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Comprehensive single-cell analysis demonstrates
radiotherapy-induced infiltration of macrophages
expressing immunosuppressive genes into tumor in
esophageal squamous cell carcinoma
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Radiotherapy (RT) combined with immunotherapy is promising; however, the immune response signature in the
clinical setting after RT remains unclear. Here, by integrative spatial and single-cell analyses using multiplex
immunostaining (CODEX), spatial transcriptome (VISIUM), and single-cell RNA sequencing, we substantiated
the infiltration of immune cells into tumors with dynamic changes in immunostimulatory and immunosuppres-
sive gene expression after RT. In addition, our comprehensive analysis uncovered time- and cell type–dependent
alterations in the gene expression profile after RT. Furthermore, myeloid cells showed prominent up-regulation
of immune response–associated genes after RT. Notably, a subset of infiltrating tumor-associated myeloid cells
showing PD-L1 positivity exhibited significant up-regulation of immunostimulatory (HMGB1 and ISG15), immu-
nosuppressive (SIRPA and IDO1), and protumor genes (CXCL8, CCL3, IL-6, and IL-1AB), which can be targets of
immunotherapy in combination with PD-L1. These datasets will provide information on the RT-induced gene
signature to seek an appropriate target for personalized immunotherapy combined with RT and guide the
timing of combination therapy.
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INTRODUCTION
Radiotherapy (RT) is an important component of cancer treatment
and is given to approximately 50 to 60% of all patients with cancer.
In the past century, the major antitumor effect of RT has been con-
sidered to be the induction of lethal DNA damage. However, accu-
mulating evidence has recently revealed that immune responses and
immunological cell death also contribute to the antitumor effect of
RT, although the effect is limited by RT alone (1, 2). To support the
notion of antitumor immune activation by RT, multiple recent
studies have proposed that RT can stimulate both immunostimula-
tory and immunosuppressive effects in cancer tissue (3). For

example, ionizing irradiation induces immune cell infiltration and
major histocompatibility complex (MHC) class I expression as
immune-stimulatory effects; in contrast, it up-regulates PD-L1
and exhibits cytotoxic effects on immune cells, which result in im-
munosuppressive effects (4–6). Although the immune responses in
the tumor microenvironment (TME) after RT have been extensively
investigated, it is unknown which cell types and which genes are re-
sponsive to RT in patients at the single-cell level. The characteriza-
tion of the gene profile of specific cell types within the TME is
critically important, which necessitates single-cell analysis, to deter-
mine a drug target for the improvement of RT-induced antitumor
immunity (7–9).

Following the development of immune checkpoint inhibitors
(ICIs), many clinical trials of RT combined with immunotherapy
have been undertaken. Notably, the addition of ICIs to RT signifi-
cantly improves the effect of RT on non–small cell lung cancer
(NSCLC) (10, 11). Furthermore, phase 1 and 2 trials of combined
RT and ICIs have shown promising responses in other types of
cancer, such as head and neck, pancreatic, and colorectal cancer
(12–14). Unfortunately, several trials have reported negative or in-
conclusive results with regard to which patients might benefit from
combination therapy (15). This discrepancy suggests that a person-
alized strategy is required to maximize the antitumor immune
impacts of combination therapy. There are two major parameters
to consider for optimizing RT combined with immunotherapy:
the timing of drug administration and the drug target, which
could involve factors in PD-1/PD-L1–dependent and –independent
pathways. At present, the only adjuvant anti–PD-L1 antibody
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applied after RT has proven to be effective in a phase 3 trial (10). In
contrast, the efficacy of concurrent ICI administration with RT has
not been fully investigated in the clinical setting, possibly due to the
lack of evidence, although it can be a promising strategy. Therefore,
an examination of the temporal changes in the gene expression
profile after RT treatment is critical to optimize concurrent therapy.

