 10 days of control
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To further support our findings, single-cell RNA sequencing
(scRNA-seq) was performed on Balb/c mice implanted with 4T1
tumors with or without abemaciclib treatment. The scRNA-seq
GO analyses of abemaciclib-upregulated genes in tumor cells,
M1 macrophages, and CD8* T cells revealed involvement in in-
flammatory response and cell—cell adhesion (Figure S2A-E, Sup-
porting Information). Notably, the scRNA-seq data revealed an
increased M1/M2 ratio, a higher proportion of CD8" T cells, and
a lower proportion of CD4* T cells following abemaciclib treat-
ment (Figure 1g-h).

Next, we utilized a 3D tumor slice culture (3D-TSC)
platform[®132] to determine whether CDK4/6i could increase
the number of intratumoral macrophages and CD8" T cells
ex vivo (Figure S3A, Supporting Information). 3D immunoflu-
orescence (3D-IF) microscopy revealed a significant increase in
macrophage and CD8* T cell accumulation, accompanied by a
significant decrease in the neighborhood distance between CD8*
T cells in 4T1 tumor slices following in vivo treatment with abe-
maciclib (Figure 1i; Figure S3B, Supporting Information). Ex vivo
treatment with abemaciclib also increased the number of total
lymphocytes, CD3* T cells, and CD8* T cells, but did not change
the CD4* T cell population (Figure S3C,D, Supporting Informa-
tion). Previous evidence suggests that CD28, in conjunction with
the T cell antigen receptor, can initiate the proliferation and ac-
tivation of T cells.[**] Ex vivo treatment with abemaciclib signifi-
cantly increased CD28 expression on the surface of CD8% T cells
in tumor slices, supporting the expansion of CD8" T cells by
CDK4/6i (Figure S3E, Supporting Information). Notably, ex vivo
treatment with abemaciclib in human luminal HER2-negative
and triple-negative breast cancer (INBC) tumor slices resulted
in increased accumulation of macrophages, CD8* T cells, and
M1 macrophages; an increased CD86/CD206 ratio; a decreased
neighborhood distance among CD8* T cells; and an increased
neighborhood distance of M2 macrophages (Figure 1j-1; Figure
S3F-G, Supporting Information).

To determine the dynamic changes in macrophages follow-
ing CDK4/6i treatment, we used albino B6 (C2])/LysM-GFP
micel® orthotopically implanted with the mesenchymal-like
murine breast adenocarcinoma Py8119 tumors. The Py8119 tu-
mor slices were harvested for ex vivo treatment with abemaciclib
(Figure S4A, Supporting Information). The GFP intensity, rep-
resenting macrophages, became more pronounced after 3 days
of treatment and continued to increase until day 5, even after
drug removal, indicating an immune-like macrophage memory.
On day 8, the GFP intensity remained significantly higher in the
abemaciclib treatment group compared with that in the control

www.advancedscience.com

drug-free group (Figure S4A,B, Supporting Information). Next,
we investigated whether the increase in macrophages induced
by CDK4/6i was tumor-dependent. RAW264.7 cells and polar-
ized RAW264.7 M1 macrophages were viably labeled with CFSE
and treated with abemaciclib for 2, 5, and 7 days. The CFSE
fluorescence in the abemaciclib group was significantly higher
than that in the control group, indicating reduced proliferation
of macrophages and M1 phenotypes following CDK4/6i treat-
ment (Figure S4C,D, Supporting Information). Using tumor-free
albino B6 (C2])/LysM-GFP mice-derived kidney and liver slices,
the abemaciclib group was not found to exhibit any increase in
the GFP intensity compared with that in the control group, even
after 5 days of treatment (Figure S4E,F, Supporting Information).
Therefore, CDK4/6i induced an immune-like macrophage mem-
ory specific to the TME.

2.2. CDK4/6i Enhances Intratumoral Macrophage and CD8* T
Cell Accumulation Through the Tumor Cell-Macrophage-CD8* T
Cell Loop

We investigated whether CDK4/6i increased the population of
intratumoral macrophages and CD8" T cells individually or
through their immunoregulatory interactions. After CD8" T
cell depletion in Balb/c mice orthotopically injected 4T1 cells,
macrophage populations were still expanded by abemaciclib
treatment in tumors but not in the spleen (Figure 2a—c; Figure
S5A,B, Supporting Information). Similarly, abemaciclib treat-
ment remarkably increased the macrophage population in im-
munodeficient mice implanted with 4T1 tumors (Figure 2d). In
a previous study, CD8" T cells were reported to be important for
the in vivo tumor-killing effect of CDK4/6i°. Indeed, we observed
a significant reduction in tumor volume control with abemaciclib
treatment following CD8" T cell depletion in immunocompetent
mice implanted with 4T1 tumors (Figure 2e). Next, we treated
spleen-isolated naive CD8" T cells from FVB mice with an anti-
CD8 antibody (10 pg mL~!) and found that CD8a expression was
completely lost in these cells (Figure S5C, Supporting Informa-
tion). The CD8" T cell populations were also markedly depleted
by 10 ug mL~! of anti-CD8 antibody after 2 days of treatment of
the 4T1 tumor slices (Figure S5D, Supporting Information). The
antitumor activity of abemaciclib in immunocompetent mice im-
planted with HP5712 and 4T1 tumor slices was significantly re-
duced after the removal of CD8" T cells (Figure S5E, Support-
ing Information). Additionally, macrophages were expanded by
abemaciclib in both types of tumor slices following CD8" T cell

or abemaciclib treatment (n = 10, for each). f) Representative FACS plots and quantification of intratumoral CD8* T cells in immunocompetent mice
orthotopically injected HP5712 (upper) and 4T1 (lower) cells after 10 days of control or abemaciclib treatment (n = 10, for each). g) Uniform manifold
approximation and projection of cell type annotation for Balb/c mice orthotopically injected 4T1 cells. h) Quantification of macrophage subtypes and
T cell subtypes from Balb/c mice orthotopically injected 4T1 cells after control or abemaciclib treatment. i) Representative 3D-immunofluorescence
(3D-IF) images, quantification of F4/80-positive (green) and CD8a-positive (red) cells, and analysis of the mean minimal distance of CD8a-positive
cells in 4T1 tumors after control or abemaciclib in vivo treatment (3 areas x 3 samples, for each); scale bar = 100 um. j) Representative 3D-IF images,
quantification of F4/80-positive (green) and CD8a-positive (red) cells, and analysis of the mean minimal distance of CD8a-positive cells in human TNBC
tumor slices after 5 days of control or abemaciclib ex vivo treatment (3 areas x 3 samples, for each); scale bar = 100 um. k,|) Representative 3D-IF images
of CD86 (red) and CD206 (green) expression, quantification of CD86-positive cells and CD86/CD206 ratio, and analysis of the mean minimal distance
of CD206-positive cells in human luminal breast cancers k) and TNBC |) after 5 days of control or abemaciclib ex vivo treatment (3 areas x 3 samples,
for each); scale bar = 100 um. p-values are calculated using unpaired two-tailed t-test (d—f, i-l). Data presented as mean + SD. *p < 0.05; “*p < 0.07;
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Figure 2. CDK4/6 inhibition expands the intratumoral CD8* T-cell population via the tumor cell-macrophage-CD8* T cell loop. a—c) Workflow a), and
intratumoral CD8" T cell b) and macrophage c) populations from Balb/c mice orthotopically injected 4T1 cells after IgG or anti-CD8 depletion plus
control or abemaciclib treatment (n = 6, for each). d) Intratumoral macrophage population from nude mice orthotopically injected 4T1 cells after 10
days of control or abemaciclib treatment (n = 12, for each). e) Changes in tumor volume in Balb/c mice orthotopically injected 4T1 cells after I1gG plus
abemaciclib or anti-CD8 plus abemaciclib in vivo treatment (n = 6, for each). f,g) Representative images of tumors f) and changes in tumor volume
g) in FVB mice orthotopically injected HP5712 cells after encapsome or clodrosome treatment (n = 6, for each). h—-k) Workflow h), comparison of
tumor volume i), and intratumoral macrophage j) and CD8* T cell k) populations in FVB mice orthotopically injected HP5712 cells after encapsome
or clodrosome pretreatment plus control or abemaciclib treatment (n = 10, for each). I) Schematic of the tumor cell, macrophage, and CD8" T cell
interaction loop after abemaciclib treatment. P-values are calculated using one-way ANOVA corrected for multiple comparisons b,c, i—k), or unpaired
two-tailed t-test d,e,g). Data presented as mean + SD. ns, p > 0.05; “p < 0.05; ““p < 0.07; “*p < 0.0001.
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depletion (Figure S5F, Supporting Information). These data indi-
cated that CD8* T cells are key components for the tumor-killing
effects but not for the increased intratumoral accumulation of
macrophages induced by CDK4/6i.

Next, we investigated the variation in the number of in-
tratumoral CD8" T cells following CDK4/6i treatment after
macrophage removal by clodrosome, which has been demon-
strated to effectively deplete macrophages in mouse models
in vivo;®®! the treatment did not reduce the tumor volume of
4T1 tumors (Figure 2f,g). Of note, the reduction in volume of
HP5712 tumors by abemaciclib was significantly reversed by
macrophage removal (Figure 2h,i), highlighting the key role
played by macrophages in breast cancers subjected to CDK4/6i
treatment. After macrophage depletion, abemaciclib failed to in-
crease the intratumoral macrophage and CD8" T cell popula-
tions (Figure 2j,k). Furthermore, we found that clodrosome (0.25
mg/ml) effectively killed macrophages with low cytotoxicity to
HP5712 and 4T1 cells (Figure S5G, Supporting Information).
Consistent with in vivo findings, abemaciclib treatment did not
expand CD8* T cells in tumor slices after macrophage deple-
tion (Figure S5H, Supporting Information). Collectively, these
findings indicated that CDK4/6i treatment increases the popu-
lation of intratumoral CD8* T cells via pre-stimulation of TAMs
(Figure 21).

2.3. CDK4/6i Promotes the Proliferation and Activation of TAMs,
and the M2 to M1 Polarization

As CDK4/6i induces cell cycle arrest at the G,/S transition,
treating macrophages with abemaciclib alone should decrease
their proliferation potential. We treated FVB mice bone marrow-
derived M1 (BM-M1) and M2 (BM-M2) macrophages with abe-
maciclib and observed a significant reduction in macrophage ex-
pansion (Figure S6A-C, Supporting Information). We harvested
supernatants from abemaciclib-treated tumor cells to stimulate
FVB mouse BM-M1 and BM-M2 macrophages and could still
find attenuated differentiation of macrophages (Figure 6D-E;
Figure S6A, Supporting Information). These data indicated that
the promotion of macrophage expansion by CDK4/6i treatment
may be dependent on the TME.

To determine whether CDK4/6i functionally reprograms
TAMs through direct contact or by soluble factors between tu-
mor cells and macrophages, we designed three different types
of in vitro coculture models: pretreatment, con-treatment, and
Transwell models (Figure 3a). Abemaciclib significantly en-
hanced the proliferation of both FVB mouse BM-M1 and BM-
M2 macrophages in all the coculture models (Figure 3b-f).
To determine whether this was an “on-target” effect, we used
another CDK4/6i, palbociclib, to treat Balb/c mouse BM-M1
macrophages and FVB mouse BM-M2 macrophages in the con-
treatment model. Palbociclib also increased the proliferation of
both BM-M1 and BM-M2 macrophages, corroborating our find-
ings (Figure S6F-G, Supporting Information).

It was, however, intriguing that CDK4/6i treatment also in-
creased the proliferation of M2 macrophages in these cocul-
ture models. We hypothesized that CDK4/6i might first po-
larize M2 to M1 macrophages prior to expansion. Abemaci-
clib significantly enhanced intratumoral CD86" macrophages
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in both nude mice orthotopically implanted with 4T1 tumors
and Balb/c mice orthotopically implanted with 4T1 tumors fol-
lowed by CD8" T cell depletion (Figure 3g,h). The scRNA-seq
of 4T1 tumors indicated that abemaciclib treatment triggered
the polarization of M2 to M1 macrophages (Figure 3i). Addi-
tionally, abemaciclib treatment significantly increased CD86 ex-
pression on Balb/c mouse BM-M2 macrophages but decreased
CD206 expression on Balb/c mouse BM-M1 macrophages in
the con-treatment model (Figure 3jk). Notably, the enhanced
CD86 expression on FVB mouse BM-M2 macrophages treated
with abemaciclib was gradually reduced with the increased ra-
tio of M2 macrophages in the con-treatment model (Figure
S6H, Supporting Information), indicating polarization in a
ratio-dependent manner. Abemaciclib-proliferated Balb/c mouse
BM-M2 macrophages in the con-treatment model belonged
to the CD86"CFSE quadrant, that is, they were expanded
M1 macrophages (Figure 31), implying that CDK4/6i-induced
expansion of M2 macrophages required polarization to M1
macrophages. To corroborate our findings, we used HP5712 and
FVB mouse BM-M2 macrophages in the Transwell model and
found that abemaciclib dramatically enhanced the percentage of
CD86"CD206" macrophages, CD86*CD206™ macrophages, and
the CD86/CD206 ratio (Figure 3m). These data indicated that
CDK4/6i does not directly induce M2 macrophage proliferation
but rather polarized M2 to M1 macrophages toward further ex-
pansion.

Next, we investigated the activation status of M1 TAMs follow-
ing CDK4/6i treatment. Consistently, abemaciclib significantly
increased the TNFa levels in both FVB mice and Balb/c mouse
BM-M1 macrophages in the con-treatment model (Figure 3n;
Figure S6I, Supporting Information). The expression of MPO,
a marker of macrophage activation, 3¢ was also elevated in FVB
mouse BM-M1 macrophages treated with abemaciclib in the
Transwell model (Figure 30). TCGA analysis of breast cancers re-
vealed significantly lower expression of biomarkers for M2 TAMs
(CD163 and CLEC7A) but higher MPO expression in patients
with low G, /S transition activity (i.e., inhibited CDK4/6 activ-
ity) compared with that in patients with high G, /S transition ac-
tivity (i.e., enhanced CDK4/6 activity) (Figure 3p). Collectively,
these findings indicated that CDK4/6i-treated tumor cells trigger
an immunostimulatory functional reprogramming of TAMs via
both cell—cell interactions and tumor-derived soluble proteins.

