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In brief

Xi et al. identify an FN1+ macrophage
subtype in esophageal cancer with high
efferocytosis activity. They delineate a
TP63-RAC2 transcriptional axis that
drives this process, promoting M2
macrophage polarization and
immunosuppression. Targeting this
pathway impairs efferocytosis and
suppresses tumor growth, revealing a
therapeutic vulnerability.
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SUMMARY

This study explores the role of efferocytosis in esophageal squamous cell carcinoma (ESCC) using single-
cell RNA sequencing and in vitro/in vivo assays. Analyzing 27 samples from 9 patients with ESCC, we
identify diverse cell types and significant heterogeneity in the tumor microenvironment, with a focus
on efferocytosis. Our findings highlight that macrophages engulf apoptotic tumor cells, thereby impairing
immune responses and promoting tumor progression. Notably, TP63 and RAC2 emerge as key regulators
of this process, influencing efferocytosis and immune modulation. Functional assays demonstrate that
disrupting these pathways alters macrophage efferocytosis and impacts tumor growth in vivo. These re-
sults suggest that targeting efferocytosis pathways offers potential therapeutic strategies for ESCC,
enhancing antitumor immunity and improving patient outcomes. The study underscores the complex in-
teractions between tumor cells and the immune system, with efferocytosis representing a promising ther-
apeutic target.

INTRODUCTION

Esophageal squamous cell carcinoma (ESCC) is a highly aggres-
sive malignancy with a poor prognosis, making it one of the
leading causes of cancer-related mortality worldwide.' Despite
advancements in diagnosis and treatment, the survival rate for
ESCC remains dismal, as most patients are diagnosed at
advanced stages when therapeutic options are limited and less
effective.” This highlights an urgent need for innovative therapeu-
tic strategies that target not just the tumor cells but also the tumor

microenvironment (TME), a critical component of cancer progres-
sion and immune resistance.

Efferocytosis, the process by which macrophages engulf
and remove apoptotic cells (ACs), plays a crucial role in main-
taining tissue homeostasis and in modulating immune re-
sponses.”® In the context of the TME, efferocytosis becomes
a double-edged sword. While it helps clear apoptotic tumor
cells, it also promotes an immunosuppressive environment by
polarizing tumor-associated macrophages (TAMs) toward a
tumor-promoting M2 phenotype.”™ This phenotype supports
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tumor growth, angiogenesis, and immune evasion, creating a
formidable barrier to effective antitumor immunity. Thus, under-
standing the mechanisms and regulatory pathways of efferocy-
tosis in ESCC may uncover therapeutic targets to transform
TAMs from tumor promoters into tumor suppressors.

ESCC, a highly aggressive and lethal malignancy, epito-
mizes the urgent need for deeper exploration of the TME to
unravel therapeutic targets and improve patient outcomes.
Recent advances in single-cell RNA sequencing (scRNA-
seq) have revolutionized cancer research, offering unparal-
leled resolution to explore cellular heterogeneity within the
TME.""'? This approach allows for a detailed characterization
of TAM subtypes, their differentiation trajectories, and their
functional states, offering insights into their roles in the immu-
nosuppressive environment of ESCC.'® The investigation of
TAM heterogeneity is particularly relevant in the context of
developing targeted therapies that could modulate the TME
to enhance the efficacy of existing treatments, such as
immunotherapy.'*

In this study, we leveraged scRNA-seq and a suite of experi-
mental approaches to investigate the role of efferocytosis in
ESCC. Our focus was on TAMs and their diverse roles within
the immunosuppressive milieu of ESCC. By integrating gene
expression, regulon activity, and differentiation pathways, we
constructed a comprehensive map of TAM heterogeneity and
identified key molecular drivers, including TP63 and RAC2, that
regulate efferocytosis. This work not only advances our under-
standing of TAM function in ESCC but also highlights potential
therapeutic strategies to improve patient outcomes by targeting
efferocytosis pathways.

RESULTS

scRNA-seq reveals the ESCC transcriptome landscape

To ascertain the ecological microlandscape of ESCC and unveil
its heterogeneity, we procured tumor tissue specimens and
two sets of paired lymph node (LN) samples from nine patients
with recently diagnosed ESCC devoid of any prior therapeutic
interventions. The specific clinical and pathological data are
presented in Table S1. We performed scRNA-seq on the 27
samples. After quality control and cell filtration, 121,038 high-
quality cells were finally retained (Figures S1A-S1C and 1).
As shown in Figures 1A and 1B, we identified 36 different
cell clusters. Utilizing the expression levels of characteristic
genes for specific cell types, these 36 cell clusters were
further identified as nine distinct cell types, as illustrated in
Figures 1C, 1D, and 1G. These cell types include B cells and
plasma cells (IGHG1"), endothelial cells (GNG117), epithelial
cells (KRT14%), fibroblasts (COL1A2%), mast cells (TPSAB1%),
myeloid cells (LYZ*), natural killer (NK) cells (NKG7%), plasma-
cytoid dendritic cells (DCs) (GZMB*), and T cells (CD3D").
The distribution of distinct cell types across various samples
is illustrated in Figures 1E and 1F. Even in the same patient,
there was still high heterogeneity in the distribution of cells
between different sites. As a matter of course, even if the
samples were taken from the same site, the main cell subtypes
were not exactly the same among different patients. Among
them, the proportion of epithelial cells was the highest in tumor
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tissues, followed by myeloid cells, and there was higher im-
mune cell infiltration in LNs, including B, plasma, and T cells.
Moreover, the epithelial cells exhibited the highest level of pro-
liferative activity, as shown in Figures 1H and 1l.

Heterogeneity of ESCC tumor cells

Using scRNA-seq data, we attempted to dissect the diversity
and intricacy of the ESCC ecosystem at various cellular levels.
Initially, we visualized the heterogeneity of the tumor cells,
T cells, and macrophages.

Tumor cells were categorized into six distinct subtypes, as
illustrated in Figures S2A, S2D, and S2E. Notably, C2 EZH2*
tumor cells and C3 CENPF* tumor cells primarily originated
from within the tumor tissues and exhibited heightened prolif-
erative activity (Figures S2B, S2C, and S2F). Differential gene
and enrichment analysis of different tumor cell subtypes
showed that in C2 EZH2* tumor cells and C3 CENPF* tumor
cells, DNA replication and mitosis pathways were enriched
(Figures S3A-S3E). This explains the high proliferative character-
istics of C2 EZH2" tumor cells and C3 CENPF* tumor cells. When
tumor cells actively proliferate, their tissue differentiation ability
gradually decreases. Consequently, subsequent slingshot anal-
ysis revealed that the C2 EZH2* tumor cells and C3 CENPF*
tumor cells resided at the terminal point of the differentiation
trajectory, suggesting a decreased differentiation ability and
a relatively restricted degree of diversification (Figures S4A-
S4C). In summary, we identified two tumor cell subtypes with
active proliferation in ESCC: C2 EZH2* tumor cells and C3
CENPF* tumor cells. However, it is worth mentioning that
although these cells divide vigorously, they dominate at the
end of the differentiation trajectory.

T cell-mediated microenvironment immunosuppression
in ESCC

As a pivotal cellular component within the immune microenvi-
ronment, T cells predominantly originated from LN samples
(Figures 1F and S5A). Upon examination of Figure S5A, it is
evident that CD4" T cells can be further classified into nine
discrete subtypes, encompassing three types of naive T cells,
two types of actively proliferating T cells, one effector T cell
type, one regulatory T (Treg) cell type, and two types of follicular
helper T (Tfh) cells. Proliferating CD4* T cells and CD4 TIGIT*
Treg cells were primarily derived from tumor tissues, indicating
that tumor tissues may possess a more active immunosuppres-
sive microenvironment than metastatic tissues (Figures S5B
and S5C). Among these, CD4 TOP2A™ proliferating Treg cells
exhibited the most elevated G2M value, whereas CD4
STMN1™ proliferating Treg cells displayed the highest S value
(Figure S5F). Figures S5D and S5E showed key marker genes
associated with distinct CD4* T cell subtypes. We further
explored the biological functional heterogeneity of CD4*
T cell subtypes (Figures S6A-S6E).

The CD8" T cell population comprised three subtypes
of naive T cells, two subtypes of effector T cells, and three
subtypes of depleted T cells (Figures S7A-S7C). Bubble and
uniform manifold approximation and projection (UMAP) plots
were used to visualize the distribution patterns of marker
genes across these distinct subtypes (Figures S7D and S7E).
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Figure 1. Identification of ESCC cell types
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Notably, the cell cycle scores indicated vigorous proliferation
of CD8 ANXA2* exhausted T cells (Figure S7F), potentially
linked to their involvement in cellular metabolism (Figures
S8A-S8E).