As a partner of RT, combination therapy targeting the PD-1/PD-
L1 pathway has been reported to improve outcomes in phase 3 trials
(10); however, approximately half of the patients relapse even after
anti–PD-L1 combination therapy. Therefore, the use of multiple
ICIs targeting PD-1/PD-L1 as well as other targets is currently
being explored. Phase 1 to 3 trials targeting more than 10 ICIs of
other targets are ongoing (7, 15, 16). Notably, combinations of
ICIs, such as the PD-1/CTLA-4 and PD-L1/TIGIT inhibitor com-
binations, have been shown to be more effective than ICI monother-
apy (NCT03563716) (17). Other ICI targets, such as CD47/SIRPA
and IDO1, are expected to be next-generation targets for immuno-
therapy, and phase 2 and 3 trials are ongoing (18–21). Meanwhile,
the response rate of CD47/SIRPA and IDO1 target monotherapy is
limited, suggesting that they appear to have benefits in combination
therapy (22, 23). Furthermore, clinical trials independent of ICIs, e.
g., immunotherapy targeting chemokines and interleukins (ILs),
have been recently initiated (24, 25). As a cell-targeted therapy com-
bined with RT, macrophage exclusion after RT has been shown to
improve the tumor response to RT (NCT01977677) (26). Hence,
multiple clinical trials of combined RT and ICIs or other immuno-
therapies are ongoing; however, the optimization of this approach
necessitates information on the gene expression profile in each cell
type after RT. It is therefore important to investigate the dynamic
changes in RT-induced immune cell distribution and expression
profile of immune genes in RT-treated patients.

To address this critical question and gain insight into the spatio-
temporal dynamics of the gene profile in each cell type within the
clinical setting of the TME after RT, we visualized the distribution of
immune cells and characterized the gene expression profile in each
immune cell type over time after RT. Methods for multiplex immu-
nostaining (CODEX) and spatial transcriptome analysis (VISIUM)
have been recently developed and are powerful tools to analyze the
spatial distribution and gene expression in the TME at the single-
cell level (27, 28). In addition, single-cell RNA sequencing (scRNA-
seq) is an excellent tool to analyze the transcriptome and is able to
determine the expression profile of ~2000 genes in each immune
cell type, even with small tissue samples such as biopsy samples.
In the present study, we explored the characteristics of gene expres-
sion patterns and the dynamic distribution of immune cells in
esophageal squamous cell carcinoma (ESCC) patient tissues after
RT because (i) ESCC at clinical stages I to IV is commonly
treated with RT (29) and (ii) recent clinical trials revealed that com-
bination with an anti–PD-1 or anti–PD-L1 antibody improves the
efficacy of conventional RT in patients with ESCC (30, 31). Our
comprehensive spatial and single-cell analysis uncovered dynamic
tumor immune cell infiltration and identified a unique gene expres-
sion pattern during and after RT, particularly in myeloid cells. Fur-
thermore, a subset of infiltrating tumor-associated myeloid cells,
including macrophages, expressing PD-L1 exhibited significant
up-regulation of both multiple immune-stimulatory and -suppres-
sive genes, indicating these myeloid-expressing factors as promising
targets for immunotherapy. In addition, our deposited datasets
provide a wealth of information to facilitate the screening and

study of cell types and therapeutic targets to optimize immune-
and radiation-based cancer therapy.