2.4. CDK4/6i-Trained M1 TAMs Trigger CD8* T Cell Antitumor
Immunity

As the terminal fate of CDK4/6i-treated M2 TAMs was polariza-
tion into M1 phenotypes, we hypothesized that M1 macrophages
play a key role in mediating the tumor cell-macrophage-CD8*
T cell loop. We sought to determine whether tumor cells cocul-
tured with M1 macrophages treated with CDK4/6i could increase
the proliferation and activation of CD8" T cells. We designed an
in vitro coculture system wherein tumor cells and macrophages
were cocultured together for 2 days with CDK4/6i treatment.
Given the demonstrated immune-like macrophage memory in-
duced by CDK4/6i, we removed CDK4/6i on day 2 and directly
added CD8" T cells to the plate for an additional 4 days of co-
culture (Figure 4a). Flow cytometry analysis indicated that abe-
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Figure 3. CDK4/6 inhibition enhances the immunostimulatory functionality of TAMs. a) Three different coculture models for detecting macrophage
proliferation and activation potential. b,c) Quantification of the proliferation potential of FVB mouse bone marrow-derived M1 (BM-M1) macrophages
cocultured with HP5712 after control or abemaciclib treatment in the pretreatment (b; n = 6, for each) or con-treatment (c; n = 6, for each) model.
d) Representative images and quantification of Ki-67 expression (red) in FVB mouse BM-M1 macrophages cocultured with HP5712 after control or
abemaciclib treatment in the Transwell model (5 areas x 3 samples, for each); scale bar = 100 um. e,f) Representative FACS plots and quantification of
the proliferation potential of FVB mouse BM-M2 macrophages cocultured with HP5712 after control or abemaciclib treatment in the pretreatment (e;
n = 6, for each) or con-treatment (f; n = 6, for each) model. g) Intratumoral CD86" macrophage populations from nude mice orthotopically injected
4T1 cells after 10 days of control or abemaciclib treatment (n = 12, for each). h) Intratumoral CD86" macrophages from Balb/c mice orthotopically
injected 4T1 cells after anti-CD8 depletion plus control or anti-CD8 depletion plus abemaciclib treatment (n = 6, for each). i) Pseudotime analysis
of intratumoral M1 macrophages, M2 macrophages, and monocytes from Balb/c mice orthotopically injected 4T1 cells after 10 days of control or
abemaciclib treatment. j) Quantification of CD86 expression on Balb/c mouse BM-M2 macrophage cocultured with 4T1 after control or Abemaciclib
treatment in the con-treatment model (n = 6, for each). k) Quantification of CD206 expression on Balb/c mouse BM-M1 macrophage cocultured with
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maciclib significantly increased the proliferation of naive CD8"
T cells derived from Balb/c mice (Figure 4b). In particular, we
found that the proliferation potential of FVB mice-derived naive
CD8" T cells was enhanced by CDK4/6i in a coculture system
with HP5712 cells and BM-M1 macrophages at a 1:1 to 1:2 ra-
tio; the potential was, however, attenuated at a 1:3 ratio but still
exhibited significant changes (Figure 4c). Notably, abemaciclib
treatment also enhanced the proliferation of naive CD8% T cells
derived from FVB mice in a coculture system with HP5712 cells
and BM-M2 macrophages at 1:1 and 1:2 ratios, but not at a 1:3
ratio (Figure 4d). In vivo, scRNA-seq data of 4T1 tumors revealed
that T cells in the abemaciclib cohort were more likely to develop
into CD8* T cells, whereas those in the control group developed
into CD4* T cells (Figure 4e). TCGA analysis indicated a positive
correlation between CD8A and CD86 (R = 0.594) in patients with
breast cancer exhibiting a low G, /S transition activity (Figure 4f).
These data indicated that CDK4/6i-induced CD8* T cell prolifer-
ation requires the participation of M1 TAMs.

Next, we investigated the activation status of naive and acti-
vated CD8" T cells in the coculture system following CDK4/6i
treatment. Abemaciclib-enhanced IFNy and granzyme B levels in
FVB- and Balb/c mice-derived activated CD8* T cells were grad-
ually amplified in the coculture system with tumor cells and BM-
M1 macrophages at ratios ranging from 1:1 to 1:3 (Figure 4g-i).
In comparison, the IFNy level in FVB mice-derived activated
CD8* T cells was significantly increased by abemaciclib in the co-
culture system with tumor cells and BM-M2 macrophages at 1:1
and 1:2 ratios, but significantly decreased at a 1:3 ratio (Figure 4i).
Collectively, these findings indicated that M1 TAMs, but not M2
TAMs, play a major role in mediating the proliferation and activa-
tion of intratumoral CD8" T cells following CDK4/6i treatment.

To determine whether CDK4/6i-trained M1 TAM-amplified
CD8* T cell antitumor immunity requires cell—cell contact or sol-
uble factors, we designed a supernatant system and a Transwell-
1 model (Figure S7A,I, Supporting Information). In the super-
natant system, abemaciclib treatment significantly attenuated the
proliferation of FVB mice-derived naive CD8* T cells (Figure
S7B, Supporting Information). Moreover, no difference in IFNy
levels was observed in FVB and Balb/c mice-derived naive CD8*
T cells between the abemaciclib and control groups, regard-
less of the ratio of tumor cells to BM-M1 macrophages (Figure
S7C,D, Supporting Information). Additionally, abemaciclib treat-
ment did not alter the levels of IFNy and granzyme B in FVB
mice-derived activated CD8' T cells, regardless of the pheno-
type or proportion of macrophages (Figure S7E-H, Supporting
Information). Similarly, abemaciclib failed to significantly in-
crease the proliferation of Balb/c mice-derived naive CD8" T cells
and IFNy levels in Balb/c mice-derived activated CD8*" T cells
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in the Transwell-1 model (Figure S7],K, Supporting Informa-
tion). These findings indicated that CDK4/6i-trained M1 TAM-
triggered CD8" T cell antitumor immunity requires cell—cell in-
teractions.

We investigated the effect of CDK4/6i-trained M1 TAMs on the
tumor immune ecosystem. For this, we designed an ex vivo cocul-
ture model using macrophages and tumor slices, wherein 5 x 10*
macrophages were evenly mixed in the super gel (Figure S8A,
Supporting Information). The immune cell repertoire on the sur-
face of 4T1 tumor slices was altered by RAW264.7 coculture, as
indicated by higher F4/80 and CD8a expression in the cocul-
ture group (Figure S8B, Supporting Information). To further de-
termine whether macrophages could penetrate the tumor slices
and affect the interior immune cells, we cocultured RAW264.7-
GFP cells with the tumor slices. Indeed, flow cytometry analy-
sis revealed the penetration of macrophages into HP5712 tumors
(Figure S8C, Supporting Information). Notably, RAW264.7-GFP
M1 macrophages exhibited significantly higher penetration than
did M2 macrophages (Figure S8D, Supporting Information). The
enhanced penetration of RAW264.7-GFP M1 macrophages into
HP5712 and 4T1 tumors was confirmed via 3D-IF analysis. No-
tably, the penetrating RAW264.7-GFP M1 macrophages resulted
in higher CD8a levels in both the tumor types than the levels ob-
served for the M2 phenotype (Figure S8E,F, Supporting Informa-
tion).

We trained Balb/c mouse BM-M1 macrophages with or with-
out 2 days of abemaciclib treatment in the Transwell model
and harvested the M1 macrophages for CFSE labeling to cocul-
ture with 4T1 tumor slices for 8 days (Figure S8G, Supporting
Information). Abemaciclib-trained M1 macrophages displayed
a significantly higher penetration capacity in tumors than did
control-trained M1 macrophages (Figure 4j; Figure S8H, Sup-
porting Information). The abemaciclib-trained M1 macrophages
also resulted in markedly increased number of CD8" T cells and
granzyme B expression in tumors (Figure S8H, Supporting Infor-
mation). Notably, a robust cell-cell interaction between the pene-
trated M1 macrophages and CD8" T cells, along with a dramatic
decrease in the neighborhood distance among the penetrated
M1 macrophages, was observed in the abemaciclib treatment
group (Figure 4k). These data indicated that CDK4/6i-trained M1
macrophages in the TME provoked CD8" T cell antitumor im-
munity, plausibly requiring the antigen presentation machinery
(Figure 41).

We further investigated whether CDK4/6i-triggered TAM re-
programming and CD8" T cell antitumor immunity were as-
sociated with the G,/S transition activity. We used a CDK4/6i-
resistant murine cell line, HP5712-A009, derived from HP5712
cells. The upregulated genes in the HP5712-A009 cell line com-

4T1 after control or abemaciclib treatment in the con-treatment model (n = 3, for each). I) Representative FACS plots and quantification of proliferated
M1 macrophages polarized from Balb/c mouse BM-M2 macrophages cocultured with 4T1 after control or abemaciclib treatment in the con-treatment
model (n = 4, for each). m) Representative images for CD86 (green) and CD206 (red) expression and quantification of CD867CD206" and CD86*CD206
cells, and CD86/CD206 ratio in FVB mouse BM-M2 macrophage cocultured with HP5712 after control or abemaciclib treatment in the Transwell model
(5 areas x 4 samples, for each); scale bar = 100 um. n) Representative FACS plots and quantification of TNF-a expression on Balb/c mouse BM-M1
macrophage cocultured with 4T1 in the con-treatment model (n = 4, for each). o) Representative images and quantification of MPO expression (red) on
FVB mouse BM-M1 macrophage cocultured with HP5712 after control or abemaciclib treatment in the Transwell model (5 areas x 4 samples, for each);
scale bar = 100 um. p) The Cancer Genome Atlas analysis of biomarkers for M2 TAMs (CD163 and CLEC7A) and M1 TAM activation (MPO) between
high G1/S transition activity and low G1/S transition activity cohorts. P-values are calculated using unpaired two-tailed t-test b-h, j—p). Data presented
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Figure 4. CDK4/6 inhibition-trained M1 TAMs trigger CD8% T cell antitumor immunity. a) Coculture system to detect the proliferation and activation of
CD8™ T cells. b) Representative FACS plots and quantification of the proliferation potential of Balb/c mouse-derived naive CD8* T cells in the coculture
system of 4T1:Balb/c mouse BM-M1 macrophages at a 1:1 ratio after control or abemaciclib treatment (n = 3, for each). ¢,d) Quantification of the
proliferation potential of FVB mouse-derived naive CD8" T cells in the coculture system of HP-5712:FVB mouse BM-M1 macrophages (c; n = 3, for
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pared with the HP5712 cell line were enriched in pathways re-
lated to the “cell cycle,” “apoptosis,” “positive regulation of cell
cycle phase transition,” and particularly the “G, /S transition of
the mitotic cell cycle” (Figure S9A,B, Supporting Information).
This cell line exhibited higher pRb-E2F axis activity and thereby
demonstrated a faster G,/S transition (i.e., a lower proportion
of G, phase cells and a higher proportion of S phase cells) than
did HP5712 during the log phase (Figure S9C,D, Supporting In-
formation). The HP5712-A009 cell line also showed higher cell
viability than HP5712 after treatment with abemaciclib gradi-
ent concentrations (Figure S9E, Supporting Information). Abe-
maciclib still enhanced the proliferation potential of FVB mouse
BM-M1 macrophages but did not increase TNFa levels in BM-
M1 macrophages and decreased CD86 expression in BM-M2
macrophages when cocultured with HP5712-A009 cells (Figure
S9F-H, Supporting Information). Notably, the proliferation of
FVB mice-derived naive CD8" T cells was decreased, and IFNy
expression in activated CD8* T cells was not increased in the co-
culture system of HP5712-A009 cells and BM-M1 macrophages
at a 1:1 ratio after abemaciclib treatment (Figure S91,], Support-
ing Information). These data indicate that the functional pro-
gramming of TAMs and CD8" T cell antitumor immunity by
CDK4/6i treatment is related to G, /S transition activity in tumor
cells.

2.5. CDK4/6i Functionally Reprograms TAMs By Activating the
HIF-1a Pathway in Tumor Cells and Enhancing the Resultant
Interaction of the MIF-CD44/CD74 Axis Between Them

To understand how tumor cells regulate TAMs following
CDK#4/6i treatment, we analyzed cell-cell communication (CCC)
between tumor cells and macrophage subpopulations after con-
trol or abemaciclib treatment. This CCC analysis revealed that
the interaction strength of the MIF-CD44/CD74 axis between tu-
mor cells and M1 macrophages increased, whereas the interac-
tion between tumor cells and M2 macrophages was completely
abolished after abemaciclib treatment (Figure 5a-b). This sug-
gests that this axis may be an important mediator in the func-
tional reprogramming of TAMs following CDK4/6i treatment.
In vitro, abemaciclib reduced the expression of MIF by 40%
in HP5712 and 4T1 tumor cells but dramatically increased MIF
secretion in HP5712 and 4T1 tumor cell-derived supernatants
(Figure 5¢; Figure S10A,B, Supporting Information). In the Tran-
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swell model, MIF levels in 4T1 and HP5712 tumor cells were still
reduced by 30% and 50%, respectively (Figure 5d). Notably, the
MIF uptake by FVB mouse BM-M1 macrophages cocultured with
HP5712 cells was significantly increased after abemaciclib treat-
ment (Figure 5e). These data indicate that CDK4/6i treatment
promotes MIF release by tumor cells and MIF uptake by TAMs.

To investigate whether the reprogramming of TAMs by
CDK4/6i requires tumor cell-secreted MIF induction, we pre-
treated tumor cells with 10 uM 4-IPP, an MIF inhibitor, ac-
cording to its IC,, value for tumor cells and FVB mouse BM-
M1 macrophages (Figure S10C, Supporting Information). In
the con-treatment model, the proliferation potential of FVB
and Balb/c mouse BM-M1 macrophages was significantly re-
duced by abemaciclib after MIF inhibition in HP5712 and
4T1 tumor cells (Figure 5f; Figure S10D, Supporting Infor-
mation). Abemaciclib-amplified TNFa expression in BM-M1
macrophages was markedly attenuated after MIF inhibition in
tumor cells (Figure 5g; Figure S10E, Supporting Information).
Furthermore, MIF inhibition in HP5712 tumor cells resulted
in significantly lower CD86 expression in FVB mouse BM-M2
macrophages after abemaciclib treatment (Figure S10F, Support-
ing Information).

To further highlight the importance of MIF induction in
CDK4/6i mediated reprogramming of TAMs, we used sgRNA to
knock out Mifin tumor cells (Figure S10G, Supporting Informa-
tion). Abemaciclib significantly reduced MIF expression in FVB
mouse BM-M1 macrophages when cocultured with HP5712-
sgMif cells (Figure 5h). Also, abemaciclib treatment dramat-
ically decreased the expression of MIF in FVB mouse BM-
M1 macrophages cocultured with HP5712-A009 cells (Figure
S9K, Supporting Information). These data indicated that the
CDK4/6i-increased MIF uptake by macrophages in the TME
was from the tumor cells and dependent on their G,/S tran-
sition activity. Mif deletion in 4T1 tumor cells significantly re-
duced abemaciclib-enhanced TNF« expression in Balb/c mouse
BM-M1 macrophages (Figure 5i). Similarly, abemaciclib treat-
ment significantly decreased TNFa expression in FVB mouse
BM-M1 macrophages cocultured with HP5712-sgMiftumor cells
(Figure S10H, Supporting Information). Moreover, abemaciclib
did not alter CD86 expression in BM-M2 macrophages cocul-
tured with tumor cells after Mif deletion (Figure 5j; Figure
S101, Supporting Information). In the Transwell model, the en-
hanced MPO expression in FVB mouse BM-M1 macrophages

each) or BM-M2 macrophage (d; n = 3, for each) at 1:1 to 1:3 ratios after control or abemaciclib treatment. e) Pseudotime analysis of CD4* T, CD8*
T, and NKT cells from Balb/c mice orthotopically injected 4T1 cells after 10 days of control or abemaciclib treatment. f) The Cancer Genome Atlas
analysis of correlation between CD8A and CD86 in the low G1/S transition activity cohort. g) Representative FACS histograms and quantification of
IFNy expression on the surface of Balb/c mice-derived activated CD8* T cells in the coculture system of 4T1:Balb/c mouse BM-M1 macrophage at a 1:1
ratio after control or abemaciclib treatment (n = 6, for each). h) Representative FACS histograms and quantification of Granzyme B expression on FVB
mouse-derived activated CD8% T cells in the coculture system of HP-5712:FVB mouse BM-M1 macrophage at a 1:1 ratio after control or abemaciclib
treatment (n = 3, for each). i) Quantification of IFNy expression on the surface of FVB mouse-derived activated CD8* T cells in the coculture system of
HP-5712:FVB mouse BM-M1 macrophage (left; n = 3, for each) or HP-5712:FVB mouse BM-M2 macrophage (right; n = 3, for each) at 1:1 to 1:3 ratios
after control or abemaciclib treatment. j) Penetration activity of control- or abemaciclib-trained Balb/c mouse BM-M1 macrophages stained with CFSE
(BM-M1-CFSE) in Balb/c mice orthotopically injected 4T1 tumor slices after 8 days of coculture (3 areas x 3 samples, for each). k) Representative 3D-
immunofluorescence (3D-IF) images of the interaction between control- or abemaciclib-trained Balb/c mouse BM-M1-CFSE (green) and CD8% T cells
(white) in Balb/c mice orthotopically injected 4T1 tumor slices; scale bar = 100 um. l) Quantification of the mean minimal distance between control-
or abemaciclib-trained Balb/c mouse BM-M1-CFSE cells in Balb/c mice orthotopically injected with 4T1 tumor slices. m. Schematic of tumor cells
cocultured with M1 macrophages to enhance naive CD8" T-cell proliferation and activated-CD8* T cell status. P-values are calculated using unpaired
two-tailed t-test b,g,h,jI), or two-way ANOVA corrected for multiple comparisons c,d,i). Data presented as mean + SD. “p < 0.05; “p < 0.01; “*p < 0.007;
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Figure 5. CDK4/6 inhibition triggers MIF-induced functional reprogramming of TAMs. a,b) Cell-cell communication between tumor cells and intratu-
moral M1 and M2 macrophages a) and interaction strength of MIF bound to CD44/CD74 complex from tumor cells to M1 and M2 macrophages b)
in Balb/c mice orthotopically implanted with 4T1 tumors after control or abemaciclib treatment. c) Representative immunoblots and fold changes in
MIF expression in control- or abemaciclib-treated 4T1 cell debris and supernatant. d) Representative immunoblots and fold changes in MIF expression
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induced by abemaciclib treatment was significantly reduced in
the HP5712-sgMif group (Figure S10], Supporting Information).
Similarly, abemaciclib-amplified CD86 expression in FVB or
Balb/c mouse BM-M2 macrophages, was significantly attenuated
in the HP5712-sgMif or 4T1-sgMif group (Figure S10K,L, Sup-
porting Information). Notably, pretreatment with 4-IPP also sig-
nificantly reduced abemaciclib-induced increase in macrophage
and CD8" T cell populations, as well as granzyme B expression,
in human TNBC and luminal HER2-negative breast tumor slices
(Figure 5k; Figure S10M,N, Supporting Information).