In summary, we performed a comprehensive and detailed
characterization of CD4" T cells and CD8* T cells in ESCC and
visualized the great heterogeneity of CD4" T cell subtypes and
CD8" T cell subtypes in gene expression, biological function,
and development trajectory.
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sscore istics of TAMs in ESCC. The results of
o] dimensionality reduction clustering dem-
Bl onstrated that TAMs were divided into

. W e seven distinct subtypes: CO TREM2*
V% ] macrophages, C1 FN1* macrophages,
comseos” C2 CD14* macrophages, C3 LGALS2*

macrophages, C4 TNFAIP3* macro-
phages, C5 CHCHD6* macrophages,
and C6 VCAM1* macrophages (Figure
2A). TAM subtypes show obvious distri-
bution heterogeneity in ESCC samples.
CO0 TREM2* macrophages originated
predominantly from LN samples in G1
and S phases. C1 FN1* macrophages were predominantly
observed in tumor tissues undergoing active proliferation, pri-
marily in the G2M and S phases. This suggests that a subtype
of TAMs with vigorous division was found in the microenviron-
ment of the primary tumor, which may be closely related to the
tumor immune imbalance. In addition, C2 CD14* macrophages
and C4 TNFAIP3" macrophages primarily originated from tumor
tissues. On the other hand, C3 LGALS2* macrophages and C6
VCAM1* macrophages were predominantly derived from

Cell Reports Medicine 7, 102529, January 20, 2026 3




¢? CellPress

OPEN ACCESS

Cell Reports Medicine

co TREM2+ C1 FN1+  C2 CD14+ C3 LGALS2+
Group: 1 :
T L
N 3
.
Subtype:
@ CO Macrophage TREM2+
© C1Macrophage FN1+ c4 TNFAIP3+  C5 CHCHD6+  C6 VCAM1+

@ C2 Macrophage CD14+
@ C3 Macrophage LGALS2+

Figure 2. Seven subtypes of macrophages
were identified using different markers

(A) The 2D plots of UMAP dimensionality reduction
of the 10,102 macrophages.

(B and C) The percentages of groups and phases
among cell types were represented on the pro-
portion charts.

@ C4 Macrophage TNFAIP3+
@ C5Macrophage CHCHD6+

@ €6 Macrophage VCAM1+ ‘ . .

(D) Group and phase preference of each macro-
phage cluster estimated by Ro/e score.
(E) Plots compare the proportions of the 7

B C macrophage subtypes originating from different
N €O Macrophage TREM2+ C1 Macrophage FN1+ C2 Macrophage CD14+  C3 Macrophage LGALS2+ samples in different groups. An unpaired two-
g s s - sided Wilcoxon test was used.
: o - - (F) Expression of top 5 marker genes in various
macrophage subtypes and their expression in
41.80% 13.80% 13.30% .. .
5o ¢ . ¢ different groups, different phases, G2M values,
Proportion 0% 10% 20% 30% 40% 0% 10%  20% 0% 5% 10% 15% 20% 0% 5% -
D Roe Roje S values, and nCount-RNAs.

C4 Macrophage TNFAIP3+  C5 Macrophage CHCHD6+  C6 Macrophage VCAM1+

Rore

Roje
2 2

(G and H) Violin and UMAP plots showed the
expression of TREM2, FN1, CD14, LGALS2,
TNFAIP3, CHCHD6, and VCAM1 in different
macrophage subtypes.

() Differential expression levels of TREM2, FN1,

CD14, LGALS2, TNFAIP3, CHCHD6, and VCAM1

C1 Macrophage FN1+ G2 Macrophage CD14+

s

C2 Macrophage CD14+ C1 Macrophage FN1+
C4 Macrophage TNFAIP3+

C3 Macrophage LGALS2+

C6 Macrophage VCAM1+

CO Macrophage TREM2+ 1
C5 Macrophage CHCHDG+

C4 Macrophage TNFAIP3+ 15
| 2
CO Macrophage TREM2+

C5 Macrophage CHCHDG+ - So0% - .

C3 Macrophage LGALS2+ 0.5

C6 Macrophage VCAM1+ % 4% 6% 12% 16% 0% 2% 4% 6%

E between T and LN groups. An unpaired two-
co c1 c2 c3 c4 C5 X i
i 80 40, N sided Wilcoxon test was used. *p < 0.05,
o . leo o . “p < 0.01, **p < 0.001, ***p < 0.0001, and ns
5 00 | 0 J . 3 indicates no statistical difference.
E 0 ° 20 (J) Differential expression levels of TREM2, FN1,
g0 “ N . CD14, LGALS2, TNFAIP3, CHCHDS, and VCAM1
¢ i % 2 T |10 across G1, G2M, and S phases. An unpaired
° 3 two-sided Wilcoxon test was used. *p < 0.05,
ol —esm> o o -t | *p < 0.01, **p < 0.001, ***p < 0.0001, and ns
-3 -3 = E indicates no statistical difference.
F Subtype Group _ T!'«:EMZ J_
g“ 24 2
e @ OO OO B B ISO B 53 o 5
caMSoord L b B b B b || gf i LI A k3
ssoore| o 4 4 Lo LIJ[L 3, .u; 3|
ncount RNA &, 4 PSP PY ENt Nt UMAP plots (Figures 2G-2J). The expres-
CHITI[@ +— | o + @ o ® 26 4 = ?,e e . .
cTsK : e : s ° s, H o zngs; sion of these marker genes was consis-
CD52 oo Q@ © Ol @ 2 2 H 24 M . . . . .
RarEs @ < 1o o @ o L | g s "o J li’ tent with the distribution of their corre-
csTB| o) r [y a @l i R
oA A i D i ‘ o S sponding TAM subtypes in sample
1SG15| o @ 0 o @ o o & o], 35 <6 H L . d Il oh
Fi6lO @ O 0 @ O e o2 $4 L o 2 - grouping and cell phases.
cxcLiol Le e J— p?rcgn: gg %4 S[Np’ ;;;“ /\ ;hgim
SPPIIO @ o o @ O ol e o4 3% £ £2) Qz\x
PUPL -0 @ = 0+ ofe o @80 o % o Enrichment analysis reveals the
S:g o @ o e 100% . LGALS2 r R . R .
i e e E s P! suwpe 1 : . Y - %g b|<::>g|cal f:::tn:)ns of different
HMOX1| 0 0 @ o @ O O o e[ 52 § - T8 su es 0 s
AFO © @ @ O O @@ Ol %“H {l[ | L éfiiﬁn & e i i i
vont| 1+ e RGO - gl - The heterogeneity of the differential
FNGRI O 0 0 ® O © 8|0 ®|cup g, VAP JNEARS : s 2 W genes can provide enhanced insights
S ERERER AP E a4 D |- T g I: H e 34 [g into the biological attributes of various
BRSNS bad T LA | ' H] L'L" 5 J l l TAM subtypes (Figure S9A). Gene set
S ) ol ol—= . . .
S BB ER S-S d C chomne cHoHDS 4 cHorDs ot enrichment analysis (GSEA) (Figure S9B)
T 4 il % o H o
i b o - : bR % H oo 2 | (e revealed a close association between
. o o . 22 e 43 oup: 871 ||
FABP5 @ O O © O @ Oflo @ g Jil 1 | LICH P ¥ co TREM2* macrophages and energy
cps2.1| @ s 0 0 @ O @ gy N '":’_‘\_ \;(JOL taboli Th h
T R S a0 R4 I metabolism. These macrophages ex-
Lglo o o o o o @ e LN ] ' e hibited significant enrichment in path-
Lo I oflo 2 H o 51 £ « o ;
et I D G I D G A 4 D MIMM gj I ALQIN’ ‘) l.gim ways such as “cellular lipid metabolic
SlHme o @ ¢ o o @fe oo - sl %LA process,” “small molecule metabolic

process,” aerobic respiration,” and
“electron transport chain.” C1 FN1*
metastasis-associated LNs (Figures 2B-2E). Different TAM sub- macrophages, C2 CD14" macrophages, and C4 TNFAIP3* mac-
types had different characteristic gene expression patterns rophages exhibit shared biological effects and demonstrate
(Figure 2F). We showed the expression patterns of marker genes  enrichment in immune-related pathways such as “defense
of different TAM subtypes in all directions using violin plots and  response,” “immune response,” “response to cytokine,” and