RESULTS
Spatial identification of immune cell infiltration in the
tumor microenvironment after radiotherapy
To comprehensively assess the spatial distribution of immune cells
and their transcriptomic profiles within the TME after RT at the
single-cell level, multi-immunostaining (CODEX) analysis was per-
formed on surgically resected ESCC tissue. Resected tissue from a
patient with ESCC who underwent surgery only (non-RT) and from
a patient who received preoperative (RT) (41.4 grays (Gy)/23 fr) was
applied for CODEX (Fig. 1A). Surgically resected tissue rather than
biopsied tissue was used to analyze the spatial localization of cells
for integrated analysis [the detailed scheme of the comprehensive
analysis using hematoxylin and eosin (H&E) staining and
CODEX analysis in combination with VISIUM analysis is shown
in figs. S1 and S2]. First, to examine cell morphology, ESCC
tissues were evaluated by H&E staining. As expected, meganuclei
and tissue damage were only observed in RT-treated tissues (fig.
S3A) (32, 33). To distinguish the tumor and stroma, the ESCC com-
ponent was demarcated on the basis of morphological features,
KRT5 expression by VISIUM and pan-keratin and E-cadherin by
CODEX (fig. S3, C and D) (N.B.; the list of gene sets analyzed by
CODEX in this study, predominantly focusing on immune-
related proteins, is shown in figs. S1 and S2). To visualize the clus-
tering pattern of gene expression after RT, the results of CODEX
were classified into 10 clusters. The Uniform Manifold Approxima-
tion (UMAP) plots and heatmaps of non-RT and RT samples are
shown (Fig. 1, B to E; the digitized heatmap is shown in fig. S4, A
and B). The boundary of the clustering pattern was evident in non-
RT tissue (Fig. 1, B and C); in contrast, the clustering pattern was
markedly changed after RT (Fig. 1, D and E), suggesting that RT
dynamically changes the proportion and distribution of cell types
within the TME. Before RT, immune cells, mainly helper T
(CD4+), cytotoxic T cells (CD8+), regulatory T cells (Tregs;
FOXP3), CD20-positive B cells, natural killer (NK) cells (CD56+),
dendritic cells (DCs) (CD11c+), and macrophages (CD68+ and
CD163+), were present in the stroma (Fig. 1, B, C, and F). In con-
trast, CD4+, CD8+, CD68+, and CD163+ cells were enriched within
the field of cluster numbers 5 to 10 (tumor) after RT, showing that
immune cells infiltrated into the tumor after RT (Fig. 1, D, E, and G;
representative images of immune cell infiltration are shown in
Fig. 1, F and G). Large field images are shown in fig. S4 (C and
D). These results substantiate that RT stimulates the infiltration of
immune cells such as T cells, B cells, NK cells, DC cells, and mac-
rophages in the TME. To further consolidate the heatmap results,
the number of cells expressing each immune marker per area
within the stroma and tumor was enumerated. The tumor/stroma
ratio in immune cells after RT was nearly 1.0, suggesting that the
level of immune cell distribution was equal between the stroma
and tumor after RT (the tumor/stroma ratio is shown in Fig. 1H,
and the number of cells per area is shown in fig. S4, E and F). To-
gether, our spatial analysis shows the concept that RT stimulates
immune cell infiltration into tumors.
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Fig. 1. Spatial identification of immune cell infiltration in the tumormicroenvironment after radiotherapy. (A) Workflow of this research. See also figs. S1 to S3. For
the specialty analyses (CODEX and VISIUM), the data were obtained from a single patient for each pre-radiotherapy (RT) and post-RT sample. (B) Hematoxylin and eosin
(H&E) observation and Uniform Manifold Approximation (UMAP) visualization of esophageal squamous cell carcinoma (ESCC) cell, stromal cell, and immune cell clusters
in resected ESCC tissue. (C) Expression patterns of signature genes in distinct ESCC clusters. Clusters 5 to 10 showed the ESCC part in resection. A numerical heatmap is
shown in fig. S4A. (D) H&E observation and UMAP visualization of ESCC cell, stromal cell, and immune cell clusters in resected tissue after RT. (E) Expression patterns of