Next, we investigated how CDK4/6i promotes tumor cells
to secrete the MIF cytokine. KEGG analysis of abemaciclib-
upregulated genes positively correlated with Mif expression in
4T1 tumor cells revealed the HIF-1 pathway to be the top signal-
ing pathway (Figure S11A, Supporting Information). Abemaci-
clib treatment markedly increased HIF-1a expression in tumor
cells, but not in a dose-dependent manner (Figure 5I; Figure
S11B, Supporting Information). We then used sgRNAs to knock
out Hif-1a in 4T1 tumor cells (Figure S11C, Supporting Infor-
mation) and intriguingly found that abemaciclib significantly de-
creased MIF release by tumor cells (Figure 5m). These results
indicate that CDK4/6i-enhanced MIF secretion by tumor cells re-
lies on the HIF-1a pathway.

Because CD74 acts as a natural receptor for MIF on the sur-
face of macrophages within the CD44/CD74 complex,’”) we
used sgCd74 on macrophages to block MIF-CD44/CD74 sig-
nal transduction (Figure S11D,E, Supporting Information). Abe-
maciclib failed to increase TNFa expression in FVB mouse BM-
M1 macrophages and CD86 expression in FVB mouse BM-M2
macrophages when HP5712 tumor cells were cocultured with
BM-M2-sgCd74 macrophages (Figure S11F,H, Supporting Infor-
mation). Similarly, abemaciclib-amplified TNFa expression in
Balb/c mouse BM-M1 macrophages and CD86 expression in
Balb/c mouse BM-M2 macrophages were significantly reduced
in the macrophage-sgCd74 group (Figure S11G,I, Supporting In-
formation). Notably, TCGA analysis showed no difference in sur-
vival between patients with CD74-high and CD74-low breast can-
cer exhibiting high G, /S transition activity. However, in patients
with low G, /S transition activity, the CD74-high cohort showed
significantly better survival outcomes than the CD74-low co-
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hort (Figure S11J-K, Supporting Information). Collectively, these
findings highlight the crucial role of the tumor cell-released MIF
cytokine in the functional reprogramming of TAMs by CDK4/6i
treatment.

MIF invigorates the NF-xB signaling pathway,*®3° which
is closely related to the production of TNE.*4ll We per-
formed KEGG and GO enrichment analyses on abemaciclib-
dysregulated genes in M1 macrophages from the 4T1 tumor
scRNA-seq data. The KEGG pathway analysis revealed that these
genes were enriched in the NF-xB signaling pathway, NF-xB
signaling activation-associated pathways, such as the PI3K-Akt
and MAPK signaling pathways, and the TNF signaling path-
way (Figure 5n). The GO analysis revealed that abemaciclib-
downregulated genes were enriched in processes related to the
negative regulation of NF-k B transcription factor activity and the
negative regulation of MAPK cascade (Figure 50). Immunoblot-
ting results further demonstrated increased NF-xB expression
and activation in BM-M1 macrophages following abemaciclib
treatment (Figure 5p). Therefore, MIF-induced activation of the
NF-«B signaling pathway in M1 TAMs likely promotes TNFa pro-
duction.

2.6. MIF-CD44/CD74 Signal Blockade Mitigates
CDK4/6i-Induced TAM MHC-I Antigen Presentation and CD8+ T
Cell Antitumor Immunity

To determine whether CDK4/6i-trained M1 TAMs activate CD8*
T cell antitumor immunity via antigen presentation, we per-
formed CCC analysis between intratumoral M1 macrophages
and CD8*" T cells with or without abemaciclib treatment. As
expected, we found several major histocompatibility complex-I
(MHC-I) molecules from M1 macrophages bound to CD8" T cell
receptors (Figure 6a). In particular, the interaction strength of
H2-K1 bound to CD8a strongly increased from 0 to 1.73, and
the interaction strength of CD86 bound to CD28 was also aug-
mented in the abemaciclib group (Figure 6b). We then used an
anti-MHC-I antibody to deplete MHC-I expression in FVB and
Balb/c mouse BM-M1 macrophages (Figure 6¢). To investigate
the proliferation and activation status of CD8" T cells following

in control- or abemaciclib-treated tumor cell debris from 4T1 or HP5712:BM-M1 macrophages in the Transwell model. €) Representative images and
quantification of MIF expression (green) in control- or abemaciclib-treated FVB mouse BM-M1 macrophages from HP5712:BM-M1 in the Transwell
model (5 areas x 4 samples, for each); scale bar = 100 um. f) Representative FACS plots and quantification of the proliferation potential of Balb/c
mouse BM-MT1 macrophages cocultured with 4T1 after pre-DMSO plus abemaciclib or pre-4-IPP plus abemaciclib treatment in the con-treatment model
(n =3, for each). g) Representative FACS plots and quantification of TNFa expression on Balb/c mouse BM-M1 macrophage cocultured with 4T1 after
pre-DMSO plus abemaciclib or pre-4-1PP plus abemaciclib treatment in the con-treatment model (n = 6, for each). h) Representative images and quan-
tification of MIF expression (green) in control- or abemaciclib-treated FVB mouse BM-M1 macrophages from HP5712-sgMif:BM-M1 in the Transwell
model (10 areas X 4 samples, for each); scale bar = 100 um. i) Representative FACS plots and quantification of TNFa expression on Balb/c mouse
BM-M1 macrophages cocultured with 4T1-sgNc¢ or 4T 1-sgMif after abemaciclib treatment in the con-treatment model (n = 6, for each). j) Representative
FACS plots and quantification of CD86 expression on Balb/c mouse BM-M2 macrophages cocultured with 4T1-sgMif after control or abemaciclib treat-
ment in the con-treatment model (n = 6, for each). k) 3D-immunofluorescence (3D-IF) quantification of F4/80-positive, CD8a-positive, and granzyme
B-positive cells in human TNBC tumor slices after pre-DMSO plus abemaciclib or pre-4-IPP plus abemaciclib treatment (3 areas x 3 samples, for each).
[) Representative immunoblots and quantification of HIF-1a expression in control- or gradient concentrations of abemaciclib-treated 4T1 cell debris. m)
Concentration of secreted MIF in the supernatant from 4T 1-sgHif-Ta cells after control or abemaciclib treatment (n = 3, for each). n) Kyoto encyclopedia
of genes and genomes (KEGG) terms for abemaciclib-dysregulated genes in M1 macrophages within 4T1 tumors compared with control, as determined
via scRNA-seq. 0) Gene ontology (GO) terms for abemaciclib-downregulated genes in M1 macrophages within 4T1 tumors compared with control, as
determined via scRNA-seq. p) Representative immunoblots and quantification of NF-kB and phosphorylated NF-xB expression in BM-M1 macrophages
from tumor cell:BM-M1 in the Transwell model. P-values are calculated using unpaired two-tailed t-test e—k, m). Data presented as mean + SD. ns,

p > 0.05; “p < 0.05; “*p < 0.01; "p < 0.001; **p < 0.0001.
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Figure 6. CDK4/6 inhibition activates CD8* T cell antitumor immunity depending upon MIF-induced functional reprogramming of TAMs. a,b) Cell—cell
communication between M1 macrophages and CD8% T cells a) and interaction strength of H2-K1 bound to CD8a and CD86 bound to CD28 from M1
macrophages to CD8% T cells b) in Balb/c mice orthotopically implanted with 4T1 tumors after control or abemaciclib treatment. c) Representative
immunoblots for MHC-I expression in FVB and Balb/c mouse BM-M1 macrophages after 1gG or anti-MHC-| treatment. d) The Transwell-2 model to
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CDK4/6i treatment after MHC-I depletion in TAMs, we designed
the Transwell-2 model (Figure 6d). We found that the prolifera-
tion potential of FVB mice-derived naive CD8* T cells was signif-
icantly decreased in the MHC-I depletion group following abe-
maciclib treatment (Figure 6e). After MHC-I depletion in BM-M1
macrophages, abemaciclib dramatically decreased the expression
of IFNy in FVB mice-derived activated CD8" T cells but failed
to change granzyme B expression in Balb/c mice-derived acti-
vated CD8" T cells (Figure 6f-g). These findings indicate that
MHC-I antigen presentation is a central mediator between M1
macrophages and CD8" T cells following CDK4/6i treatment.

To understand whether tumor cell-derived MIF induction in
M1 TAMs controls MHC-I antigen presentation between M1
phenotypes and CD8* T cells after CDK4/6i treatment, we di-
rectly treated Balb/c and FVB mouse BM-M1 macrophages with
abemaciclib. We did not find any changes in H2Kd in Balb/c
mouse BM-M1 macrophages or in MHC-I expression in FVB
mouse BM-M1 macrophages (Figure S12A,B, Supporting Infor-
mation). However, abemaciclib significantly enhanced MHC-I
expression in FVB mouse BM-M1 macrophages cocultured with
HP5712 cells in the Transwell model (Figure 6h). Next, we pre-
treated 4T1 tumor cells with 4-IPP in the con-treatment model
and found that abemaciclib-amplified H2Kd expression in Balb/c
mouse BM-M1 macrophages was significantly reduced by MIF
inhibition (Figure 6i). Similarly, 4-IPP pretreatment of 4T1 tu-
mor cells dramatically reduced abemaciclib-amplified H2Kd ex-
pression in Balb/c mouse BM-M1 macrophages in the Transwell
model (Figure S12C, Supporting Information).

When Mif was knocked out in HP5712 cells, abemaciclib re-
markably attenuated MHC-I expression in FVB mouse BM-M1
macrophages in the Transwell model; the abemaciclib-enhanced
MHC-I expression in these macrophages was significantly de-
creased following Mif deletion in tumor cells (Figure 6j). No-
tably, abemaciclib-amplified HLA-ABC expression on TAMs in
human TNBC and luminal HER2-negative breast tumors was
dramatically reduced by 4-IPP pretreatment (Figure 6k,]). Signifi-
cantly lower H2Kd expression was also observed in Balb/c mouse
BM-M1-sgCd74 macrophages cocultured with 4T1 tumor cells
after abemaciclib treatment (Figure S12D, Supporting Informa-
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tion), indicating that the MIF-CD74 axis activity between tumor
cells and M1 macrophages dominates CDK4/6i-enhanced MHC-
I antigen presentation between M1 macrophages and CD8" T
cells. Additionally, abemaciclib strongly reduced the expression
of MHC-I in FVB mouse BM-M1 macrophages cocultured with
HP5712-A009 cells in the Transwell model (Figure S9L, Sup-
porting Information), highlighting the important role played by
the G, /S transition activity in tumor cells by CDK4/6i-amplified
MHC-I expression in TAMs.

Based on the abovementioned findings, we hypothesized
that blocking MIF induction in TAMs might interfere with
CDK4/6i-enhanced proliferation and activation of CD8% T cells.
Indeed, 4-IPP pretreatment of HP5712 and 4T1 tumor cells
significantly ablated the abemaciclib-amplified proliferation of
FVB and Balb/c mice-derived naive CD8" T cells and the
abemaciclib-amplified IFNy expression in activated CD8" T cells
(Figure 6m,n; Figure S12EF, Supporting Information). When
HP5712 cells were cocultured with FVB mouse BM-M1-sgCd74
macrophages, abemaciclib did not increase the proliferation po-
tential of FVB mice-derived naive CD8* T cells or IFNy expres-
sion in activated CD8" T cells (Figure S12G,H, Supporting In-
formation). These data indicate that MIF-induced M1 TAMs are
key mediators of CDK4/6i-triggered CD8" T cell antitumor im-
munity.

2.7. CDK4/6i-Trained M1 TAM Supernatant Provokes the Tumor
Response of Low-Dose PD-1 ICB Therapy

A phase Ib clinical trial, with co-administration of abemaciclib
and pembrolizumab for patients with hormone receptor-positive,
HER2-negative metastatic breast cancer, revealed an antitumor
immunity but more frequent grade >3 interstitial lung dis-
ease/pneumonitis and severe transaminase elevation than abe-
maciclib or pembrolizumab monotherapy.[*?! Consequently, the
evaluation of this combination was terminated for these patients.
To mitigate the high frequency of adverse events associated with
this combination therapy, we used CDK4/6i inhibitor-trained M1
TAM supernatant pretreatment to activate the tumor response to

detect the proliferation and activation of CD8" T cells. e) Representative FACS plots and quantification of the proliferation potential of FVB mouse-
derived naive CD8% T cells in the Transwell-2 model of HP5712:FVB mouse BM-M1 macrophages at a 1:1 ratio after pre-IgG plus abemaciclib or
pre-anti-MHC-| plus abemaciclib treatment (n = 6, for each). f) Representative FACS histograms and quantification of granzyme B expression on the
surface of Balb/c mouse-derived activated CD&8" T cells in the Transwell-2 model of 4T1:Balb/c mouse BM-M1-aMHC-I macrophages at a 1:1 ratio after
control or abemaciclib treatment (n = 6, for each). g) Representative FACS histograms and quantification of IFNy expression on the surface of FVB
mouse-derived activated CD8" T cells in the Transwell-2 model of HP5712:FVB mouse BM-M1 macrophages at a 1:1 ratio after pre-1gG plus abemaciclib
or pre-anti-MHC-| plus abemaciclib treatment (n = 4, for each). h) Representative images and quantification of MHC-| expression (green) in control-
or abemaciclib-treated FVB mouse BM-M1 macrophages from HP5712:BM-M1 in the Transwell model (10 areas X 3 samples, for each); scale bar =
100 pm. i) Representative FACS histograms and quantification of H2Kd expression on the surface of Balb/c mouse BM-M1 macrophages cocultured
with 4T1 after pre-DMSO or pre-4-1PP plus control or abemaciclib treatment in the con-treatment model (n = 3, for each). j) Representative images
and quantification of MHC-I expression (green) on FVB mouse BM-M1 macrophages cocultured with HP5712-sgNc¢ or HP5712-sgMif after control or
abemaciclib treatment in the Transwell model (10 areas x 4 samples, for each); scale bar = 100 um. k,I) Representative 3D-immunofluorescence (3D-IF)
images and quantification of F4/80 (green) and HLA-ABC (red) colonizing cells (yellow) in human TNBC (k; 3 areas x 3 samples, for each) and luminal
breast tumor slices (I; 3 areas x 3 samples, for each) after pre-DMSO or pre-4-IPP plus control or abemaciclib ex vivo treatment; scale bar = 100 um.
m) Representative FACS plots and quantification of the proliferation potential of Balb/c mouse-derived naive CD8" T cells in the coculture system of
4T1:Balb/c mouse BM-M1 macrophages at a 1:1 ratio after pre-DMSO plus abemaciclib or pre-4-IPP plus abemaciclib treatment (n = 6, for each). n)
Representative FACS histograms and quantification of IFNy expression on the surface of Balb/c mouse-derived activated CD8* T cells in the coculture
system of 4T1:Balb/c mouse BM-M1 macrophages at a 1:1 ratio after pre-DMSO plus abemaciclib or pre-4-1PP plus abemaciclib treatment (n = 6, for
each). P-values are calculated using unpaired two-tailed t-test e-h, m,n), or two-way ANOVA corrected for multiple comparisons il). Data presented as
mean + SD. ns, p > 0.05; “p < 0.05; ““p < 0.01; “*p < 0.007; “**p < 0.0001.
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low-dose PD-1 ICB therapy in murine breast tumor xenografts
(Figure 7a). Abemaciclib supernatant therapy resulted in an en-
hanced tumor volume reduction in immunocompetent mice im-
planted with HP5712 and 4T1 tumors compared with the control
supernatant therapy (Figure S13A, Supporting Information).