4 Cell Reports Medicine 7, 102529, January 20, 2026



Cell Reports Medicine ¢ CellP’ress

OPEN ACCESS

B Activity of efferocytosis

C  Cell_Efferocytosis_AUC Cell_Efferocytosis_AUC F g Activity of efferocytosis
04 - 0§ . ns
0.4 = *
=
g —~ 04 B
0.3 Group: Phase: —
BT o3 et o
g Ll N § B eam 2
302 04 Hs 02
01 0.1
00
0.0 0.0 _ s
N 5
< > IS &
D i E MFGES : H M2 macrophages
Cell_Efferocytosis_ AUC MPeES - - 0
e
* * Average
S Bxpression © 04
i Mos 3
MPO 0'0 @ 0.2
0.2 @ - 04 z-
2 ANXA1 - -score
5 Group: 8 = 0.9 L5
< B Rofor Al Percent M1 macrophages o
01 PHACTR1 Expressed N,
FN1 .2 06
50
Ve o5 004
Tips 3
0.0 MERTK o . ?02
a &
NS 0.0
)
< &\\6\
J ABCG1 Pos:2129, 21.08%
Sub nP0s:2129, 21.(
: T 3 S
5 "
2
3
PP OPPODP SD 52
sz.Smre‘$$$$$‘ $$ H b
2zscore(normalized counts) g4 15
ssoelp b b d o dfld LI : o
nCount_RNA 21 0l b B PR :
MPO|+ T . -2 <
SCARF1[ +stte by +——+—| percent SUMAP_1
TYRO3| | L] e 20% AXL nPos:1895, 18.76%
® 40% AXL
TREM2(/@ @ © O O @ O[O @ 60% _
PHACTR1[ o @ <+ @ 0 @ e o 80% %2
FN1[+ @ @ o © |l @ 100% -
RAB17 I Subtype % 2.0
AATO O @ O @ O O||O @|Beovacoshage treze 8 1
MFGES| — T acrophage FN1+ S .
C2 Macrophage CD14+ o Ilos
TIMD4 |+t |t C3 Macrophage LGALS2+
C4 Macrophage TNFAIP3+ ~
MERTK| +— @ @ © @ <+ O || ® o | o ophage CHCHDG* ol 4 S o)
NCE1| + v+ L[+ | [E]C6 Macrophage VCAM1+ %
ABCG1| s o+ @ oo —o!Group UMAP_1
[0 T N N — LI | B — T TGM2 nPos:1865, 18.46%
ABCA1[-0— @ @ o @ o 0| & 0 a"" 3 TGM2
AXL| + @ < o @ - ° o o | Phase s
G1 >
CD14O.‘..OQ ‘OEGZM 1’2
FPR2| + ¢+t J . s 5 20
GASB| o @ + ot o fle 3 e
prOST |4+ [ g, 159
IGF2R| @ @ ¢ o 0 0 o|lo e i
TOM2| o &+t ot o fle o N
PLG 0 i E

UMAP 1

Figure 3. The role of macrophages in the activity of efferocytosis
(A) The UMAP plots showed macrophages from the T and LN groups, respectively.

(B) AUC values for efferocytosis activity in different macrophage subtypes. Colors that tend to be yellow indicate higher AUC values, and colors that tend to be
bluer indicate lower AUC values.

(C) Comparison of AUC values for cell efferocytosis in different groups and phases. The Wilcoxon test was used for comparison between two groups, and the
Kruskal test was used for comparison between multiple groups. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, and ns indicates no statistical difference.

(legend continued on next page)
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“cellular response to cytokine stimulus” (Figures S9B and S9D).
Consonant with the GSEA findings, in GO-BP, C1 FN1* macro-
phages, C2 CD14* macrophages, and C4 TNFAIP3* macro-
phages had higher “leukocyte” and “immune” scores (Figure
S9QC). It can be concluded that there are several TAM subtypes
with immune effects in ESCC; however, the functions of these
subtypes in tumor immunity remain unclear.

Heterogeneity of efferocytosis activity in subtypes of
TAMs

Immune function in tumors is closely linked to the efferocytosis
activity of TAMs. Impaired efferocytosis reduces TAM recognition
and engulfment of tumor cells, compromising immune surveil-
lance and contributing to resistance to antitumor therapies.’® To
explore this, we assessed the efferocytosis potential of different
TAM subtypes to identify immune-specific populations. TAMs
within primary tumor tissues exhibited significantly higher effero-
cytosis activity compared to those from LNs (Figures 3A-3C).
This suggests a stronger immunosuppressive environment at
the primary tumor site, potentially making macrophage efferocy-
tosis a promising therapeutic target for ESCC. In vitro, human
primary macrophages were co-cultured with apoptotic ESCC
cells (EC9706 and KYSE180) to evaluate their efferocytosis
activity. Confocal microscopy and flow cytometry confirmed
that treatment with bavituximab, a PS-targeting monoclonal
antibody, reduced efferocytosis, as evidenced by decreased
CMFDA* (CellTracker Green CMFDA, 492/517 nm) cells
(Figure S10). Further analysis of scRNA-seq data revealed that ef-
ferocytosis activity was notably higher in tumor tissues than in
normal tissues (Figures 3D and 3E). Among TAM subtypes, C1
FN1* macrophages showed the highest efferocytosis activity
(Figures 3F and 3G), indicating a link between heightened effero-
cytosis and an immunosuppressive TME. C1 FN1* macrophages
appeared to be in a transitional state between M1 and M2 pheno-
types, influencing their immune function (Figure 3H). Genes asso-
ciated with efferocytosis in the C1 FN1* subtype, including
ABCG1, AXL, and TGM2, were found to regulate apoptosis and
lipid metabolism, supporting the notion that TAM efferocytosis
may be linked to lipid processing (Figures 31-3K). This aligns
with previous research suggesting a role for lipid metabolism in
TAM-mediated efferocytosis.'®

Differentiation potential and differentiation trajectories
of TAMs

Trajectory analysis can reshape the change process of cells over
time by constructing the change trajectory between cells to infer
the evolution and differentiation process of different subtypes of
TAMs at the single-cell level. First, we employed CytoTRACE to
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evaluate the stemness attributes of TAMs to determine their level
of differentiation (Figures 4A and 4B). As illustrated in Figure 4C,
the C1 FN1* macrophage population demonstrated the highest
cellular stemness, indicating the lowest degree of differentiation,
attenuated functionality, and heightened potential for differentia-
tion. This may be related to the immune-related genes FCGR3A,
C1QC, GAPDH, and TGFBI, which were positively correlated
with cell stemness in CytoTRACE (Figure 4D). Figures 4E-4G
show the expression of stemness genes in each TAM subtype.

Consistent with the CytoTRACE analysis, Slingshot results
showed that TAM differentiation trajectories started at C1 FN1*
macrophages in different tissue sources and cell cycles
(Figures S11A and S11B). Similarly, C1 FN1* macrophages
were at an early stage of cellular differentiation in two differenti-
ation trajectories of TAM subtypes (Figures S11C and S11E).
Enrichment analysis (Figures S11D and S11F) revealed that in
the first differentiation track, the C1 FN1* macrophage subtype
exhibited enrichment in pathways associated with “peptidase,”
“endopeptidase,” and “activity.” These proteases have been
shown to affect the efferocytosis effect of TAMs.'” On the other
hand, in the second differentiation trajectory, the C1 FN1*
macrophage subtype displayed predominant enrichment in
immune-related pathways, including “leukocyte,” “immune,”
and “lymphocyte” pathways. From the point of view of cell
development and differentiation, CytoTRACE and Slingshot
analyses showed that C1 FN1* macrophages had low differenti-
ation and a high degree of malignancy, which may be related
to the rapid progression of ESCC and poor prognosis.

To summarize, the above data indicate the identification
of a distinctive subtype of TAMs within tumors. This subtype
demonstrates pronounced proliferative characteristics, robust
immunosuppressive functions, heightened efferocytosis activ-
ity, and a significant differentiation potential. These TAMs play a
crucial role in the TME and contribute to immune resistance.

The transcription factor TP63 regulates the
carcinogenic mechanism of C1 FN1* macrophages
Transcription factors regulate gene expression by binding to
specific DNA sequences, controlling cellular functions and char-
acteristics. In this study, we investigated the regulatory network
of C1 FN1" macrophages using SCENIC analysis. Dimension-
ality reduction and cluster analysis of TAM subtypes based on
gene expression and regulon activity revealed distinct sub-
groups, with significant differences in regulon activity among
TAM subtypes but no variation between different cell phases
(Figures S12A-S12C). This suggests that regulon activity plays
a crucial role in TAM subtype classification. Further correlation
analysis showed a strong association between TAM subtypes

(D) Comparison of AUC values of macrophage efferocytosis activity in ESCC tumor samples and normal samples from the GEO database. An unpaired two-sided
Wilcoxon test was used. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, and ns indicates no statistical difference.

(E) Differential expression of macrophage efferocytosis-related genes in ESCC tumor samples and normal samples from the GEO database.

(F and G) AUC values of efferocytosis activity and efferocytosis-related gene expression in the different macrophage subtypes. An unpaired two-sided Wilcoxon
test was used. *p < 0.05, *p < 0.01, ***p < 0.001, ****p < 0.0001, and ns indicates no statistical difference.