To corroborate the antitumor immunity of the CDK4/6i treat-
ment supernatant therapy, we performed a proteomic analysis
for pretreatment with supernatant from HP5712 cells and FVB
mouse BM-M1 macrophages at a 1:1 ratio after control or abe-
maciclib treatment. Abemaciclib upregulated several proteins,
including CD84, NSL1, GSKIP, ANKRD34C, ATF7IP, CXCL12,
GSK3A, FHIP2A, BLOC1S4, and GIGYF2 (Figure 7b). The GO
terms for these proteins were enriched in pathways related
to “positive regulation of macrophage differentiation,” “posi-
tive regulation of myeloid cell differentiation,” and “response
to type II interferon,” whereas abemaciclib-downregulated pro-
teins were enriched for “positive regulation of macrophage apop-
totic process,” “negative regulation of immature T cell prolifer-
ation,” and “negative regulation of T cell differentiation in the
thymus” (Figure 7c). The abemaciclib-upregulated proteins were
enriched for similar GSEA terms, including “macrophage activa-
tion,” “positive regulation of activated T cell proliferation,” “pos-
itive regulation of T cell differentiation,” “regulation of myeloid
leukocyte-mediated immunity,” and “regulation of regulated se-
cretory pathway” (Figure 7d). Additionally, after one week of con-
tinuous abemaciclib-trained M1 TAM supernatant therapy, CD8*
T cells in HP5712 and 4T1 tumors were significantly increased
on day 8 (Figure 7e,f). Therefore, CDK4/6i-trained M1 TAM su-
pernatant therapy resulted in an amplified CD8" T cell antitumor
immunity.

Next, we aimed to determine whether CDK4/6i-trained M1
TAM supernatant therapy could enhance the antitumor activ-
ity of low-dose PD-1 ICB therapy in breast cancers. In Balb/c
mice orthotopically implanted with 4T1 tumors, low-dose PD-
1 ICB therapy did not elicit a tumor response, and control-
trained M1 TAM supernatant pretreatment failed to spur it as
well. In contrast, abemaciclib-trained M1 TAM supernatant pre-
treatment significantly augmented the antitumor activity of low-
dose PD-1 ICB therapy. The combination therapy of abemaciclib-
trained M1 TAM supernatant and PD-1 ICB also displayed
markedly stronger tumor reduction than the abemaciclib-trained
M1 TAM supernatant monotherapy (Figure 7g,h). This combi-
nation strategy potently increased the tumor-killing effects com-
pared with PD-1 ICB or abemaciclib-trained M1 TAM super-
natant monotherapy in Balb/c mice implanted with 4T1 tumor
slices (Figure S13B,C, Supporting Information). Moreover, low-
dose PD-1 ICB monotherapy showed no tumor reduction in FVB
mice orthotopically implanted with HP5712 tumors, and its com-
bination with control-trained M1 TAM supernatant pretreatment
did not achieve significantly better control of tumor volume than
achieved with PD-1 ICB alone. In contrast, the combination of
abemaciclib-trained M1 TAM supernatant pretreatment and PD-
1 ICB therapy exhibited a dramatic reduction in tumor volume
compared with either PD-1 ICB alone or abemaciclib-trained M1
TAM supernatant monotherapy (Figure 7i,j). Notably, two out of
the six mice in this combination group were found to be tumor-
free (Figure 7i—j).

To support the application of CDK4/6i-trained M1 TAM super-
natant therapy in breast cancer, we further implanted HP5712 tu-
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mor cells in FVB mice prior to harvesting BM-M1 macrophages.
Abemaciclib-trained M1 TAM supernatant therapy using tumor-
bearing FVB mouse BM-M1 macrophages not only increased the
population of CD8" T cells but also amplified IFNy expression
in all CD8* T cells in HP5712 tumors (Figure S13D,E, Support-
ing Information). Moreover, abemaciclib-trained M1 TAM super-
natant therapy significantly reduced the tumor volume (Figure
S13F, Supporting Information).

Next, we evaluated the translation of the antitumor activity
benefits of CDK4/6i-trained M1 TAM supernatant and PD-1 ICB
combination therapy to human breast cancers. We first investi-
gated the optimal concentrations of pembrolizumab on human
TNBC and luminal HER2- breast tumor samples using 3D-TSC
models. Human TNBC and luminal HER2- breast cancer tumors
began to respond to pembrolizumab at 50 and 12.5 pg mL™,
respectively (Figure S13G, Supporting Information). Therefore,
we applied 25 and 6.25 pg/mL pembrolizumab in combination
with supernatant pretreatment for human TNBC and Luminal
HER2- breast tumor slices, respectively. To broaden the sources
of supernatant beyond patient-specific donors, we utilized MDA-
MB-231 cells cocultured with THP-1 M1 macrophages as a
model for mimicking CDK4/6i-trained M1 TAMs. Low-dose
pembrolizumab alone did not enhance tumor-killing in either
type of human breast tumor slices compared with IgG1 alone. In
contrast, the combination of pembrolizumab with abemaciclib-
trained M1 TAM supernatant pretreatment, but not control-
trained M1 TAM supernatant pretreatment, exhibited signifi-
cantly higher tumor-killing effects than low-dose pembrolizumab
monotherapy (Figure S13H,I, Supporting Information). Collec-
tively, CDK4/6i-trained M1 TAM supernatant therapy enhanced
the antitumor activity of low-dose PD-1 ICB therapy in breast tu-
MOrs ex vivo.

Finally, TCGA overall survival data support the notion that
multiple cancer types—including breast cancer, head and neck
squamous cell carcinoma, sarcoma, skin cutaneous melanoma,
and uterine corpus endometrial carcinoma—may benefit from
activated CD8" T cell-mediated antitumor immunity (Figure
S13]J-N, Supporting Information).

3. Discussion

Herein, we provide mechanistic insights into how CDK4/6i acti-
vates CD8* T cell antitumor immunity in breast tumors through
the functional reprogramming of TAMs (Figure 7k). Moreover,
we show that CDK4/6i-trained M1 TAM supernatant therapy rep-
resents a promising strategy to markedly potentiate the antitu-
mor activity of PD-1 ICB therapy.

The impact of CDK4/6i treatment in promoting CD8*% T cell
antitumor immunity has been elucidated recently.>**! In a pi-
oneering study, Goel et al. proposed two key mechanisms by
which CDK4/6i overcomes tumor immune evasion—increased
tumor cell antigen presentation and reduced immunosuppres-
sive Treg populations.l®! Consistently, our scRNA-seq analysis
also revealed attenuated Tregs in 4T1 tumors after abemaci-
clib treatment. CDK4/6i treatment also enhanced the infiltra-
tion of CD8" T cells and B cells, as well as myeloid cell
activation.[®16 Our findings further highlight the important role
of CDK4/6i in activating TAMs. However, the cell-cell interac-
tions between lymphoid cells and non-lymphoid cells, especially
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Figure 7. CDK4/6 inhibition-trained M1 TAM supernatant pretreatment potentiates the antitumor activity of low-dose PD-1 ICB therapy. a) Workflow
for CDK4/6 inhibition-trained M1 TAM supernatant pretreatment combined with low-dose PD-1 ICB therapy in vivo. b) Volcano plot depicting the full
protein composition in CDK4/6 inhibition-trained M1 TAM supernatant. c¢,d) Gene ontology (GO) terms for abemaciclib significantly upregulated and
downregulated proteomics b) and gene set enrichment analysis (GSEA) terms for abemaciclib significantly upregulated proteomics c) in supernatants
from HP-5712:FVB mouse BM-M1 macrophages at a 1:1 ratio (n = 3, for each). e,f) Representative uniform manifold approximation and projections
(UMAPs) and quantification of intratumoral CD8" T cells among all lymphocytes in immunocompetent mice orthotopically implanted with HP5712
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tumor cells, myeloid cells, and T cell immunoregulatory circuit,
remain unclear. The orchestration of TAMs within the tumor
cell-macrophage-CD8" T cell loop plays a crucial role in mod-
ulating cancer immunotherapy responses.[*}] Using scRNA-seq
analysis, we confirmed that CDK4/6i-amplified CD8* T cells are
mediated by M1 TAMs. Additionally, abemaciclib treatment in
B6 (C2])/LysM-GFP mice orthotopically implanted with Py8119
tumors and normal organs specifically confirms the immune-
like macrophage memory. This phenotype clarifies why, after re-
moval of abemaciclib, TAMs still activate CD8* T cell antitumor
immunity and explains CDK4/6i-induced immunological T-cell
memory.[*4]

T cells are recognized as the initial hosts to generate MIF,
thus defining the proinflammatory nature of this cytokine for
innate and adaptive immunity.*>#%] Normal tissues and multi-
ple immune cell types have been found to express MIF.343]
Notably, MIF is overexpressed by primary tumors and tumor
cell lines,” 9 and it negatively regulates p53-controlled cell
growth arrest and apoptosis,**! highlighting its significant role
in oncogenesis and tumor progression.l’!! A large body of ev-
idence shows that the use of Mif knockdown or knockout in
cancer cells improves the M1 TAM- and CD8* T cell-associated
antitumor immunity.’>>3 The overall immunological outcome
therefore, depends on the relative abundance of MIF sources,
the receptor landscape (e.g., CD74 versus CXCR4 engagement),
and treatment-induced shifts in the tumor microenvironment.
In metastatic melanoma, blockade of the MIF-CD74 axis on
macrophages and dendritic cells reprograms TAMs toward an
M1 phenotypel>*, while in cisplatin-resistant lung cancer, inhibi-
tion of the Src/CD155/MIF pathway elicits a similar M1 bias.[>!
Conversely, in vitro studies have shown that exogenous sup-
plementation of MIF to BMDMs dose-dependently upregulates
M1 markers such as iNOS and TNF-a, thereby promoting M1
polarization!®*; additionally, under conditions of high endoge-
nous MIF expression, macrophage-autonomous MIF enhances
iNOS and IL-18 levels to drive M1 differentiation’®]; and in an
aortic aneurysm model, MIF activates the JNK/c-Jun pathway via
CD74/CXCR2 to markedly increase CD86 and IL-18 expression,
likewise fostering M1 polarization.>®! Our data further demon-
strate that CDK4/6 inhibition not only downregulates tumor-cell
MIF—effectively recapitulating the effects of MIF knockout—
but also promotes MIF accumulation within TAMs, thereby ro-
bustly expanding M1 TAMs and activating CD8* T cells. There-
fore, the role of MIF in macrophage polarization may be context-
dependent.

In response to extracellular stimuli, cells can rapidly re-
lease MIF to increase its circulating concentration.**%] Stim-
ulation of the proinflammatory cytokines, TNFa and IFNy, in
macrophages, enhances MIF secretion.l’’) We demonstrate that
CDK4/6i-induced MIF induction in TAMs broadens TNFa re-
lease and increases the populations of antitumoral macrophages,
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characterized by high MPO levels that are positively related to
optimal survival.B%! Additionally, loss of Mif or treatment with
the MIF inhibitor 4-IPP in solid tumors interferes with the im-
munosuppressive or immunostimulatory phenotype of TAMs.[>®]
In our study, CDK4/6i treatment in tumor cells resulted in
low intracellular MIF expression and high extracellular MIF cy-
tokine concentration, promoting MIF uptake by macrophages.
This process induced the polarization of TAMs from the M2
to the M1 phenotype. Loss of Mif or 4-IPP treatment in tumor
cells, or alternatively loss of Cd74 in macrophages, halted the
CDK4/6i-induced polarization. Our data provide compelling evi-
dence that CDK4/6i treatment increases the MIF uptake by TAMs
from tumor cells. When we used Mif deletion in tumor cells or
CDK4/6i drug-resistant cells, abemaciclib remarkably decreased
the expression of MIF in TAMs. Potential acquired resistance
mechanisms against CDK4/6i reflect both genetic (mutations
and amplifications)>>*% and adaptive (signaling and metabolic,
immune)!®®2] changes. MIF signaling intertwines with path-
ways implicated in CDK4/6i resistance (e.g., PI3K/Akt/mTOR
and MAPK/ERK), potentially amplifying compensatory survival
mechanisms after inhibitor exposure.[>¢*¢!l Therefore, promot-
ing MIF release by tumor cells and MIF uptake by macrophages
is a critical pathway for the functional reprogramming of
TAMs.

Inhibition of G,/S transition in tumor cells can cause the
accumulation of DNA damage and alter cellular metabolism,
which blocks lysosomal degradation of HIF-1a and increases
HIF-1a stabilization.[®*® Our study consistently demonstrates
that CDK4/6i invigorates the HIF-la pathway in breast tu-
mor cells. HIF-1a activation facilitates glycolysis, which polar-
izes macrophages to the M1 phenotype but not to the M2
phenotype.[] A previous study has confirmed that HIF1a, but
not HIF2a, drives MIF secretion under hypoxic conditions in
acute myeloid leukemia blasts.[®®] In breast cancer cells, we found
that MIF release was also related to the HIF-1a pathway in re-
sponse to CDK4/6i treatment.

TAMs predominantly regulate T-cell functionality via direct
antigen presentation or indirectly via soluble factors within the
TME. In response to the uptake of phagocytic bodies, antigens, or
cytokines released by tumor cells, TAMs rapidly present neoanti-
gens on their cell surface or release molecules out of their
membrane.[?8] For example, TAMs interact with the T-cell recep-
tor of CD4* T cells via MHC-1I-mediated antigen presentation.*®]
Immunosuppressive TAMs produce several molecules, includ-
ing PD-L1, PD-L2, IL-10, TGF-#, and arginase, to trigger T-
cell dysfunction.l”=%°] Our study highlights that CDK4/6i treat-
ment triggers the immunostimulatory status of TAMs via the
uptake of MIF cytokine, which consequently reinvigorates in-
tratumoral CD8* T cell antitumor activity that is dependent on
MHC-I-mediated antigen presentation. Thus, strategies to specif-
ically enhance MHC-I antigen presentation by TAMs can over-

tumors (d; n = 6, for each) or 4T1 tumors (e; n = 6, for each) after control- or abemaciclib-trained M1 TAM supernatant treatment. g,h) Changes in
tumor volume f) and tumor volume comparison g) for Balb/c mice orthotopically implanted with 4T1tumors after low-dose IgG or PD-11CB monotherapy
or therapy combined with control supernatant or abemaciclib supernatant pretreatment (n = 6, for each). i,j) Changes in tumor volume h) and tumor
volume comparison i) for FVB mice orthotopically implanted with HP5712 tumors after low-dose 1gG or PD-1 ICB monotherapy or therapy combined
with control supernatant or abemaciclib supernatant pretreatment (n = 6, for each). k) Schematic of the mechanisms. P-values are calculated using
Unpaired two-tailed t-test d,e), or one-way ANOVA corrected for multiple comparisons g,i). Data presented as mean + SD. ns, p > 0.05; “p < 0.05;
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come immune evasion in solid tumors. Notably, the CDK4/6i-
amplified MHC-I expression in TAMs is associated with MIF
uptake. This is evidenced by the strong decrease in MHC-
I expression on the surface of TAMs when Mif-deleted tu-
mor cells were used in the coculture model after abemaciclib
treatment.

Macrophages are abundant in the TME and effectively
penetrate the tumors. This provides a proof-of-principle for
macrophage immunotherapy for solid tumors, such as breast,
lung, and bladder cancers. Indeed, chimeric antigen receptor
macrophages (CAR-M) show better tumor infiltration than CAR-
T and CAR-NK cells.[***®] Additionally, CAR-M increases the in-
filtration of T and NK cells, as well as the activation of den-
dritic and CD8" T cells. These benefits have led to the initia-
tion of a phase 1 clinical trial of CAR-M in human solid tu-
mors (ClinicalTrials.gov # NCT04660929). However, several fac-
tors limit the efficacy of this novel strategy, such as the loss of
antigen presentation on tumors, CAR downregulation, and sys-
temic cytotoxicity,”"! similar to that in the CAR-T and CAR-NK
therapies. CAR-M-derived supernatant is very potent in induc-
ing an immunostimulatory pattern from M2 macrophages.!”!]
Therefore, we harnessed CDK4/6i-trained M1 TAM supernatant
to treat murine breast tumors and confirmed the amplified CD8*
T cell antitumor immunity and antitumor activity. The super-
natant treatment might overcome the limitations of CAR-M
as the antigen expression on tumor cells is not required. No-
tably, CAR-M and supernatant therapy alone are insufficient to
eliminate tumors, and combining them with PD-1 ICB ther-
apy, maximizes macrophage immunotherapy.’!! Thus, the com-
bination of CDK4/6i-trained M1 TAM supernatant pretreat-
ment and low-dose PD-1 ICB therapy can overcome the lim-
itations of CAR-M therapy and may avoid the adverse effects
of CDK4/6i treatment in conjunction with PD-1 ICB therapy.
Moreover, by using human cell lines instead of patient-specific
donors, the CDK4/6i-trained M1 TAM supernatant is robust and
reproducible.

In this study, we uncovered the mechanisms by which CDK4/6
inhibition triggers CD8" T cell antitumor immunity via the
functional reprogramming of TAMs. We also validated that
the CDK4/6i treatment promotes MIF release by tumor cells
and that this MIF cytokine induces the immunostimulatory
status of TAMs, although the details of this regulation war-
rant further studies. A phase 1, first-in-human, open-label clin-
ical trial is currently underway to investigate the efficacy and
safety of CAR-M in patients with HER2-overexpressing solid tu-
mors (NCT04660929). The safety of CDK4/6i-trained TAM super-
natant therapy, alone or in combination with low-dose PD-1 ICB
therapy, remains to be studied, although no deaths have been ob-
served during treatment.

This study had some limitations. The major concern relates to
its moderate impact, as we attempted to investigate the effect of
CDK4/6i in TNBC, an immunohistotype characterized by high
mitotic indices and proliferation rates that are often less depen-
dent on the CDK4/6-RB pathway. Furthermore, TNBC tumors
frequently exhibit RB loss or inactivation, which could limit the
effectiveness of CDK4/6i. Additionally, we proposed combining
CDK#4/6i-trained M1 tumor-associated macrophage supernatant
with the anti-PD-1 therapy in TNBC—a novel but currently dis-
tant approach from clinical applicability.
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4. Conclusion

Overall, our findings confirm that M1 TAMs are the primary me-
diators of CDK4/6in-amplified CD8" T cell antitumor immunity
in breast cancers. CDK4/6i treatment reprograms TAMs to an
immunostimulatory status via tumor cell-derived MIF induction.
These immunostimulant macrophages regulate the proliferation
and activation of CD8* T cells via MHC-I-mediated antigen pre-
sentation. The combination of CDK4/6i-trained M1 TAM super-
natant pretreatment and PD-1 ICB therapy offers a promising
treatment paradigm for breast tumors.

5. Experimental Section

Cell Lines: 4T1 (CVCL_0125), THP-1 (CVCL_0006), MDA-MB-231
(CVCL_0062), Py8119 (CVCL_AQO9), RAW264.7 (CVCL_0493), and
HEK293T (CVCL_0063) cells were obtained from the American type cul-
ture collection. The HP5712 cell line, a breast cancer model derived from
FVB mice, was developed by Prof. Chu-xia Deng’s laboratory for preclin-
ical oncology research. This non-commercial resource stably recapitu-
lates mammary tumorigenesis in syngeneic FVB mice, although it cur-
rently lacks a Research Resource Identifier (RRID) because of its aca-
demic origin. All cell lines were subjected to short tandem repeat anal-
ysis and mycoplasma testing to confirm the absence of contamination.
These cells were maintained in a humidified incubator at 37 °C with
5% CO,. HP5712, HEK293T, Py8119, MDA-MB-231, and RAW264.7 cells
were cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco;
11965092) supplemented with 10% fetal bovine serum (FBS; Gibco;
A5256701) and 100 IU mL™" penicillin/streptomycin (Gibco 15140122).
4T1 cells were cultured in RPMI 1640 (Gibco; 11875093) with 10% FBS and
1001U mL~" penicillin/streptomycin. THP-1 cells were cultured in RPMI
1640 with 10% FBS, 1001U mL~! penicillin/streptomycin, and 0.05 mm
p-mercaptoethanol (Sigma; M3148).

In Vivo Mouse Models: FVB, Balb/c, nude, and B6 (C2J)/LysM-GFP
mice (5-6-weeks-old) were supplied by the Animal Research Core at the
Faculty of Health and Sciences, University of Macau. Only female mice
were used in the experiments. A total of 3 x 10° tumor cells were ortho-
topically injected into the fifth pair of mammary glands. All mouse exper-
iments were conducted in accordance with the ethical guidelines of the
University of Macau, under approval number UMAEC-050-2015.

Human Breast Cancer Samples:  All human studies were approved by
the Institutional Review Board (reference number UH/CREC/2023/01)
and reviewed by the Scientific Research Ethics Committee of the University
Hospital, Macau University of Science and Technology. Two breast tumor
samples were included in this study. The clinicopathological information
is provided in Table S1 (Supporting Information). Human breast cancer
samples were prepared as tumor slices, which were evenly placed into
frozen tubes (12 pieces per tube) and cryopreserved in liquid nitrogen
using 1.5 mL of cryopreservation medium (90% FBS and 10% dimethyl
sulfoxide (DMSO; Sigma; 472301)).

3D-Tumor Slice Culture:  Immunocompetent mice with orthotopically
implanted with breast tumors or surgically removed samples from pa-
tients with breast cancer were harvested for the preparation of 3D-tumor
slice cultures, as described in our previous studies.[3"32] Briefly, tumors
were cut into uniform shapes using a round pipe instrument or scalpel and
then coated with UltraPure low-melting-point agarose (ThermoFisher). Af-
ter solidifying for 10 min at 4 °C, the agarose-encased uniform tumor
was placed into a condensation chamber filled with phosphate-buffered
saline (PBS) containing 2% penicillin/streptomycin. Dozens of thick tu-
mor slices (300 um) were harvested using a vibratome Leica VT1200 S (Le-
ica Biosystems Nussloch GmbH, Germany). Rat Collagen | (R&D systems
3447-020-01), 10x Ham’s F-12 (Gibco 21700075), and C buffer—sterile
reconstitution buffer, 2.2 g NaHCO; (Sigma; S5761) in 100 mL of 0.05 N
NaOH (Sigma; 655104) and 200 mm HEPES (Sigma; H3375), preserved
at 4 °C—were mixed in an 8:1:1 ratio to prepare the collagen buffer. Tu-
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mor slices were coated with a lower and an upper layer of collagen buffer
(150 and 50 pL, respectively) in a 3 um-diameter insert in a 24-well plate
(BIOFIL; TCS031024). The plate was maintained in a humidified incubator
at 37 °C with 5% CO, until the collagen buffer solidified completely. Next,
330 L of culture medium—advanced DMEM/F-12 (Gibco 11320033) sup-
plemented with 20% FBS, 1% penicillin/streptomycin, and 50 pg mL™!
gentamycin (Gibco 15710064)—was added outside the insert. The 24-well
plate was maintained in a humidified incubator at 37 °C with 5% CO,, and
the culture medium was refreshed as per the experimental design until the
slices were harvested for subsequent experiments.

Isolation of Naive CD8% T cells and Macrophages—Isolation of Naive
CD8* T Cells:  The spleens of immunocompetent mice were dissociated
into single-cell suspensions. After incubation with RBC lysis buffer (eBio-
science 00-4333-57), naive CD8* T cells were isolated using the EasySep™
Mouse Naive CD8% T Cell Isolation Kit (Stemcell; 19858). To obtain acti-
vated CD8* T cells, 3 ug/mL CD3 primary antibody (eBioscience; 16-0032-
82) and 5 pg mL~! CD28 primary antibody (eBioscience; 16-0281-82) in
PBS were added to a 24-well plate and then incubated overnight at 4 °C.
The isolated naive CD8* T cells were then added to the antibody-coated
plate and incubated at 37 °C for 3 days to achieve activation. The isolated
CD8* T cells were cultured in RPMI 1640 supplemented with 10% FBS,
50 um f-mercaptoethanol, T mm sodium pyruvate (Sigma P5280), 10 mm
HEPES, and 100 IU mL~" penicillin/streptomycin.

Isolation of Macrophages:  Bone marrow was collected from the femurs
of immunocompetent mice and filtered through a 40 pm cell sieve to
obtain a single-cell suspension. After 3 min of incubation with RBC ly-
sis buffer and a subsequent PBS wash, monocytes were isolated. The
monocytes were cultured in RPMI 1640 supplemented with 10% FBS,
100 IU mL~" penicillin/streptomycin, and either 20 ng mL™! GM-CSF (Pe-
proTech; 315-03) or 20 ng/mL M-CSF (PeproTech; 315-02) for 4-5 days to
allow differentiation into M1 or M2 macrophages, respectively. The mature
macrophages were then used for downstream applications.

In Vitro Drug Treatment: Abemaciclib (MCE HY-16297A) and pal-
bociclib (Selleckchem S1579) were diluted in DMSO as described
previously.[”? For in vitro cellular experiments, 1 uM abemaciclib was
used. For ex vivo tumor slice experiments, 3 uM abemaciclib was used.
For the synergy assay of CDK4/6 inhibitor-trained TAM supernatant ther-
apy and PD-1 ICB therapy, tumor cells and macrophages were pretreated
with 1 uM abemaciclib for 48 h in a con-treatment model to generate
conditioned supernatants. These supernatants, containing secreted fac-
tors from abemaciclib-trained TAMs, were subsequently applied together
with PD-1 ICB therapy to mouse model- and patient-derived tumor slices
to evaluate potential synergistic antitumor effects. The tumor slices were
treated with one-quarter volume of the supernatant for 3 days; the super-
natant culture medium was exchanged daily, followed by 2 days of PD-
1 ICB treatment. Mouse model-derived tumor slices were treated with
2.5 ug mL~! «PD-1 antibody (BIOXcell; BE0146), and human breast tu-
mor slices were treated with a specific concentration of pembrolizumab
(described in Figure S15, Supporting Information) (Selleckchem; A2005)
or isotype control (Sigma; 15154).

In Vivo Drug Treatment: Abemaciclib (75 mg kg~") was administered
daily via oral gavage, starting on day 7, for a total of 10 days, as described
previously.[7 In vivo CD8* T cell depletion was performed as described
previously. Briefly, 200 ug of either «CD8 antibody (BIOXcell; BEOO61) or
200 pg of isotype control (BIOXcell; BEOO86) were intraperitoneally in-
jected into mice 48 and 24 h before abemaciclib administration and every
4 days thereafter. For macrophage depletion experiments, either 200 pL
of clodrosome or 200 pL of encapsome (SKU; CLD-8901) were intraperi-
toneally injected on days 7 and 14 after orthotopic implantation of tumor
cells. For the supernatant combined with PD-1 ICB therapy, 250 pL of su-
pernatant was intraperitoneally injected, starting on day 7, and continued
daily for one week, followed by three intraperitoneal injections, starting
on day 14, every three days of either aPD-1 antibody (50 ug for FVB mice
bearing HP5712 tumors; 100 pg for Balb/c mice bearing 4T1 tumors) or
isotype control treatment at the corresponding doses.

Ex Vivo and In Vitro CD8 Depletion, MHC-I Depletion, and Macrophage
Depletion:  For ex vivo CD8 depletion on tumor slices, 10 ug mL™" aCD8
antibody or isotype control was used for 3 days. For macrophage depletion
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on tumor slices, 0.25 mg mL™" clodrosome or encapsome was used for
3 days. For in vitro depletion, 10 ug mL™" «CD8 antibody, 10 pg mL™!
aMHC-I antibody (BIOXcell; BEO172 and BEQ104, respectively), or isotype
control was used for 3 days on isolated CD8* T cells and bone marrow-
derived macrophages, respectively.

Immunofluorescence (IF): Patient-derived tumor slices were fixed
overnightin 10% formalin, embedded in paraffin, and sectioned into 4 um-
thick sections. The sections were analyzed via IF staining using antibodies
against F4/80 (ThermoFisher; MA1-91124) and CD8a (Abcam; ab316778).
Cells treated with abemaciclib were fixed with 4% paraformaldehyde (PFA)
(Sigma; 441244) for 15 min and then permeabilized with 0.5% Triton X-
100 (Sigma; X100PC). For membrane staining, cells were treated with
wheat germ agglutinin (WGA) (ThermoFisher; W11262) before fixation.
After blocking with serum, the cells were incubated overnight at 4 °C in the
dark with mouse IF staining antibodies against Ki-67 (Abcam; ab16667),
myeloperoxidase (MPO; ThermoFisher; PA5-16672), MIF (ThermoFisher;
PA5-27343), CD86 (Abcam; ab220188), CD206 (Cell Signaling Technol-
ogy; 24595S), or MHC-I (Novus Biologicals; NBP3-09017). After washing
with PBS-T, the cells were incubated with secondary antibodies for 1 h
at room temperature. Following three PBS-T washes, nuclei were stained
with 0.5 pg mL™" 4’,6-diamidino-2-phenylindole (DAPI; ThermoFisher;
62248) for 10 min at room temperature. Images were captured using a TiE
microscope with the NIS Element software and analyzed using a semiau-
tomated in-house platform based on Image) (NIH).

Western Blotting: Western blotting was performed as described
previouslyl3] using antibodies against MIF (ThermoFisher; PA5-27343),
MHC-I (Novus Biologicals; NBP3-09017), phospho-Rb (ThermoFisher;
44-582G), E2F1 (ThermoFisher; PA5-116954), NF-xB (Cell Signaling Tech-
nology; 8242), phosphor-NF-xB (Cell Signaling Technology; 3033), and -
actin (Cell Signaling Technology; 4967S). For western blot analysis of MIF
in tumor cell supernatant, an equivalent volume of supernatant was har-
vested and prepared with Laemmli Sample Buffer (Bio-Rad; 1610747) as
described previously.[”3]

Enzyme-Linked Immunosorbent Assay (ELISA): The concentration of
MIF in tumor cell-derived supernatant was measured using the Mouse
MIF DuoSet ELISA kit (Bio-Techne; DY1978), as described previously.[#]
Briefly, after two days of control or abemaciclib treatment, an equal volume
of supernatant was harvested. The concentrations were estimated using a
standard curve. If the value exceeded the upper limit of detection (LOD),
the samples were re-evaluated at higher dilutions.

Flow Cytometry—Isolation of CD8" T Cells and Bone Marrow-Derived
Macrophages: The 1x 106 cells per tube were stained with appropriate
antibodies diluted in FACS buffer (containing 0.2% bovine serum albu-
min [BSA; Sigma; A2058] and 0.1% sodium azide [NaN;; Sigma; $S2002]
in PBS) for 25-30 min on ice.