(H) Score of M1- and M2-related genes in different macrophage subtypes and groups. An unpaired two-sided t test was used. *p < 0.05, **p < 0.01, **p < 0.001,

****p < 0.0001, and ns indicates no statistical difference.

(l) Expression of efferocytosis genes in each macrophage subtype and different groups, different phases, G2M values, S values, and nCount-RNA.
(J and K) Expression levels and distribution of three representative efferocytosis genes, TGM2, AXL, and ABCGH1, in different macrophage subtypes.
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Figure 4. Visualization of macrophage differentiation trajectories and differentially expressed stemness genes
(A) Differentiation trajectories obtained using CytoTRACE.
(B) Distribution of 7 macrophage subtypes.

(legend continued on next page)
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from different sample groups, including C2 CD14* macro-
phages, C1 FN1* macrophages, C3 LGALS2* macrophages,
and C4 TNFAIP3* macrophages (Figure S12D). We identified
key regulatory submodules for TAM subtypes M1, M2, M3,
and M4 using the connection specificity index (CSl), highlighting
the collaboration of transcription factors in gene regulation
(Figure S12E). Notably, the M1 submodule was the primary
regulator for C1 FN1* macrophage and other TAM subtypes,
as well as their grouping (Figures S12F-S12H). Among the top
five key regulators for C1 FN1* macrophages (KLF5, ETV6,
TP63, RUNXS, and ETV7), TP63 and KLF5 showed the highest
significance in distinguishing TAM subtypes and groups
(Figures 5A and S12I). Further analysis confirmed that the area
under the curve (AUC) for TP63 and KLF5 was more prominent
in these subtypes (Figures 5B and S12J). These findings suggest
that TP63 and KLF5 play critical roles in regulating the carci-
nogenic mechanisms of C1 FN1* macrophages, with TP63, in
particular, emerging as a key driver in the regulation of TAM
biological functions.

Knockdown of TP63 impairs the in vitro efferocytosis of
macrophages

We analyzed the effects of TP63 and KLF5 on macrophage effer-
ocytosis using gene knockdown. Macrophages were trans-
fected with siTP63 or siKLF5, and siTP63-3 or siKLF5-3 induced
the most significant reduction of TP63 or KLF5 in human primary
macrophages (Figure 5C), THP-1, mouse primary macrophages,
and RAW264.7 cells (Figure S13) and was selected for the
following experiments. To determine in vitro efferocytosis, hu-
man primary macrophages were co-cultured with apoptotic
esophageal carcinoma cells (EC9706 and HYSE180), and inges-
tion of these fluorescent cells was assessed by confocal imaging
and flow cytometry. As depicted in Figures 5D-5G, human
primary macrophages engulfed CMFDA-labeled EC9706 and
HYSE180, whereas the ability of TP63-depleted macrophages
to take up ACs was notably reduced. These data indicate that
the knockdown of TP63 repressed the efferocytosis ability of
macrophages.

TP63 modulates RAC2 expression in macrophages

To understand how TP63 regulates the efferocytosis of macro-
phages, we analyzed differentially expressed genes (DEGs) be-
tween wild-type and TP63-depleted human primary macrophages
after co-culture with apoptotic EC9706 cells (Figure S14A). The
DEGs were mainly enriched in terms correlated with mitochon-
drial structure and function, ribosome subunit, cell cycle, and
thermogenesis (Figures S14B and 14C). We further verified the
alteration of representative genes in TP63-depleted macrophages,
among which the RAC2 level was the most obviously changed
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(Figures S14D and 14E). In addition, we confirmed the downregu-
lation of RAC2 mRNA and protein levels by siTP63 in multiple
macrophages, including human primary macrophages, bone-
marrow-derived macrophages (BMDMs), THP-1 cells, and
RAW264.7 cells, respectively (Figures S14F and S14G). To inves-
tigate whether TP63 functions as a transcriptional factor for RAC2,
we predicted the potential binding site of TP63 in the upstream
promoter region (—1,405 to +20 bp) of RAC2 (Figure S14H).
Subsequently, we constructed luciferase reporter gene vectors
containing truncated promoter fragments based on the predicted
binding sites and analyzed luciferase activity. As shown in
Figure S14l, compared with the full-length constructs (P6), the
constructs containing both binding site 1 and binding sites 2/3
(P5, P4, and P3) and the construct containing only binding site
2/3 (P2) exhibited no obvious change in luciferase activity, whereas
the deletion of binding site 2/3 (P1) significantly reduced luciferase
activity. These results indicate that TP63 potentially interacts
with the RAC2 promoter at binding sites 2/3. Furthermore, we
observed that the knockdown of TP63 markedly downregulated
the luciferase activity of P6 and P2 in human primary macrophages
(Figures S14J and S14K) and THP-1 cells (Figures S14L and
S14M). The results from the chromatin immunoprecipitation
(ChIP) experiment showed that TP63 directly binds to the RAC2
gene, which is notably repressed by siTP63 (Figures S14N and
S140). In clinical samples, we observed that the efferocytosis
of TP63+ and RAC2+ macrophages was enhanced in positive
LN samples compared to negative LN samples by multiplex immu-
nohistochemistry (mIHC) assay and image analysis (Figure S15).
These data suggested that TP63 interacts with RAC2 to promote
its transfection and expression.

TP63-mediated in vitro efferocytosis contributes to the
polarization of macrophages via RAC2

Subsequently, we validated the effects of RAC2 as a down-
stream regulator of TP63 expression. Primary macrophages
were depleted of TP63 and rescued by RAC2 overexpression,
and in vitro efferocytosis and polarization of macrophages
were analyzed. As shown in Figure 6A, overexpression of
RAC2 resulted in the recovery of RAC2 expression in TP63-
deleted macrophages. Macrophages were then incubated
with  CMFDA-labeled apoptotic EC9706 cells, and RAC2
overexpression in macrophages significantly recovered the
TP63-suppressed engulfment of ACs (Figures 6B-6E). To
determine whether TP63/RAC2-mediated efferocytosis is a
critical driving force for M2 macrophage polarization, primary
macrophages were co-cultured with CMFDA-labeled apoptotic
EC9706 cells to analyze the macrophage phenotype. Flow cy-
tometry analysis showed that TP63 knockdown significantly
reduced the population of M2 macrophages (F4/80*CD163"

(C) Ranking of macrophage differentiation according to CytoTRACE. The lowest differentiation of C1 FN1* macrophages and the highest differentiation of CO

TREM2* macrophages could be observed in the graph.
(D) Major regulatory genes that regulated macrophage differentiation.

(E) Visualization of stemness gene expression characteristics in different macrophage subtypes and different groups (T and LN), different phases (G1, S, and

G2M), G2M values, S values, and nCount-RNAs.

(F) Differential score of representative marker genes CD44, HIF1A, and CTNNB1 in the T and LN groups and different subtypes. An unpaired two-sided Wilcoxon
test was used. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, and ns indicates no statistical difference.
(G) The UMAP plots showed the expression of CD44, HIF1A, and CTNNBH1 in the macrophages.
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Figure 5. Identification of regulator TP63
and verification of its biological function
in vitro

(A) C1 FN1* macrophage is highlighted in the
UMARP plot (dark purple) (top); rank for regulons in
C1 FN1* macrophages is based on regulon speci-
ficity score (RSS, below).

(B) The AUC of key regulators TP63 and KLF5 in C1
FN1* macrophages in different TAM subtypes (top)
and different groups (below). An unpaired two-
sided Wilcoxon test was used. *p < 0.05, **p < 0.01,
***p < 0.001, **p < 0.0001, and ns indicates no
statistical difference.

(C) Human primary macrophages were transfected
with siTP63 or siKLF5, and TP63 or KLF5 protein
expression was detected by western blotting.

(D and E) The apoptotic EC9706 cells (ACs) were
labeled with CMFDA and incubated with wild-type
or TP63-depleted human primary macrophages.
The efferocytosis of apoptotic EC9706 by macro-
phages was examined by (D) confocal imaging and
(E) flow cytometry. The white scale bar represents
20 pm.

(F and G) The apoptotic HYSE180 cells (ACs) were
labeled with CMFDA and incubated with wild-type
or TP63-depleted human primary macrophages.
The efferocytosis of ACs by macrophages was
examined by (F) confocal imaging (green dots) and
(G) flow cytometry (CMFDA*PE-CD11b* cells).
***p < 0.001. The white scale bar represents 20 pm.
Data are presented as the mean + SD of five in-
dependent experiments.
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Figure 6. Efferocytosis and polarization of macrophages were analyzed in vitro

(A) Western blotting verifies the differences in TP63 and RAC2 protein expression levels in the shTP63 and shTP63+RAC2 groups compared with the control
group.