Spleen, Tumor, and Tumor Slices: Single-cell suspensions were ob-
tained using the tumor tissue enzyme dissociation kit (RWD; DHTE-5001)
with agitation at 37 °C for 30 min after mechanical chopping. The digested
mixture was filtered through a 40 um cell sieve, followed by incubation with
RBC lysis buffer for 3 min at room temperature. A total of 1x10° cells per
tube was prepared for antibody staining.

Murine Antibodies: The following antibodies were used: CD45 (Biole-
gend; 103126), CD3e (Biolegend; 100320), CD8a (Biolegend; 100714),
CD4 (Biolegend; 100529), CD28 (Biolegend; 122008), IFNy (Ther-
movFisher; 12-7311-82), granzyme B (ThermoFisher; 11-8898-82), CD11b
(Biolegend; 101206), F4/80 (Biolegend; 123116), CD86 (Biolegend;
159204), CD206 (Biolegend; 141720), CD74 (Biolegend; 151006), H-
2Kd/H-2Dd (ThermoFisher; 11-5998-82). Propidium iodide (PI; Ther-
moFisher; P3566) or DAPI was used to distinguish live/dead cells. For in-
tracellular staining, Fixable Viability Stain 510 (BD Horizon; 564406) was
used. Fixable Viability Stain 510 was applied to distinguish live/dead cells
in tumor slices. For the proliferation assay, naive CD8% T cells and bone
marrow-derived macrophages were stained with carboxyfluorescein suc-
cinimidyl ester (CFSE; MCE; HY-D0938) and analyzed via flow cytometry
using the FITC channel.

Cell Cycle Analysis:  Tumor cells were fixed with 75% ethanol at 4 °Ciin
the dark for 4 h. The cells were then incubated with a mixture of 400 uL PI
(50 ug mL™") and 100 pL RNaseA (100 ug mL™") (Sigma; 10109142001)
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at 4 °C in the dark for 1 h. The cell cycle distribution was analyzed via flow
cytometry using the phycoerythrin channel.

Tissue Clearing (TC):  As described by Rios et al.,[”] tumor slices were
incubated overnight in a FUnGlI clearing buffer, protected from light at
room temperature. Briefly, the FUnGl clearing buffer was prepared by dis-
solving 100 g of fructose (Sigma; F3510) in 23.3 mL of Tris-EDTA buffer
(100 mm Tris base, pH 8, and 10 mm EDTA [Sigma; 4005]) dissolved in
ddH,0, and 110 mL of glycerol (Sigma; G5516) at room temperature.
Then, 33.1 g urea (Sigma; U5378) was added and stirred until fully ho-
mogenized at room temperature. This solution was kept protected from
light at 4 °C for use up to 1 month. After TC, the slices were sealed in
concave microscope slides for confocal imaging.

Tumor Slice and Macrophage Coculture Assay: After the lower gel so-
lidified and the tumor slices were laid, 5 x 10° macrophages were mixed
with 1 mL of upper gel; 100 pL of the mixed upper gel—containing 5 x 10*
macrophages—was then applied to each tumor slice for coculture. After
8 days, tumor slices were carefully extracted from the coated gels and pre-
pared for subsequent experiments.

3D immunofluorescence (3D-IF)—Penetration of Macrophages Into Tu-
mor Slices:  5x10* RAW264.7-GFP or BM-M1-CFSE cells were cocultured
with tumor slices for 8 days. Thereafter, the tumor slices were dissociated
into single-cell suspensions for FACS analysis or fixed with 95% ethanol on
aroller mixer in the dark at 4 °C for 1-2 h. The slices were washed in PBS-T
for 10 min, and then incubated for 30 min in washing buffer (1% Tween-
20, 50 ug mL~" ascorbic acid, 0.05 ng mL~" L-glutathione in PBS) in the
dark at 4 °C. DAPI was used to stain the nuclei overnight. The slices were
washed two to three times in washing buffer 2 (0.1% Triton, 0.02% SDS
[Sigma; 428015], 0.2% BSA, 50 ug mL~" ascorbic acid [Sigma; 1043003],
0.05 ng mL~! L-glutathione [Sigma; G4251] in PBS) on a roller mixer in the
dark at 4 °C, with the solution replaced every hour.

3D-IF:  After fixation with 4% PFA on a roller mixer in the dark at 4 °C
for 1to 2 h, the slices were incubated in washing buffer on a roller mixer
in the dark at 4 °C for 1 h. The tissues were further incubated in washing
buffer 1 (0.2% Tween-20 [Sigma; P7949], 0.2% Triton X-100, 0.02% SDS,
0.2% BSA, 50 ug mL~" ascorbic acid, 0.05 ng mL~" L-glutathione in PBS)
on a roller mixer in the dark at 4 °C for 2 to 3 h. The tumor slices were then
incubated overnight in primary antibodies (CD8a [Abcam; ab316778 and
ab119857], F4/80 [ThermoFisher; MA1-91124], CD86 [Abcam; ab220188],
CD206 [Cell Signaling Technology; 24595S], HLA-ABC [Proteintech; 15240-
1-AP], and granzyme B [Cell Signaling Technology; 17215S]), diluted in
washing buffer 2 at appropriate concentrations, on a roller mixer in the
dark at 4 °C. After washing with buffer 2 two to three times, the slices
were further stained with secondary antibodies and DAPI diluted in wash-
ing buffer 2. After two to three washes in washing buffer 2, the slices
were ready for TC and imaging using a confocal microscope (A1R, Nikon,
Japan).

To investigate the impact of penetrated macrophages on the tumor im-
mune microenvironment, the tumor slices were fixed in 95% ethanol. The
tissues were then harvested for 3D-IF, TC, and confocal imaging. For each
region of interest within the confocal images, cell counts and mean mini-
mal distances between cells were quantified using NIS-Elements AR Anal-
ysis 5.30.07. Cell detection was performed by intensity thresholding of the
appropriate fluorescent channels, and spatial measurements were calcu-
lated based on the segmented objects. Analysis was conducted on three
areas per sample with three biological replicates per group.

Antibodies, Drugs, and Related Reagents: The sources and dilution ra-
tios of the antibodies used for FACS, western blotting, immunofluores-
cence, and 3D-immunofluorescence were as follows:

FACS Antibodies:  Pacific Blue anti-mouse CD45: clone 30-F11, catalog
number 103126, 0.5 pg per 108 cells in 100 uL dilution buffer, Biolegend

PE/Cyanine7 anti-mouse CD3e: clone 145-2C11, catalog number
100320, 0.5 pg 1076 cells in 100 pL dilution buffer, Biolegend

APC/Cyanine7 anti-mouse CD8a: clone 53-6.7, catalog number
100714, 0.2 ug 107 cells in 100 L dilution buffer, Biolegend

Alexa Fluor 488 anti-mouse CD4: clone RM4-5, catalog number 100529,
0.5 pg 107® cells in 100 uL dilution buffer, Biolegend

FITC anti-mouse CD28: clone E18, catalog number 122008, 0.5 ug 10~°
cells in 100 pL dilution buffer, Biolegend
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Alexa Fluor 488 anti-mouse CD74 (CLIP): clone In1/CD74, catalog num-
ber 151006, 0.5 pg 1078 cells in 100 pL dilution buffer, Biolegend

FITC-bound MHC Class | (H-2Kd/H-2Dd) monoclonal antibody: clone
34-1-2S, catalog number 11-5998-82, 0.5 pg 107° cells in 100 pL dilution
buffer, ThermoFisher

APC anti-mouse F4/80: clone BM$, catalog number 123116, 0.2 ug 10-°
cells in 100 pL dilution buffer, Biolegend

FITC anti-mouse/human CD11b: clone M1/70, catalog number 101206,
0.5 pg 107® cells in 100 uL dilution buffer, Biolegend

PE anti-mouse CD86: clone A17199A, catalog number 159204,
0.2 pg 107® cells in 100 uL dilution buffer, Biolegend

PE/Cyanine7 anti-mouse CD206 (MMR): clone C068C2, catalog num-
ber 141720, 0.2 ug 1078 cells in 100 pL dilution buffer, Biolegend

PE-bound IFN gamma monoclonal antibody: clone XMG1.2, catalog
number 12-7311-82, 0.2 pg 107 cells in 100 uL dilution buffer, Ther-
moFisher

PE-bound Granzyme B monoclonal antibody: clone NGZB, catalog
number 11-8898-82, 0.5 pg 107 cells in 100 uL dilution buffer, Ther-
moFisher

PE-Cyanine7-bound TNF alpha monoclonal antibody clone MP6-XT22,
catalog number 25-7321-82, 0.2 pg 1076 cells in 100 uL dilution buffer,
ThermoFisher

Western Blotting Antibodies: MHC Class | antibody: clone R1-21.2, cat-
alog number NBP3-09017, 1:1000 dilution, Novus Biologicals

Phospho-Rb (Thr821) polyclonal antibody, catalog number 44-582G,
1:1000 dilution, ThermoFisher

E2F1 polyclonal antibody, catalog number PA5-116954, 1:1000 dilution,
ThermoFisher

MIF polyclonal antibody, catalog number PA5-27343, 1:1000 dilution,
ThermoFisher

NF-xB p65 antibody, catalog number 8242, 1:1000 dilution, Cell Signal-
ing Technology

Phospho-NF-kB p65 (Ser536) antibody, catalog number 3033, 1:1000
dilution, Cell Signaling Technology

p-Actin antibody, catalog number 49675, 1:1000 dilution, Cell Signaling
Technology

Immunofluorescence and 3D Immunofluorescence Antibodies: Recombi-
nant CD8a antibody: clone RM 1129, catalog number ab316778, 1:100 di-
lution, Abcam

F4/80 monoclonal antibody: clone CI:A3-1, catalog number MA1-
91124, 1:100 dilution, ThermoFisher

CD86 Antibody, catalog number ab220188 and ab119857, 1:100 dilu-
tion, Abcam

CD206/MRC1 monoclonal antibody: clone E6TS), catalog number
245955, 1:400 dilution, Cell Signaling Technology

MIF polyclonal antibody, catalog number PA5-27343, 1:100 dilution,
ThermoFisher

MHC Class | antibody: clone R1-21.2, catalog number NBP3-09017,
1:100 dilution, Novus Biologicals

Myeloperoxidase polyclonal antibody, catalog number PA5-16672,
1:100 dilution, ThermoFisher

HLA class | ABC polyclonal antibody, catalog number 15240-1-AP, 1:100
dilution, Proteintech

Granzyme B monoclonal antibody: clone D2H2F, catalog number
172158, 1:100 dilution, Cell Signaling Technology

Recombinant Anti-Ki67 antibody: clone SP6, catalog number ab16667,
1:100 dilution, Abcam

Tumor Cell, Macrophage, and CD8" T Cell Coculture Assay—Macrophage
Proliferation and Activation: Three types of coculture models were
designed to investigate the proliferation and activation potential of
macrophages. For the pretreatment model, 5 x 10° tumor cells were sub-
jected to control or CDK4/6 inhibitor treatment for 2 days in a 6-well plate.
The drug was then removed, and the cells were washed twice with PBS.
Thereafter, 5 x 10° macrophages were added to the 6-well plate for 2 days
of coculture. The cells were then used for FACS analysis. For the con-
treatment model, 5 X 10° tumor cells and 5 x 10° million macrophages
were cocultured in a 6-well plate; after 2 days of control or CDK4/6 inhibitor
treatment, the cells were harvested for FACS analysis. For the Transwell
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model, 1 x 10° tumor cells were cultured in a 1 um pore size insert, and
the same quantity of macrophages was cultured in a 24-well plate (BIOFIL;
TCS005006); FACS analysis or IF staining assay was performed after 2 days
of drug treatment.

To determine whether the proliferation and activation of macrophages
were dependent or independent of tumor cells, macrophage-alone and su-
pernatant models were also designed. Briefly, macrophages were directly
treated with control or CDK4/6 inhibitor for 2 days, followed by FACS anal-
ysis. In the supernatant model, tumor cells were treated with control or
CDK4/6 inhibitor for 2 days, and the supernatant was harvested. The har-
vested supernatant was used to treat macrophages directly for 2 days be-
fore FACS analysis.

Proliferation and Activation of CD8% T Cells:  Three types of in vitro sys-
tems were used—a coculture system, a supernatant model, and a Tran-
swell 2 model—to investigate the proliferation and activation potential of
CD8™ T cells.

For the coculture system, tumor cells and BM-M1 or BM-M2
macrophages (totaling 2 x 10* cells) were cocultured at a relevant ratio
in a 24-well plate with control or CDK4/6 inhibitor treatment for 2 days;
thereafter, the drug was completely removed, and 1 x 10* naive CD8* T
cells stained with CFSE or activated CD8% T cells were added to the plate
for 4 days of cultivation.

In the supernatant model, after drug removal, the tumor cell and
macrophage mixtures were continuously cultivated for 2 days, and the har-
vested supernatant was used to treat isolated CD8" T cells in a new 24-well
plate for 4 days.

In the Transwell 2 model, 1 x 10* macrophages were cultured in a 24-
well plate, and 1 x 10* tumor cells were added to a 1 um pore size insert.
After 2 days of control or abemaciclib treatment, the drug was completely
removed, and 1 x 10* isolated CD8* T cells were directly added to the
24-well plate for 4 days of coculture.

Finally, these CD8" T cells were harvested for flow cytometry to analyze
their proliferation and activation potential.

Mouse Transcriptome Analysis—Bulk RNA Sequencing: RNA-seq was
performed on six tumor, six spleen, and six tumor cell samples. Quality
checks were carried out using MultiQC.[”®] RNA reads were aligned to the
human reference genome, GRCh38, using HISAT2,77] followed by count-
ing of RNA reads with feature Counts,[7®] a program in the Subread pack-
age. Genes with zero read counts across all samples were removed. Differ-
entially expressed genes between control and abemaciclib tumors, control
and abemaciclib spleens, and HP5712 and HP5712-A009 cells were identi-
fied using DESeq2.7°] The cutoff criteria for DESeq2 were an absolute log2
fold change >1, p < 0.05, and a false discovery rate (FDR) <0.05. Multi-
ple hypothesis testing was performed using the Benjamini—Hochberg cor-
rection implemented in DESeq2. Gene ontology (GO) analysis was per-
formed using Metascape,®] with results filtered based on a p < 0.05 and
an FDR <0.05. Gene set enrichment analysis (GSEA) was performed us-
ing the GSEA software from the Broad Institute,3182] with results filtered
based on an absolute normalized enrichment score (NES) >1, p < 0.05,
and an FDR <0.05.

Single Cell RNA-Seq: After 10 days of in vivo control or abemaciclib
treatment, three tumors from the control or abemaciclib group were com-
bined to prepare cell suspensions. The cell suspensions were loaded onto
a 10X Genomics GemCode Single-cell instrument, which generates single-
cell Gel Bead-In-Emulsion (GEMs), followed by cell counting and quality
control. Libraries were generated and sequenced from the cDNAs using
Chromium Next GEM Single Cell 3’ Reagent Kits v3.1. Upon dissolution
of the Gel Bead in a GEM, primers containing i) an lllumina R1 sequence
(read 1 sequencing primer), ii) a 16-nt 10x barcode, iii) a 10-nt Unique
Molecular Identifier (UMI), and iv) a poly-dT primer sequence were re-
leased and mixed with cell lysate and Master Mix. Barcoded, full-length
cDNAs were then reverse-transcribed from polyadenylated mRNA. After
GEM-RT cleanup using Silane magnetic beads and cDNA amplification
via PCR, sufficient mass was obtained to proceed with library construc-
tion. Briefly, R1 (read 1 primer sequence) was added to the molecules dur-
ing GEM incubation. P5, P7, a sample index, and R2 (read 2 primer se-
quence) were added during library construction via end repair, A-tailing,
adaptor ligation, and PCR. The final libraries contained the P5 and P7

Adv. Sci. 2025, €11330 e11330 (21 of 24)

www.advancedscience.com

primers used in Illumina bridge amplification. The Single Cell 3’ Protocol
produced Illumina-ready sequencing libraries. A Single Cell 3 Library com-
prised standard Illlumina paired-end constructs that started and ended
with P5 and P7, respectively. The Single Cell 3’ 16 bp 10x Barcode and 10
bp UMI were encoded in Read 1, whereas Read 2 was used to sequence
the cDNA fragment. Sample index sequences were incorporated as the
i7 index read. Read 1 and Read 2 were the standard Illumina sequencing
primer sites used in paired-end sequencing.

Bioinformatic Analysis:  The raw BCL files were converted using the 10X
Genomics Cell Ranger software (version 3.1.0) into FASTQ files for align-
ment and gene expression quantification. The cell-by-gene matrices for
each sample were then individually imported into Scanpy version 1.9.1
for cell type annotation and downstream analyses. In particular, cells with
an unusually high number of UMIs (>8,000) or mitochondrial gene per-
centage (>10%) were filtered out. Cells with fewer than 500 or more than
4 000 genes detected were also excluded. Doublet GEMs were removed
using the tool Scrublet (v0.2.3). The gene expression measurements for
each cell were normalized by the total expression according to the follow-
ing formula:

Gene expression level = log (14 UMI, /UMl X 10, 000) M

To minimize the effects of batch variation and behavioral conditions on
clustering, Harmony, an algorithm that projects cells into a shared em-
bedding where cells are grouped by cell type rather than dataset-specific
conditions, was used to aggregate all samples. The Harmony algorithm in-
puts a principal component (PC) analysis embedding of cells, along with
their batch assignments, and returns a batch-corrected embedding. The
integrated expression matrix was then scaled and subjected to principal
component analysis for dimensionality reduction. The PCs with the high-
est contribution were identified using a scree test. Scanpy implements a
graph-based clustering approach. Distances between cells were calculated
based on previously identified PCs. Cells were then clustered using the
Louvain method to maximize modularity. For visualization of clusters, uni-
form manifold approximation and projection (UMAP) was generated us-
ing the same PCs. For cell annotation, the log-normalized matrices were
loaded into SingleR against the murine ImmGen reference, which is based
on correlating gene expression of reference cell types with single-cell ex-
pression. The Python package “CellPhoneDB” was used to analyze cell-
cell communications between two cell types based on the expression of
a receptor by one cell type and a ligand by another. To identify the most
relevant interactions between cell types, cell-type-specific interactions be-
tween ligands and receptors were identified.

TCGA Analysis:  The public normalized gene expression data based on
fragments per kilobase of exon model per million reads mapped (FPKM)
for breast cancers were obtained from the TCGA data portal (http://gdac.
broadinstitute.org/). Patients were divided into two groups according to
their RB1 and E2F1 expression levels—those with gene expression above
the median value were classified as the high G, /S transition activity cohort,
and those with gene expression below the median value were classified as
the low G /S transition activity cohort. The Pearson correlation coefficient
between CD8A and CD86 genes was calculated to assess their linear re-
lationship in the low G;/S transition activity cohort. Survival analysis was
performed using the R package “survival” in both the high and low G,/S
transition activity cohorts. In both cohorts, patients were further classi-
fied as CD74-high or CD74-low expressers based on whether their CD74
expression was above or below the median value. Patients with multiple
cancer types were divided into CD8A"/IFNG™ and CD8A* /IFNG* groups
based on their expression levels of CD8A and IFNG, similar to the classi-
fication of RBT and E2F1. The Kaplan—-Meier survival curve was modeled
using the survfit function, and p-values were reported.

Protein Mass Spectrometry:  Protein mass spectrometry was performed
using a data-independent acquisition (DIA) model. Briefly, 10 mL of su-
pernatant from 1x 10% HP5712 tumor cells cocultured with 1 x 10 FVB
mouse BM-M1 macrophages after 2 days of control or abemaciclib treat-
ment (n = 3 samples per group) was harvested to extract proteins, which
were quality-checked using the SDS-PAGE method. The same quantity of
protein from each sample was used for enzymolysis via filter aided sample
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preparation. LC-Orbitrap MS was employed to obtain high-quality direct
DIA data from each sample. The directDIA data were preprocessed using
the Spectronaut software to determine protein expression levels and to
select differentially expressed proteins. R packages “clusterProfiler,” “en-
richplot,” and “GOplot” were applied for analysis.

sgRNA Experiments: The sequences encoding the small-guide
RNA (sgRNA) targeting Mif, Hif-1la, or Cd74 were cloned into
the lentiCRISPRv2 construct to create sgMIF or sgCD74 plas-
mids, respectively. Three different encoding oligonucleotides were
used for sgMif (oligo 1, 5-GCAAACCTGTGCGGGCTTGC-3/, 3'-
GCAAGCCCGCACAGGTTTGC-5'; oligo 2, 5-GGCCACCGGCAAGCCCGC
AC-3’,3'-GTGCGGGCTTGCCGGTGGCC-5'; oligo 3, 5'-CCAGTACATCGCA
GTGCACG-3', 3-CGTGCACTGCGATGTACTGG-5"), sgHif-Tar (oligo 1, 5/
CAAGATGTGAGCTCACATTG-3', 3’'-CAATGTGAGCTCACATCTTG-5'; oligo
2, 5-TGTTTGCAGTTTGAACTAAC-3', 3'-GTTAGTTCAAACTGCAAACA-5;
oligo 3, 5-GTGATGGTGCTAACAGATGA-3’, 3'-TCATCTGTTAGCACCATC
AC-5'), and sgCd74 (oligo 1, 5'-GCTGATGCGTCCAATGTCCA-3’, 3'-TG
GACATTGGACGCATCAGC-5; oligo 2, 5'-ATTTCGGAAGCTTCATGCGA-3’,
3'-TCGCATGAAGCTTCCGAAAT-5"; oligo 3, 5-GAGGTCGCGTTGGTC
ATCCA-3’, 3'-TGGATGACCAACGCGACCTC-5’). To obtain stable Mif or
Hif-1a knockout in tumor cells, HEK293T cells were used to transfect
sgMif or sgHif-Ta plasmids into HP5712 and 4T1 cells in a 6-well plate,
and puromycin was used to select the stable colonies. The Mif or Hif-Ta
knockout efficiency was validated via western blotting. Lipofectamine
3000 transfection reagent was used to transfect sgCd74 into mouse BM-
M1 macrophages in a 6-well plate for 3 days. The total CD74 expression
(including that in membrane and nuclear fractions) in macrophages was
investigated via FACS analysis.

Statistical Analysis:  The GraphPad Prism 9 software was used to per-
form the statistical analysis. The figure legends describe the statistical
analysis for each experiment. Two-tailed unpaired Student’s t-test was
used to compare datasets between two groups with normal distributions
and equal standard deviations, whereas unpaired t-test with Welch’s cor-
rection was used for samples with significantly different standard devia-
tions. One-way ANOVA with Tukey's multiple comparisons test was used
to compare datasets among multiple groups (>3) with equal standard de-
viations, and one-way ANOVA with Dunnett’'s multiple comparison test
was applied for samples with unequal standard deviations. For two groups
with different experimental designs (>2), two-way ANOVA with multi-
ple comparisons test was performed. Survival was measured using the
Kaplan—Meier method. Pearson’s correlation was used to calculate the
correlation between two genes. A significant difference between groups
was considered at a p < 0.05. All data shown represent three or more in-
dependent experiments.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This work was partly supported by Prof Xiaoling Xu’s Lab. The authors also
thank Kai Miao, Assistant Professor, Heng Sun, Research Assistant Profes-
sor, Lijian Wang and Qingqing Zhou, PhD students, and Yizhi Mao, PhD,
for technical support. The authors thank the members of the Chuxia Deng
and Xiaoling Xu laboratories for helpful advice and discussions. The au-
thors are grateful for the support of the animal facility core and biological
imaging and stem core facility of the Faculty of Health Sciences, University
of Macau.

Conflict of Interest

The authors declare no conflict of interest.

Adv. Sci. 2025, 11330 e11330 (22 of 24)

www.advancedscience.com

Author Contributions

All authors revised and approved the manuscript. L.H. performed the ex-
periments, analyzed the experiment data, and prepared the figures and
manuscript. Y. and J.Z. performed the bioinformatic analysis. L.-l.L., W.W.,
Y.Y., and Y.Q. were involved in the human sample collection and trans-
portation. D.T., W.W,, X.W,, J.h.L., Y.F, X.C,, D.M., Q.Z., and T.L. con-
tributed to the methodology. Y.C. contributed to the ethics approval for the
use of human samples. C.D. and P.K.T. designed the project, supervised
all data, and cowrote the manuscript.

Data Availability Statement

All data supporting the results presented in the paper are present in the
paper and/or the Supplementary Materials. The original datasets are also
available from the corresponding author upon request. The RNA-seq data
have been deposited in the Sequence Read Archive (SRA) database with
the following access number: PRJCA032080 https://www.ncbi.nlm.nih.
gov/bioproject/PRJCA032080/. The DIA-MS proteomics data have been
deposited in the PRoteomics |IDEntifications Database (PRIDE) with the
following access number: PXD057791 (DIA raw data) http://www.ebi.
ac.uk/pride/archive/projects/PXD057791. Public data from The Cancer
Genomic Atlas (TCGA-BRCA.sampleMap/HiSeqV2) database were used.
Source data are provided with this paper.

Keywords

CDK4/6 inhibitor, CD8% T cell, cell-cell communication, tumor immune
microenvironment, tumor-associated macrophage

Received: June 19, 2025
Revised: September 25, 2025
Published online:

[1] C.Swanton, E. Bernard, C. Abbosh, F. André, J. Auwerx, A. Balmain,
D. Bar-Sagi, R. Bernards, S. Bullman, J. DeGregori, C. Elliott, A. Erez,
G. Evan, M. A. Febbraio, A. Hidalgo, M. Jamal-Hanjani, . A. Joyce,
M. Kaiser, K. Lamia, J. W. Locasale, S. Loi, I. Malanchi, M. Merad,
K. Musgrave, K. ). Patel, S. Quezada, J. A. Wargo, A. Weeraratna, E.
White, F. Winkler, Cell 2024, 187, 1589.

[2] D. Hanahan, Cancer discovery 2022, 12, 31.

[3] ). L. Teh, A. E. Aplin, Clin. Cancer Res. 2019, 25, 921.

[4] C.]J. Sherr, J. M. Roberts, Genes Dev. 1999, 13, 1501.

[5] A.Y.Lai, ). A. Sorrentino, K. H. Dragnev, |. M. Weiss, T. K. Owonikoko,

Immunother Cancer 2020, 8, 000847.

S. Goel, M. J. DeCristo, A. C. Watt, H. BrinJones, J. Sceneay, B. B. Li,

N. Khan, J. M. Ubellacker, S. Xie, O. Metzger-Filho, |. Hoog, M. |J.

Ellis, C. X. Ma, S. Ramm, I. E. Krop, E. P. Winer, T. M. Roberts, H.-J.

Kim, S. S. McAllister, ). ). Zhao, Nature 2017, 548, 471.

[7] X. Gao, G. W. Leone, H. Wang, Adv. Cancer Res. 2020, 148, 147.

[8] ). Deng, E.S. Wang, R. W. Jenkins, S. Li, R. Dries, K. Yates, S. Chhabra,
W. Huang, H. Liu, A. R. Aref, E. lvanova, C. P. Paweletz, M. Bowden,
C.W.Zhou, G. S. Herter-Sprie, J. A. Sorrentino, ). E. Bisi, P. H. Lizotte,
A.A. Merlino, M. M. Quinn, L. E. Bufe, A. Yang, Y. Zhang, H. Zhang, P.
Gao, T. Chen, M. E. Cavanaugh, A. . Rode, E. Haines, Cancer discovery
2018, 8, 216.

[9] D.A. Schaer, R. P. Beckmann, J. A. Dempsey, L. Huber, A. Forest, N.
Amaladas, Y. Li, Y. C. Wang, E. R. Rasmussen, D. Chin, A. Capen, C.
Carpenito, K. A. Staschke, L. A. Chung, L. M. Litchfield, F. F. Merzoug,
X. Gong, P. W. Iversen, S. Buchanan, A. de Dios, R. D. Novosiadly, M.
Kalos, Cell Rep. 2018, 22, 2978.

[6

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

25U801 SUOLLLLOD BATERID 3|qedldde au Ag PauLACh 812 SBo1Le O 88N J0'S3[N J0J ARG I BUIIUO 3|1 U0 (SUOIPUOO-pUE-SWSILLID" B M AReJq][BUIUO//STY) SUO NIPLOD PUE SULB | 341395 *[SZ02/TT/Z0] U0 ARIGIT8UIIUO K11 ‘Mede  JO AISIoAIUN Aq OEETTSZ0Z SAPR/Z00T OT/10p/W00" 48] W' AIR1q) U 1|U0"PeOLIRADESAY WO1} Ppeo|umod ‘0 ‘r8E85TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com
https://www.ncbi.nlm.nih.gov/bioproject/PRJCA032080/
https://www.ncbi.nlm.nih.gov/bioproject/PRJCA032080/
http://www.ebi.ac.uk/pride/archive/projects/PXD057791
http://www.ebi.ac.uk/pride/archive/projects/PXD057791

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(1]

(1

(12]

(13]

(14]

[15]

(18]

(7]

(18]
(19]
(20]
(21]
(22]
(23]

(24]

(25]

26]
(27]
(28]
(29]
(30]

Adv. Sci. 2025, e11330

P. A. Ott, Y.-J. Bang, S. A. Piha-Paul, A. R. A Razak, J. Bennouna, J.-C.
Soria, H. S. Rugo, R. B. Cohen, B. H. O'Neil, J. M. Mehnert, J. Lopez,
T. Doi, E. M. ). van Brummelen, R. Cristescu, P. Yang, K. Emancipator,
K. Stein, M. Ayers, A. K. Joe, J. K. Lunceford, J. Clin. Oncol. 2019, 37,
318.

K. Muro, H. C. Chung, V. Shankaran, R. Geva, D. Catenacci, S. Gupta,
J. P. Eder, T. Golan, D. T. Le, B. Burtness, A. J. McRee, C.-C. Lin, K.
Pathiraja, ). Lunceford, K. Emancipator, J. Juco, M. Koshiji, Y.-|. Bang,
Lancet Oncol. 2016, 17, 717.

E. B. Garon, N. A. Rizvi, R. Hui, N. Leighl, A. S. Balmanoukian, . P.
Eder, A. Patnaik, C. Aggarwal, M. Gubens, L. Horn, E. Carcereny, M.-
J. Ahn, E. Felip, J.-S. Lee, M. D. Hellmann, O. Hamid, ). W. Goldman,
J.-C. Soria, M. Dolled-Filhart, R. Z. Rutledge, ]. Zhang, . K. Lunceford,
R. Rangwala, G. M. Lubiniecki, C. Roach, K. Emancipator, L. Gandhi,
N. Engl. J. Med. 2015, 372, 2018.

A. B. El-Khoueiry, B. Sangro, T. Yau, T. S. Crocenzi, M. Kudo, C. Hsu,
T.-Y. Kim, Su-P Choo, J. Trojan, T. H. Welling, T. Meyer, Y.-K. Kang, W.
Yeo, A. Chopra, ). Anderson, C. dela Cruz, L. Lang, |. Neely, H. Tang,
H. B. Dastani, |I. Melero, Lancet 2017, 389, 2492.

J. Larkin, V. Chiarion-Sileni, R. Gonzalez, |. J. Grob, C. L Cowey, C.
D. Lao, D. Schadendorf, R. Dummer, M. Smylie, P. Rutkowski, P. F.
Ferrucci, A. Hill, J. Wagstaff, M. S. Carlino, J. B. Haanen, M. Maio,
I. Marquez-Rodas, G. A. McArthur, P. A. Ascierto, G. V. Long, M.
K. Callahan, M. A. Postow, K. Grossmann, M. Sznol, B. Dreno, L.
Bastholt, A. Yang, L. M. Rollin, C. Horak, F. S Hodi, et al., N. Engl. J.
Med. 2015, 373, 23.