(B) Differences in the fluorescence signal intensity of CMFDA green among groups of human primary macrophages with EC9706. *p < 0.05.

(C) Differences in the fluorescence signal intensity of CMFDA green among groups in THP-1-induced macrophages with EC9706. **p < 0.01.

(D) The fluorescence signal intensity of CMFDA green in human primary macrophages treated with EC9706 was determined by flow cytometry. ***p < 0.001.
(E) The fluorescence signal intensity of CMFDA green in THP-1-induced macrophages treated with EC9706 was determined by flow cytometry. ***p < 0.001.
(F) The CD163"* cell level of each group in human primary macrophages with EC9706. **p < 0.01, ***p < 0.001.

(G) The CD163* cell level of each group in THP-1-induced macrophages with EC9706. ***p < 0.001.

(H) The CD86* cells in each group of human primary macrophages treated with EC9706. **p < 0.01, ***p < 0.001.

(I) The CD86" cells in each group of THP-1-induced macrophages treated with EC9706. ***p < 0.001.

(J) Differences in IL-10, TGF-f, and TNF-a levels among the groups in human primary macrophages with EC9706. ***p < 0.001.

(K) Differences in IL-10, TGF-p, and TNF-« levels among the groups in THP-1-induced macrophages with EC9706. Data are presented as the mean + SD of five
independent experiments. **p < 0.001.
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Figure 7. Experimental study of shTP63 and shTP63+RAC2 in apoptotic AKR (apoptotic esophageal carcinoma) cells-C57BL/6 efferocytosis

mouse model

(A) Western blot verifies the difference in TP63 and RAC2 protein expression levels in shTP63 and shTP63+RAC2 groups compared with the control group.
(B) The efferocytosis index level of each group was detected (n = 5 per group). *p < 0.01, **p < 0.001.

(C) The CD163* cells in each group were detected (n = 5 per group). *p < 0.05, *p < 0.01.
(

D) The CD86" cells in each group (n = 5 per group). **p < 0.01, ***p < 0.001.

cells) (Figures 6F and 6G) and increased the population
of M1 macrophages (F4/80"CD86™ cells) (Figures 6H and 6l)
following co-culture with ACs, whereas overexpression of
RAC2 reversed these phenotypic changes. To further elucidate
the effects of TP63/RAC2-mediated efferocytosis on macro-
phage polarization, the expression of M2- and M1-type genes
was assayed. The TP63-depleted macrophages exhibited
downregulated production of interleukin (IL)-10 and trans-
forming growth factor f (TGF-p) (M2-type biomarker) and upre-
gulated the level of tumor necrosis factor alpha (TNF-o)
(M1-type biomarker) compared with the control cells, which
was reversed by RAC2 overexpression (Figures 6J and 6K).
These data indicate that TP63-dependent efferocytosis
in vitro modulates M2 polarization of macrophages by regu-
lating RAC2.

TP63/RAC2 signaling regulates the in vivo efferocytosis

We investigated the role of TP63/RAC2 signaling in in vivo
efferocytosis using a peritoneal injection of ACs and a thymus
efferocytosis assay. Mice were pretreated with shTP63 and
RAC?2 overexpression vectors, followed by peritoneal injection

of apoptotic esophageal carcinoma cells (AKR). Peritoneal
macrophages were then isolated for efferocytosis and polariza-
tion analysis. Treatment with shTP63 reduced RAC2 expres-
sion, while RAC2 overexpression restored it (Figure 7A). In vivo
efferocytosis of fluorescent ACs by peritoneal macrophages
was impaired following shTP63 treatment, but RAC2 overex-
pression recovered efferocytosis levels (Figure 7B). Addition-
ally, shTP63-treated macrophages exhibited a decreased
M2 phenotype and increased M1 polarization, which was
reversed by RAC2 overexpression (Figures 7C and 7D). To
further explore these effects, we induced thymocyte apoptosis
with dexamethasone after treating mice with shTP63 and
RAC2 vectors. Overexpression of RAC2 rescued RAC2 levels
in macrophages (Figure S16A), and decreased efferocytosis
of apoptotic thymocytes in the shTP63 group was reversed
by RAC2 overexpression (Figure S16B). Thymic macrophages
from shTP63-treated mice showed M1 polarization, and
RAC?2 overexpression restored M2 polarization (Figures S16C
and S16D). These results confirm that TP63/RAC2 signaling
regulates in vivo efferocytosis by macrophages. Next, we
examined the impact of TP63/RAC2 on tumor progression
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using EC9706 cells in a humanized mouse model. TP63 knock-
down significantly suppressed tumor growth, highlighting its
role in regulating tumor progression. However, RAC2 overex-
pression reversed these effects, suggesting RAC2’s critical
role in tumor growth regulation (Figures S17A-S17C). Further
analysis showed that TP63 knockdown decreased efferocyto-
sis in vivo (Figure S17D) and shifted macrophage polarization
toward the M1 phenotype, which is pro-inflammatory and anti-
tumor. RAC2 overexpression restored efferocytosis levels and
M2 polarization (Figures S17D-S17F). Additionally, RAC2
knockdown impaired efferocytosis in both EC9706 and
KYSE180 cells, as confirmed by confocal microscopy and
flow cytometry (Figure S18), further supporting RAC2’s role in
regulating macrophage function and efferocytosis within the
TME. These findings suggest that efferocytosis, modulated by
the TP63-RAC2 axis, influences the proliferative and metastatic
behavior of ESCC cells by shaping the TME. Targeting efferocy-
tosis and its regulatory pathways, such as TP63/RAC2
signaling, holds therapeutic potential for ESCC treatment.

DISCUSSION

This study investigated the role of efferocytosis in ESCC by uti-
lizing scRNA-seq and a variety of in vitro and in vivo experi-
mental methods to reveal the heterogeneity of different cell
types within the TME, particularly TAMs. Our findings provide
compelling evidence that efferocytosis plays a pivotal role in
the proliferative and metastatic behavior of ESCC cells, primar-
ily through its effects on macrophage polarization and the
TME. These insights underscore the therapeutic potential of
targeting efferocytosis and its regulatory pathways, particularly
the TP63-RAC2 axis, in the treatment of ESCC.

These findings offer therapeutic strategies for ESCC, sug-
gesting that modulating the efferocytosis pathway can enhance
antitumor immunity and improve patient outcomes.

Efferocytosis is a critical physiological process through which
macrophages recognize and engulf ACs to maintain tissue ho-
meostasis.'®*° Within the TME, efferocytosis aids in clearing
dead cells and modulates immune responses by secreting anti-
inflammatory cytokines.”' However, our research indicates that
alterations in the efferocytosis process in ESCC may promote tu-
mor growth and progression. The scRNA-seq results revealed
that TAMs exhibit enhanced immunosuppressive characteristics
after engulfing ACs, which may be a mechanism by which tumors
evade immune surveillance.

We identified TP63 and RAC2 as crucial factors in efferocytosis
regulation. TP63, a transcription factor, influences macrophage ef-
ferocytosis capacity by regulating the expression of RAC2. In vitro
experiments demonstrated that TP63 knockdown significantly
reduces macrophage efferocytosis, while RAC2 overexpression
partially rescues this effect, restoring efferocytosis and macro-
phage polarization toward the M2 phenotype. Statistical analysis
confirmed that RAC2 overexpression does not completely restore
efferocytosis activity to control levels, suggesting that additional
factors may contribute to the regulation of this pathway. These
results suggested that TP63 and RAC2 are potential therapeutic
targets. Modulation of these molecules can alter TAM functions,
thereby enhancing antitumor immunity.
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Efferocytosis involves not only the physical engulfment of
cells®® but also the regulation of the immune system.>* After en-
gulfing ACs, macrophages secrete a range of anti-inflammatory
cytokines, such as IL-10 and TGF-f, to suppress immune re-
sponses.?*?® This immunosuppressive environment helps tu-
mor cells evade immune surveillance and promotes tumor
growth.?® Our study further suggests that intervention in the
efferocytosis process can alter the immune status within the
TME, thereby inhibiting tumor progression.

Current treatment strategies for ESCC primarily include sur-
gery, radiotherapy, and chemotherapy.?’*® However, these
methods have limited efficacy, particularly in advanced-stage
patients. Therefore, the development of therapeutic strategies
is imperative.?°' Our study proposes an approach to enhance
antitumor immunity by modulating efferocytosis. Specifically,
targeting TP63 and RAC2 can alter TAM functions, reduce their
immunosuppressive effects, and thereby enhance the ability of
the immune system to attack tumors. This approach not only
offers a therapeutic strategy but can also be combined with ex-
isting treatments to improve overall efficacy.

Although this study focuses on ESCC, efferocytosis plays a
significant role in other cancer types as well.* For instance,
in breast®® and lung®* cancers, efferocytosis is associated
with tumor immune evasion and progression. Exploring the
role of efferocytosis in various cancer types can provide targets
and strategies for cancer treatment.®> Additionally, comparing
the mechanisms of efferocytosis across different cancer types
can reveal its generality and specificity in tumor biology,
thereby providing a basis for personalized therapy. Our study
paves the way for several clinical translational applications.
First, therapies targeting TP63 and RAC2 could be integrated
with current treatment regimens to enhance their efficacy. For
example, combining small-molecule inhibitors or antibodies
against TP63 and RAC2 with immune checkpoint inhibitors
could synergistically enhance antitumor immunity. Second,
the identification of efferocytosis-related biomarkers could
enable personalized treatment by stratifying patients based
on their likelihood of responding to efferocytosis-targeted
therapies. Finally, these strategies could extend beyond
ESCC to other cancers, broadening their clinical impact.

Future research will focus on the following aspects. To in-
crease the reliability and generalizability of our findings, we
plan to validate them in a larger cohort of patients with ESCC.
We will also consider the clinical characteristics of different
patients, such as age, gender, and tumor stage, to explore
how these factors influence efferocytosis and TAM function
and address issues such as potential gender bias in our study.
Although our study preliminarily revealed the roles of TP63 and
RAC2 in efferocytosis, the specific molecular mechanisms
remain unclear. We will use gene-editing technologies such
as CRISPR-Cas9 to further investigate the functions and
interactions of these two genes in macrophages. Additionally,
through proteomic and transcriptomic analyses, we aimed to
identify additional downstream effectors related to TP63 and
RAC2. In addition, based on our findings, we will explore the
development of antitumor therapies that modulate TP63 and
RAC2. Specifically, we designed and screened small-molecule
inhibitors or antibodies targeting these two molecules and
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tested their antitumor efficacy in mouse models. We will also
study the combination of these therapeutic strategies with ex-
isting treatments (such as immune checkpoint inhibitors) to
achieve better therapeutic outcomes. To translate our basic
research findings into clinical applications, we plan to collabo-
rate closely with clinicians to design and conduct clinical trials
to verify the efficacy and safety of therapies that target the ef-
ferocytosis pathway. We will also explore the development of
biomarkers to identify patients who are likely to benefit from
these therapies, thereby enabling personalized treatment.

In conclusion, we revealed the pivotal role of efferocytosis in
ESCC progression. Through scRNA-seq and functional assays,
we demonstrated that macrophage-mediated efferocytosis,
regulated by TP63 and RAC2, significantly influences the TME.
Disruption of these pathways alters macrophage efferocytosis,
immune modulation, and tumor dynamics, suggesting potential
therapeutic targets. Our findings show that TP63/RAC2 signaling
regulates macrophage polarization, impacting tumor growth and
immune suppression. In vivo experiments further confirmed these
effects, supporting the therapeutic value of targeting efferocytosis
pathways in ESCC. This research not only enhances our under-
standing of tumor-immune interactions but also paves the way
for cancer therapies aimed at improving patient outcomes.

Limitations of the study

This study has several limitations that should be addressed in
future research. The relatively small sample size (nine patients)
may limit the generalizability of our findings, and larger cohorts
are needed for validation. While scRNA-seq provided valuable
insights into the TME, the exact mechanistic interactions be-
tween TP63, RAC2, and other immune regulators remain un-
clear and warrant further investigation through more targeted
functional assays. Additionally, our focus on macrophage-
mediated efferocytosis should be expanded to include other
immune cells, such as T cells and fibroblasts, to better under-
stand the full complexity of the immune landscape in ESCC.
Finally, while TP63 and RAC2 are promising therapeutic
targets, their potential clinical applications require deeper
exploration of their precise molecular mechanisms, delivery
strategies, and long-term effects on tumor immunity. These
areas of research will be crucial for translating our findings
into viable therapeutic strategies.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Bavituximab MCE HY-P99279
Anti-TP63 (for ChIP, WB) Abcam ab238079; ab124762

Anti-RAC2 (for WB)
Anti-CD163 (for flow cytometry)

Abcam; Proteintech
BioLegend; Thermo Fisher Scientific

ab154711; 60077-1-Ig
333626; 46-1631-82

Anti-CD86 (for flow cytometry) BioLegend 374206; 159204
Anti-F4/80 (APC-conjugated, for flow cytometry) BioLegend 123116
Anti-CD11b (PE-conjugated, for flow cytometry) BioLegend 982606
Anti-rabbit I1gG (for WB) Abcam ab205718
Anti-mouse IgG (for WB) Abcam ab6728
Biological Samples

Primed peripheral blood mononuclear cell Shanghai AoNeng Biotechnology N/A
Chemicals, Peptides, and Recombinant Proteins

Phorbol 12-myristate-13-acetate (PMA) MCE HY-18739
Recombinant Human M-CSF Peprotech 300-25-10UG
Recombinant Mouse M-CSF Peprotech 315-02-1MG
Dexamethasone Sigma-Aldrich D4902
Cisplatin MCE HY-17394
Cell Tracker™ Green CMFDA Yeasen 40721ES50
Lipofectamine™ RNAIMAX Thermo Fisher Scientific 13778075
Lipofectamine™ 2000 Thermo Fisher Scientific 11668019
Critical Commercial Assays

miRNAeasy Mini Kit Qiagen 217084
cDNA Synthesis Kit Takara 6210B
SYBR green gPCR reagent Takara RR820B
Dual-Luciferase® Reporter Assay System Promega E1910
Chromatin Immunoprecipitation (ChIP) Kit Millipore 17-371
IL-10 ELISA Kit Thermo Fisher Scientific BMS215
TGF-p ELISA Kit Invitrogen (Thermo) EH449RB
TNF-o ELISA Kit Thermo Fisher Scientific KAC1751
Deposited data

Raw single-cell RNA-seq data GSA HRA013708
Experimental Models: Cell Lines

Human: EC9706 ESCC cell line Mingzhoubio Mz-1077
Human: KYSE180 ESCC cell line Procell CL-0760
Human: THP-1 monocyte cell line Procell CL-0233
Mouse: RAW264.7 macrophage cell line Procell CL-0190
Mouse: AKR ESCC cell line SUNNCELL SNL-647
Human: HEK293T cell line Procell CL-0005
Experimental Models: Organisms/Strains

Mouse: BALB/c Vital River Laboratory Co., Ltd. N/A
Oligonucleotides

siRNA targeting TP63 Beijing Tsingke N/A

siRNA targeting KLF5 Beijing Tsingke N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
shRNA targeting mouse Tp63 (in PLKO.1 vector) Azenta (Suzhou, China) N/A
qPCR Primers for TP63, RAC2, *IL-10*, TGF-p, TNF-a, GAPDH Beijing Tsingke N/A
Software and Algorithms

R v4.41
Python v3.7
CellRanger v4.0.0
Seurat v4.3.0
DoubletFinder v2.0.3
Harmony v0.1.1
CytoTRACE v0.3.3
Slingshot v2.6.0
inferCNV v1.22.0
SCENIC v1.3.1
DESeq2 1.46.0
clusterProfiler 4.6.2
Other

FlowJo BD Life Sciences v10.8.1
Confocal microscope Leica N/A
Flow cytometer BD Biosciences N/A
Multiplex IHC Kit (AlphaTSA) AlphaX Biotech AXT37100041
L-929 fibroblast-conditioned media Prepared in-lab N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human specimens

A cohort of patients diagnosed with ESCC based on pathological examination was recruited for this study, and none of the patients
underwent preoperative treatment. A total of 27 surgically resected specimens were obtained from 9 ESCC patients, comprising 9
tumor tissues and 18 paired lymph nodes. Fresh samples were immediately subjected to scRNA-seq. All clinical samples were
obtained from Ningbo Medical Center, Lihuili Hospital, and relevant clinical information is summarized in key resources table.
This study adhered to all pertinent ethical regulations and was approved by the Ethics Committee of Ningbo Medical Center, Lihuili
Hospital. Written informed consent was obtained from all the participants.

Humanized PBMC mouse model

The humanized PBMC (hu-PBMC) mouse model was established by using the NOG mice (Beijing Vital River Laboratories, Beijing,
China). The primed peripheral blood mononuclear cells (PBMCs) were provided by Shanghai AoNeng Biotechnology (Shanghai,
China). Six-week-old female mice were transplanted with 5x10% PBMCs by tail intravenous injection. Quantification of the percent-
ages of human CD45™ cells in the peripheral blood was used to determine the levels of engraftment. The mice were subcutaneously
injected with 2x10° ESCC cells in the flank. Measurements of the tumor were carried out every three days. Nine days post-inocu-
lation, shRNA and overexpression plasmids were intraperitoneally injected into the mice every 3 days. All animal experiments
were conducted in accordance with the guidelines and approval of the Institutional Animal Care and Use Committee (IACUC) of
Ningbo University (Approval No. 13124).