C. Robert, |. Schachter, G. V. Long, A. Arance, ). |. Grob, L. Mortier,
A. Daud, M. S. Carlino, C. McNeil, M. Lotem, |. Larkin, P. Lorigan, B.
Neyns, C. U. Blank, O. Hamid, C. Mateus, R. Shapira-Frommer, M.
Kosh, H. Zhou, N. Ibrahim, S. Ebbinghaus, A. Ribas, N. Engl. J. Med
2015, 372, 2521.

M. Reck, D. Rodriguez-Abreu, A. G. Robinson, R. Hui, T. Csoszi, A.
Fuldp, M. Gottfried, N. Peled, A. Tafreshi, S. Cuffe, M. O’Brien, S.
Rao, K. Hotta, M. A. Leiby, G. M. Lubiniecki, Y. Shentu, R. Rangwala,
J. R. Brahmer, N. Engl. J. Med 2016, 375, 1823.

J. Yu, J. Yan, Q. Guo, Z. Chi, B. Tang, B. Zheng, . Yu, T. Yin, Z. Cheng,
X. Wu, H. Yu, J. Dai, X. Sheng, L. Si, C. Cui, X. Bai, L. Mao, B. Lian,
X. Wang, X. Yan, S. Li, Li Zhou, K. T. Flaherty, J. Guo, Y. Kong, Clin.
Cancer Res. 2019, 25, 6511.

J. L. F. Teh, D. A. Erkes, P. F. Cheng, Cancer Immunol. Res. 2020, 8,
1114.

Q.-F. Zhang, ). Li, K. Jiang, R. Wang, J.-L. Ge, H. Yang, S.-J. Liu, L.-T.
Jia, L. Wang, Bi-L Chen, Theranostics 2020, 10, 10619.

Q. Long, A.-H Ma, H. Zhang, Z. Cao, R. Xia, T.-Y. Lin, G. P. Sonpavde,
R. de Vere White, |. Guo, C.-X. Pan, Cancer Immunol., Immunother. :
Cl1 2020, 69, 2305.

A. R. Tan, G. S. Wright, Clin. Cancer Res. 2022, 28, 629.

D. Daniel, V. Kuchava, I. Bondarenko, O. Ivashchuk, S. Reddy, J. Jaal,
I. Kudaba, L. Hart, A. Matitashvili, Y. Pritchett, S. R. Morris, J. A.
Sorrentino, J. M. Antal, J. Goldschmidt, Int. J. Cancer 2020, 148, 2557.
E.). Lelliott, G. A. McArthur, J. Oliaro, K. E. Sheppard, Front. Immunol.
2021, 12, 661737.

J. Zhang, X. Bu, H. Wang, Y. Zhu, Y. Geng, N. T. Nihira, Y. Tan, Y. Ci, F.
Wu, X. Dai, ). Guo, Yu-H Huang, C. Fan, S. Ren, Y. Sun, G. J. Freeman,
P. Sicinski, W. Wei, Nature 2018, 553, 91.

C. Egelston, W. Guo, S. Yost, J. S. Lee, D. Rose, C. Avalos, J. Ye, P.
Frankel, D. Schmolze, J. Waisman, P. Lee, Y. Yuan, J. Immunother. Can-
cer 2021, 9, 002084.

X. Bai, Z. Q. Guo, Nat. Commun. 2023, 14, 1247.

S. P. Nobs, M. Kopf, Trends Immunol. 2021, 42, 495.

D. ). Kloosterman, L. Akkari, Cell 2023, 186, 1627.

C. Hernandez, P. Huebener, R. F. Schwabe, Oncogene 2016, 35, 593 1.
D. Laoui, E. Van Overmeire, P. De Baetselier, |. A. Van Ginderachter,
G. Raes, Front. Immunol. 2014, 5, 489.

€11330 (23 of 24)

(31

(32]
(33]

(34]
(33]
36]
(37]
(38]
(39]
[(40]

[41]

(42]
(43]
[44]
(45]
[46]

(47]
(48]

(49]
(50]

(31]
[52]

[53]

(4]

[55]

[56]
[57]

(>8]

[39]
(60]

www.advancedscience.com

F. Xing, Y.-C Liu, S. Huang, X. Lyu, S. M. Su, U. I. Chan, P.-C. Wu, Y.
Yan, N. Aj, J. Li, M. Zhao, B. K. Rajendran, J. Liu, F. Shao, H. Sun, T. K.
Choi, W. Zhu, G. Luo, S. Liu, D. L. Xu, K. L. Chan, Qi Zhao, K. Miao,
K. Q. Luo, W. Ge, X. Xu, G. Wang, T.-M. Liu, C.-X. Deng, Theranostics
2021, 717, 9415.

L. He, C. Deng, Int. J. Biol. Sci. 2022, 18, 5885.

J. E. Smith-Garvin, G. A. Koretzky, M. S. Jordan, Annu. Rev. Immunol.
2009, 27, 591.

Y. Li, Y. He, K. Miao, Y. Zheng, C. Deng, T. M. Liu, Theranostics 2020,
10, 2897.

J. M. Weiss, L. A. Ridnour, T. Back, S. P Hussain, P. He, A. E. Maciag,
L. K. Keefer, W. J. Murphy, C .C. Harris, D. A. Wink, R .H. Wiltrout, J.
Exp. Med. 2010, 207, 2455.

E. Karimi, M. W. Yu, Nature 2023, 614, 555.

I. Kang, R. Bucala, Nat. Rev. Rheumatol. 2019, 15, 427.

M. J. Kim, W. S. Kim, D. O. Kim, J.-E. Byun, H. Huy, S. Y. Lee, H. Y.
Song, Y.-J. Park, T.-D. Kim, S. R. Yoon, E.-J. Choi, H. Ha, H. Jung, I.
Choi, Cellular Signall. 2017, 34, 110.

J. Li, J. Zhang, F. Xie, ). Peng, X. Wu, Int. J. Mol. Med. 2018, 41,
1062.

Z-Bo Shang, ). Wang, S.-G. Kuai, Y.-Y. Zhang, Q.-F. Ou, H. Pei, Li-H
Huang, Ann. Lab. Med. 2018, 38, 9.

T. Roger, A. Schneider, M. Weier, F. C. G. ). Sweep, D. Le Roy, .
Bernhagen, T. Calandra, E. Giannoni, Proc. Natl. Acad. Sci. USA 2016,
113, E997.

H. S. Rugo, P. Kabos, J. T. Beck, G. Jerusalem, H. Wildiers, NPJ Breast
Cancer 2022, 8, 118.

L. He, P. K. Tam, C. X. Deng, Int. J. Biol. Sci. 2025, 21, 4098.

E. ). Lelliott, I. Y. Kong, M. Zethoven, Cancer Discovery 2021, 11, 2582.
T. Calandra, T. Roger, Nat. Rev. Immunol. 2003, 3, 791.

K. Sumaiya, D. Langford, K. Natarajaseenivasan, S. Shanmughapriya,
Pharmacol. Ther. 2022, 233, 108024.

R. A. Mitchell, R. Bucala, Semin. Cancer Biol. 2000, 10, 359.

J. Fan, Y. Chen, H. M. Chan, P. K. Tam, Y. Ren, Proc. Natl. Acad. Sci.
USA 2005, 7102, 17751.

B. Jager, D. Klatt, L. Plappert, H. Golpon, S. Lienenklaus, P. D.
Barbosa, A. Schambach, A. Prasse, Cellular Signall. 2020, 73, 109672.
J. D. Hudson, M. A. Shoaibi, R. Maestro, A. Carnero, G. ). Hannon,
D. H. Beach, J. Exp. Med. 1999, 190, 1375.

M. Chen, H. Liu, FASEB Journal 2024, 38, 23696.

K. N. Balogh, D. ). Templeton, ). V. Cross, PLoS One 2018, 13,
0197702.

F. H. G. Tessaro, E. Y. Ko, M. De Simone, R. Piras, M. T. Broz, H.
S. Goodridge, B. Balzer, S. L. Shiao, |. Guarnerio, Cell Rep. 2022, 39,
110977.

B. A. Castro, P. Flanigan, A. Jahangiri, D. Hoffman, W. Chen, R. Kuang,
M. De Lay, G. Yagnik, ). R. Wagner, S. Mascharak, M. Sidorov, S.
Shrivastav, G. Kohanbash, H. Okada, M. K. Aghi, Oncogene 2017, 36,
3749.

P. T. Ferreira, A. C. Oliveira-Scussel, R. A. Sousa, B. Q. Gomes, |. E.
Félix, R. ). Silva, I. B. Millian, T. S. Assuncio, S. C. Teixeira, M. D. L.
M Gomes, M. V. Silva, B. F. Barbosa, V. Rodrigues Junior, J. R. Mineo,
C. J. Oliveira, E. A. Ferro, A. O. Gomes, Immunobiology 2023, 228,
152357.

L. Wang, H. Wang, L. Yu, H. Jiang, L. Xia, bioRxiv 2023, 2023, 10.

T. Calandra, J. Bernhagen, R. A. Mitchell, R. Bucala, J. Exp. Med. 1994,
179, 1895.

K. Yaddanapudi, K. Putty, B. E. Rendon, G. J. Lamont, J. D. Faughn, A.
Satoskar, A. Lasnik, J. W. Eaton, R. A. Mitchell, J. Immunol. (Baltimore,
Md : 1950) 2013, 190, 2984.

J. Huang, L. Zheng, Z. Sun, |. Li, Int. J. Mol. Med. 2022, 50, 128.

M. C. Papadimitriou, A. Pazaiti, K. lliakopoulos, M. Markouli, V.
Michalaki, C. A. Papadimitriou, BBA-Mol. Cell Res. 2022, 1869,
119346.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

25U801 SUOLLLLOD BATERID 3|qedldde au Ag PauLACh 812 SBo1Le O 88N J0'S3[N J0J ARG I BUIIUO 3|1 U0 (SUOIPUOO-pUE-SWSILLID" B M AReJq][BUIUO//STY) SUO NIPLOD PUE SULB | 341395 *[SZ02/TT/Z0] U0 ARIGIT8UIIUO K11 ‘Mede  JO AISIoAIUN Aq OEETTSZ0Z SAPR/Z00T OT/10p/W00" 48] W' AIR1q) U 1|U0"PeOLIRADESAY WO1} Ppeo|umod ‘0 ‘r8E85TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(61]

(62]

(63]
(64]
(65]

[66]

(67]

(68]
(6]

[70]
(71
[72]

Adv. Sci. 2025, e11330

X.-Q. Xu, X.-H. Pan, T.-T. Wang, ). Wang, Bo Yang, Q.-]. He, L. Ding,
Acta Pharmacol. Sin. 2021, 42, 171.

N. M. Kettner, T. N. Bui, J. Navarro-Yepes, S. Ghotbaldini, B. Quintela,
C. K. Luo, N. Lam, X. Rao, A. S. Raghavendra, Y. Wang, N. Azizian,
T. Kris Eckols, M. M. Kasembeli, K. Evans, M. Yi, H. Wingate, J.
Wang, A. A. Sahin, F. Meric-Bernstam, K. K. Hunt, S. Damodaran,
D. J. Tweardy, D. Tripathy, K. Keyomarsi, NPJ Prec. Oncol. 2025, 9,
260.

S. Hume, G. L. Dianov, K. Ramadan, Nucleic Acids Res. 2020, 48,
12483.

M. E. Hubbi, D. M. Gilkes, H. Hu, A. I. Kshitiz, G. L. Semenza, Proc.
Natl. Acad. Sci. USA 2014, 111, E3325.

T. Wang, H. Liu, G. Lian, S. Y. Zhang, X. Wang, Mediators of Inflam-
mation 2017, 2017, 9029327.

A. M. Abdul-Aziz, M. S. Shafat, Yu Sun, C. R. Marlein, R. E. Piddock,
S. D. Robinson, D. R. Edwards, Z. Zhou, A. Collins, K. M. Bowles, S.
A. Rushworth, Oncogene 2018, 37, 2676.

J. K. Tiwari, S. Negi, M. Kashyap, S. Nizamuddin, A. Singh, A. Khattri,
Front. Oncol. 2021, 11, 793881.

V. Quaranta, M. C. Schmid, Cells 2019, 8, 747.

B. Ruffell, D. Chang-Strachan, V. Chan, A. Rosenbusch, C. M. T. Ho,
N. Pryer, D. Daniel, E. S Hwang, H. S. Rugo, L. M. Coussens, Cancer
Cell 2014, 26, 623.

M. Klichinsky, M. Ruella, Nat. Biotechnol. 2020, 38, 947.

C. Sloas, S. Gill, M. Klichinsky, Front. Immunol. 2021, 12, 783305.

S. Goel, Qi Wang, A. C. Watt, S. M. Tolaney, D. A. Dillon, W. Li, S.
Ramm, A. C. Palmer, H. Yuzugullu, V. Varadan, D. Tuck, L. N. Harris,

€11330 (24 of 24)

(73]

(74]

[75]

[76]

[77]
(78]

[79]

(80]
(81]

(82]

www.advancedscience.com

K.-K. Wong, X. S Liu, P. Sicinski, E. P. Winer, I. E. Krop, J. J. Zhao,
Cancer Cell 2016, 29, 255.

J. Li, X. Shu, J. Xu, S. M. Su, U. I. Chan, L. Mo, J. Liu, X. Zhang, R.
Adhav, Q. Chen, Y. Wang, T. An, Xu Zhang, X. Lyu, X. Li, . H. Lei, K.
Miao, H. Sun, F. Xing, A. Zhang, C. Deng, X. Xu, Nat. Commun. 2022,
13, 1481.

M. Mekhaeil, M. J. Conroy, K. K. Dev, Neurotherapeutics 2023, 20,
1347.

A. C. Rios, B. D. Capaldo, F. Vaillant, B. Pal, R. van Ineveld, C. A.
Dawson, Y. Chen, E. Nolan, N. Y. Fu, F. C. Jackling, S. Devi, D.
Clouston, L. Whitehead, G. K. Smyth, S. N. Mueller, G. ). Lindeman,
J. E. Visvader, Cancer Cell 2019, 35, 618..

P. Ewels, M. Magnusson, S. Lundin, M. Killer, Bioinformatics (Oxford,
England) 2016, 32, 3047.

D. Kim, B. Langmead, S. L. Salzberg, Nat. Methods 2015, 12, 357.

Y. Liao, G. K. Smyth, W. Shi, Bioinformatics (Oxford, England) 2014,
30, 923.

M. I. Love, W. Huber, S. Anders, Genome Biol. 2014, 15, 550.

Y. Zhou, B. Zhou, L. Pache, M. Chang, Nat. Commun. 2019, 10, 1523.
A. Subramanian, P. Tamayo, V. K. Mootha, S. Mukherjee, B. L. Ebert,
M. A. Gillette, A. Paulovich, S. L. Pomeroy, T. R. Golub, E. S. Lander,
J. P. Mesirov, Proc. Natl. Acad. Sci. USA 2005, 102, 15545.

V. K. Mootha, C. M. Lindgren, K.-F. Eriksson, A. Subramanian, S.
Sihag, ). Lehar, P. Puigserver, E. Carlsson, M. Ridderstrale, E. Laurila,
N. Houstis, M. J. Daly, N. Patterson, J. P. Mesirov, T. R. Golub, P.
Tamayo, B. Spiegelman, E. S. Lander, J. N. Hirschhorn, D. Altshuler,
L. C. Groop, Nat. Genet. 2003, 34, 267.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

25U801 SUOLLLLOD BATERID 3|qedldde au Ag PauLACh 812 SBo1Le O 88N J0'S3[N J0J ARG I BUIIUO 3|1 U0 (SUOIPUOO-pUE-SWSILLID" B M AReJq][BUIUO//STY) SUO NIPLOD PUE SULB | 341395 *[SZ02/TT/Z0] U0 ARIGIT8UIIUO K11 ‘Mede  JO AISIoAIUN Aq OEETTSZ0Z SAPR/Z00T OT/10p/W00" 48] W' AIR1q) U 1|U0"PeOLIRADESAY WO1} Ppeo|umod ‘0 ‘r8E85TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