Cell culture

Human esophageal cancer cell lines EC9706 and KYSE180, mouse esophageal cancer cell line AKR, and mouse macrophage cell
line RAW264.7, were cultured in DMEM (Gibco, USA) and human macrophages THP-1 were cultured in RPMI-1640 (Gibco, USA)
containing 10% fetal bovine serum (FBS; Gibco, USA) and 1% penicillin/streptomycin (Thermo, USA). All cells were maintained
at 37°C in an incubator filled with 5% CO.. All cell lines were regularly tested and confirmed to be free of mycoplasma contamination.
All human and mouse cell lines (EC9706, KYSE180, THP-1, AKR, and RAW264.7) were authenticated using short tandem repeat
(STR) profiling.
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METHOD DETAILS

Data of single cell cource collection
scRNA-seq data were obtained from the Gene Expression Omnibus website (https://www.ncbi.nlm.nih.gov/geo/), and the GSE
accession number is GSE196756.

Single cell suspensions, library construction, and sequencing

Clinical samples were promptly collected following surgical procedures and single-cell suspensions were generated through
mechanical dissociation and enzymatic digestion. The concentrations of single-cell suspensions were adjusted accordingly.
Subsequently, the Chromium Single Cell 3’ Library & Gel Bead Kit v2 (PN-120237), Chromium Single Cell 3’ Chip Kit v2
(PN-120236), and Chromium i7 Multiplex Kit (PN-120262) were employed in accordance with the manufacturer’s instructions.
All subsequent steps were carried out according to established manufacturer’s protocols. The completed libraries were
sequenced using an lllumina NovaSeq6000 system. %%’

Single-Cell RNA-Seq data processing

The CellRanger-4.0.0 package was used in conjunction with the “cellranger mkfastq” function to generate raw FASTQs. Subse-
quently, the raw FASTQ files were aligned to the human reference genome, filtered, and underwent barcode counting and unique
molecular identifier counting to produce single-cell gene expression profiles, using the “cellranger count” function.®® To mitigate
any potential bias, the “cellranger aggr” function was employed to aggregate the gene expression counts obtained from the “cell-
ranger count” function across all samples, thereby normalizing these counts to a consistent sequencing depth and recalculating
the feature-barcode single-cell gene expression matrices.

The raw gene expression data were imported into R software (version 4.4.1) for analysis using the Seurat R package (version
4.3.0).°° Quality control was conducted using the DoubletFinder R package (version 2.0.3)*° with the following thresholds:
(1) 300 < nFeature <7,500; (2) 500 < nCount <100,000; (3) mitochondrial gene expression not exceeding 25% of the total number
of genes in the cell; and (4) erythroid gene expression not exceeding 5% of the total number of genes in the cell.

Gene expression matrices for the cells were generated using logarithmic normalization and linear regression techniques
by utilizing the “NormalizeData” and “ScaleData” functions.*’ The “FindVariable” function*” was applied to identify the top
2,000 most variable genes. To mitigate batch effects, the harmony package (version 0.1.1) was used, and the first 30 principal
components were selected for further analysis.*>** The top 30 principal components were used as input for the “FindClusters”
function, resulting in the identification of different cell clusters.***®

Determination of cell subtypes

Cell clusters were initially identified using the “FindClusters” and “FindNeighbors” functions implemented in Seurat.*”*° The
clusters were then annotated based on the average gene expression of the canonical markers.”'*> To determine marker genes
for each sub-cluster within the major cell types, the “FindAllMarkers” function in Seurat was used. This function utilizes a two-sided
nonparametric Wilcoxon rank-sum test to compare the expression levels of all genes between different subclusters.**°* The param-
eters min. pct and min.diff.pct were set to 0.25, whereas logfc. threshold was set to 0.25.%°

Pathway enrichment analysis

Enrichment analyses of DEGs in various cell types were conducted using Gene Ontology (GO) and Gene Set Enrichment Analysis
(GSEA http://software.broadinstitute.org/gsea/msigdb)tools using ClusterProfiler R package (version 4.6.2).°¢ Significance was
determined for GO terms based on an adjusted p < 0.05.°":°8

Identification and analysis of malignant cells with copy number variation (CNV) estimation

To distinguish malignant tumor cells from non-malignant cells, the inferCNV algorithm was employed to deduce CNV aberrations
based on perturbations in chromosomal gene expression.’®° Endothelial cells were used as a reference, and observations were
made using epithelial cells. Epithelial cells exhibiting perturbations in CNV signals were classified as malignant.

Cell stemness and developmental trajectory inference

Cellular stemness was assessed using the CytoTRACE R package (version 0.3.3),”" which enables conjectural deduction of the
temporal progression of cell differentiation. Additionally, we employed Slingshot (version 2.6.0) to unveil the trajectory of cell devel-
opment, with the identified trajectories mapped onto a UMAP projection for visualization.®?

61

Transcription factor analysis

Single-cell regulatory network inference and clustering analysis were performed using the SCENIC package (version 1.3.1) in Python
(version 3.7). GRNBoost was used to identify target genes of TFs. DNA motif analysis was used to identify binding targets. AUCell
analysis was used to score cell regulator activity.*:5°
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Laboratory animal culture

In all in vivo experiments, 6-8-week-old female mice were used. BALB/c mice were purchased from the Vital River Laboratory Co.,
Ltd. Mice were housed under specific pathogen-free conditions and reared on a standard 12/12-h light/dark cycle. All animal exper-
iments complied with relevant ethical regulations and were approved by the Animal Care and Use Committee of Ningbo University.

Preparation of macrophage differentiated cells

THP-1 cells were differentiated into macrophages by 48-h incubation in a 35-mm culture dish with 40 nmol/L phorbol 12-myristate-
13-acetate (PMA,) followed by 24-h incubation in RPMI 1640 medium without FBS. At the end of the incubation period, the cells were
washed three times with PBS to exclude undifferentiated THP-1 cells. Adherent differentiated cells were used in subsequent
experiments.

Isolation of primary macrophages

The macrophages used in this study were isolated from peripheral blood mononuclear cells (PBMCs). In brief, PBMCs were placed in
RPMI-1640 complete medium containing 10% (v/v) FBS, 2 mM L-glutamine, 10 U/mL penicillin,100 mg/mL streptomycin and were
maintained in a 37°C incubator. After culturing for 24 h, monocytes were attached to the wall of the culture dish. The medium was then
replaced with RPMI complete medium supplemented with 50 ng/mL macrophage colony stimulating factor (M-CSF) (Peprotech,
USA) to stimulate the cells for 7 days. Macrophages (Mg) were used for subsequent experiments. For bone marrow-derived macro-
phages (BMDMs), bone marrow cells from 8 to 12-week-old mice were cultured for 7-10 days in DMEM supplemented with 10%
FBS, 10 U/mL penicillin,100 mg/mL streptomycin, and 20% (vol/vol) L-929 fibroblast-conditioned media. After 4 h of adhesion on
24-well plates, the cells were rinsed, and the medium was changed to RPMI-1640 containing 10% FBS, 10 U/mL penicillin,
100 mg/mL streptomycin, and 10 ng/mL M-CSF.®® These cells were then used for experiments after 7-10 days, when they were
more than 75% confluent.

Cell transfection

The siRNAs used in this study were synthesized by Beijing Tsingke. Cell transfection was performed using Lipofectamine RNAIMAX
Transfection Reagent (Thermo Fisher Scientific, USA) according to the manufacturer’s protocol. Briefly, 0.1 nmol siRNA was added to
200 pL Opti-MEM (Gibco, USA) to obtain mixture A. Next, 10 pL Lipofectamine RNAIMAX diluted in 200 uL Opti-MEM was mixed with
mixture A and incubated at room temperature for 20 min. Next, the RNAi duplex-Lipofectamine RNAIMAX complex was added to Mg
and cultured for 8 h at 37°C. The medium was then replaced with complete culture medium and incubated for another 40 h before the
subsequent experiments.

In vitro efferocytosis assay

To obtain apoptotic cells (ACs), cancer cells were placed in a 10 cm dish at a density of 5 x 108/well. After starvation for 12 h, cells
were stimulated with cisplatin (10 uM) for 12 h. The next day, ACs were incubated in serum-free RPMI-1640 medium containing
2 uM Cell Tracker Green CMFDA (Cat 40721ES50, Yeasen, China) for 30 min. The medium was then discarded, and 2 mL serum-
free medium was added. The ACs were collected for subsequent incubation. Mg transfected with siNC or si AKR ESCC cell line
were seeded into confocal wells at a density of 10° cells/well. After attachment for 24 h, CMFDA-labeled ACs were added to each
well at a ratio of 5:1 and incubated for 10 min at 37°C. Non-phagocytosed cells were removed, Mg were washed with PBS, and
fresh culture medium was added. The cells were cultured for 3 h and observed under a confocal microscope (Leica, Germany).®”
For flow cytometry analysis, the cells were collected and centrifuged. The supernatant was discarded, and the cells were
suspended in 100 pL PBS containing PE-CD11b antibody (1:100, BioLegend, USA). The cells were then incubated for 30 min
at room temperature in the dark. The cells were centrifuged and resuspended in 200 uL of PBS. CMFDA*/PE-CD11b* Mg cells
were analyzed using a flow cytometer (BD Biosciences, USA).%®

RNA sequencing

The wild-type and TP63-depleted human primary macrophages were co-cultured with apoptotic EC9706 cells for 2h, then unen-
gulfed apoptotic cells were removed by washing with PBS, and the macrophages were rested in culture medium for another 2 h.
Total RNA was extracted and an mRNA library was prepared using the lllumina TruSeq platform, followed by sequencing using an
lllumina NextSeq 500 cartridge. Three independent experiments were performed. Rv3.2.2 was used for graphical and statistical
analysis and the R package DESeq2 was used for count normalization and differential gene expression analysis of RNAseq data.
We used clusterProfiler software to conduct GO functional enrichment analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis for differential gene sets.

Total RNA extraction, cDNA synthesis, and quantitative PCR (qPCR)

Total RNA was extracted from macrophages using the miRNAeasy Mini Kit (Qiagen, USA). cDNA was prepared using a cDNA Syn-
thesis Kit (Takara, Japan). gPCR was performed using SYBR green reagent (Takara, Japan), according to the manufacturer’s
protocol.
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Western blotting assay

Cells were homogenized in ice-cold RIPA lysis buffer, resolved using 12% SDS-PAGE, and transferred onto polyvinylidene fluoride
membranes. After blocking with 5% non-fat milk, the membranes were probed with the following primary antibodies at 4°C overnight:
TP63 (ab238079, Abcam, USA), RAC2 (ab154711, Abcam). The membranes were then incubated with anti-rabbit (ab205718, Abcam)
or anti-mouse (ab6728, Abcam) antibodies at room temperature for 1 h. Images were captured after reaction with the ECL reagent
(Millipore, USA).

Luciferase reporter gene assay

The potential binding sites 1 and 2/3 of TP63 on the RAC promoter region were predicted using the online tool JASPAR. The RAC2
promoter region —1405/+20 (full-length, P6), —1075/+20 (P5), —855/+20 (P4), —635/+20 (P3), —415/+20 (P2), and-305/+20 (P1)
constructs were amplified from genomic DNA. Truncated RAC2 promoter constructs were cloned into pGL3-Basic and verified
by sequencing. Then, THP-1 cells and human primary macrophages were transfected with siTP63 and KLF3 promoter constructs
by Lipofectamine 2000, followed by dual luciferase reporter assays (Promega, Madison, WI, USA). The results are expressed as
the ratio of firefly luciferase activity to Renilla luciferase activity.

Chromatin immunoprecipitation (ChIP) assay

ChIP was performed by ChlIP assay kit (17-371, EZ-CHIP, Millipore) as per manufacture’s protocol. Briefly, macrophages were fixed
with 1% formalin, lysed, and sonicated into chromatin fragments with a length of approximately 500 bp. Then, the chromatins were
incubated with anti-TP63 antibody or rabbit IgG at 4°C with rotation overnight. The next day, immunoprecipitated DNAs was purified
using RNase A and proteinase K. The level of RAC2 in the purified DNA fragments was analyzed using gPCR.

In vivo efferocytosis

Apoptotic cells were labeled with cell tracker green CMFDA and injected intraperitoneally into BALB/c mice. Twenty-four hours
before cell injection, mice were intraperitoneally injected with shTP63 and RAC2 overexpression vectors (GenePharma, Shanghai,
China). For peritoneal macrophages, eight hours post apoptotic cell injection, the mice were sacrificed. Cold complete medium
(DMEM with 10% FBS and 1% penicillin/streptomycin) was injected into the peritoneal cavity, and the peritoneal lavage was
collected. The cells were centrifuged at 400 x g for 8 min and seeded in 12-well plates. Peritoneal macrophages were adhered at
37°C for 2 h, and the cells remaining in suspension were thoroughly washed away. The isolated macrophages were analyzed for
protein expression using western blotting. Efferocytosis was analyzed in CMFDA™ cells using flow cytometry. For macrophage po-
larization, cells were stained with APC-conjugated anti-F4/80 (macrophage marker), PerCP-conjugated CD163 (M2), and PE-conju-
gated CD86 (M1) antibodies, and analyzed by flow cytometry. All antibodies were purchased from BioLegend (USA).

In vivo thymus efferocytosis assay

Eight-week-old male mice were injected intraperitoneally with shTP63 and RAC2 overexpression vectors for 24 h, followed by an
intraperitoneal injection with 250 pL PBS containing 250 pg dexamethasone (Sigma-Aldrich, USA) dissolved in DMSO. Eighteen
hours after dexamethasone injection, the mice were euthanized. The thymi were harvested, mechanically disaggregated, and
enumerated. Flow cytometry was performed to determine the number of Annexin V+ (Beyotime, China) and F4/80+ cells. For macro-
phage polarization, cells were stained with APC-conjugated anti-F4/80 (macrophage marker), PerCP-conjugated CD163 (M2) and
PE-conjugated CD86 (M1) antibody and analyzed with flow cytometry. All antibodies were bought from Biolegend (USA). The
PLKO.1 shTP63 plasmids were synthesized by Azenta (Suzhou, China). The PLKO.1 shTP63, psPAX2, and pMD2.G plasmids
were mixed with PEI transfection reagent in opti-MEM, followed by addition in HEK293T cells. After transfection for 24 and 48 h,
the culture medium that containing virus were collected and condensed. The virus titers were measured and (5 nmol/20 g body
weight) were administrated intraperitoneally.

Enzyme linked immunosorbent assay (ELISA)

After the in vivo efferocytosis experiment, the peritoneal lavage was collected and centrifuged, and the supernatant was collected.
Thymus was homogenized and centrifuged to collect the supernatant. The production of cytokines IL-10, TGF-p, and TNF-a in the
supernatant was measured using an IL-10 ELISA Kit (BMS215, Thermo, USA), TGF-§ ELISA Kit (EH449RB), and TNF alpha ELISA Kit
(KAC1751, Thermo, USA), respectively, according to the manufacturer’s protocols.

Flow cytometry

Cells were suspended in FACS staining buffer (PBS containing 2% FBS and 1 mM EDTA) at a density of 1 x 10° cells/100 pL and
incubated with Fc block (anti-mouse CD16/32; BioLegend) for 30 min on ice. Cell surface immunostaining was performed using
specific antibodies for 30 min on ice. The cells were then washed twice in FACS buffer and resuspended in FACS buffer for analysis
on a flow cytometer (BD Bioscience, USA). For apoptosis detection, cells were washed twice with cold FACS buffer, resuspended in
binding buffer, and incubated with FITC-conjugated Annexin V for 15 min at room temperature. The samples were then analyzed us-
ing a flow cytometer. Data analysis was performed using FlowJo software.
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mlIHC assay and image analysis

Formalin-fixed and paraffin-embedded (FFPE) tissues sectioned to 4 pm were used for histology evaluation of esophageal
cancer tumors in human. For mIHC, tissue slides were deparaffinized with xylene and rehydrated through a graded series of
ethanol solutions (100%, 95% and 70%). Then, slides were treated by microwave to induce antigen retrieval using citric
acid solution for 15 min. For mIHC analysis of human samples, a panel of primary antibodies were used, including CD68
(1:100, ab283654, Abcam), Annexin A1 (1:1000, ab214486, Abcam), TP63(1:200, ab124762, Abcam), RAC2(1:2000,60077-1-
Ig, Proteintech). Multiplex immunofluorescence staining was performed using the AlphaTSA Multiplex IHC Kit (AXT37100041,
AlphaX Biotech, China). The samples were counterstained for nuclei with DAPI for 10 min and mounted in mounting medium.
Multispectral images were scanned with ZEISS AXIOSCAN 7. Two specialist pathologists (blinded to the patient’s information)
evaluated all specimens. Based on the distinctive density and color of immunostaining in images, the percent of number and
position of stained cells were quantified.

QUANTIFICATION AND STATISTICAL ANALYSIS
The analysis in this study was implemented using R and Python software. Data are expressed as the mean + SEM of three indepen-

dent replicates. Statistical significance in two or multiple groups was analyzed using Student’s t test or one-way ANOVA using
GraphPad Prism. Statistical significance was set at p < 0.05.
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