signature genes in distinct ESCC clusters. Clusters 5 to 10 indicated the resected ESCC tumor after RT. A numerical heatmap is shown in fig. S4B. (F and G) RT increased
immune cell infiltration into ESCC. Multicolor immunohistochemistry (IHC) staining in ESCC tissue after resection (F) and resection after RT (G). Scale bars, 20 μm. The low-
power field is shown in fig. S4C. (H) Ratio of immune cells in the tumor/stroma. The absolute number of each cell type is shown in fig. S4 (E and F).
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Characterization of gene expression profiles in the tumor
microenvironment of ESCC after radiotherapy
Next, to characterize gene signature with the spatial information
within the TME after RT, spatial transcriptome analysis via
VISIUM was performed on the same fields analyzed by CODEX.
Before the CODEX-VISUM combination analysis, we confirmed
the presence of immune cell infiltration (immune cell marker),
MHC class I expression [human leukocyte antigen A (HLA-A)],
DNA damage (γH2AX), and cell proliferation (Ki67) in the field
of the combination analysis (Fig. 2A). The presence of DNA
damage signals and proliferative cells in the sample after RT con-
firmed that cells within the TME remain alive and sustain signal
transduction ability, which may be causally related to radioresist-
ance even after curative-dose irradiation. For the integrated
CODEX-VISIUM combination analysis, we examined the field
that contained ~40 spots of VISIUM analysis and showed positivity
of immune cell markers by CODEX. To validate the quality of our
samples for VISIUM analysis, gene expression of KRT5 and the
primary immune factors HLA-A, HLA-DPA1, and PD-L1
(CD274) were confirmed (fig. S5A). Following the contouring of
the tumor area in the field, gene expression data were extracted
from each sample (Fig. 2B and fig. S5A). Next, analysis of differen-
tially expressed genes (DEGs) and gene signatures specific to non-
RT and RT tissues were performed from the extracted gene expres-
sion data. Similar to the results of CODEX, the up-regulation of
HLA-A, HLA-DPB1, PD-L1 (CD274), and STAT1 expression was
observed after RT, confirming that RT up-regulates the expression
of immune signaling genes (Fig. 2C). The volcano plots of the DEG
analysis between non-RT and RT tissue are shown (Fig. 2D). In ad-
dition, gene set enrichment analysis (GSEA) revealed enrichment of
pathways related to the immune response after RT (>1.5-fold)
(Fig. 2E). Humoral immune response genes were enriched after
RT (Fig. 2E; see also further scRNA-seq analysis results in the
next section). In summary, VISIUM analysis substantiates the up-
regulation of immune response genes within the tumor field of
ESCC after RT. Furthermore, we identified several biological and
molecular pathways activated in non-RT and RT tissues (Fig. 2F
and fig. S5, B and C), showing a gene expression signature switch
from cell cycle–related genes (including E2F1 and MYC) to stress
response–related genes (including NRF2, VEGF, NFKB1, and
HIF1A). Next, we examined transcription factors activated by RT
(Fig. 2G). Notably, E2F1, MYC, YBX1, and TFDP1 were unique
in non-RT tissue, whereas NFKB1, RELA, JUN, TFAP2A,
HDAC1, CIITA, ELF3, HIF1A, BRCA1, STAT6, and STAT1 were
specific to RT tissue. Thus, the CODEX-VISUM combination anal-
ysis validates the sample quality of our spatial integration analysis
and substantiates the characteristics of the gene profile within the
TME of ESCC cells after RT (7, 34, 35).

Single-cell RNA sequencing uncovers the up-regulation of
immune response–associated genes in myeloid cells by
radiotherapy
To understand the temporal changes in gene expression profile in
the TME by RT at the single-cell level, scRNA-seq was performed in
biopsy samples obtained “pre-RT,” “during RT,” “just after RT (7
days after RT),” and “after RT (~1 month after RT)” (the detailed
definition of timing for these groups is shown in Fig. 3A and fig.
S6A) (N.B.; 11 biopsy samples were obtained from five ESCC pa-
tients). Using SingleR package (36), cells were classified into six

major classes: myeloid cells (DCs, macrophages, monocytes, and
neutrophils), epithelial cells, T cells, fibroblasts, B cells, and endo-
thelial cells (Fig. 3B and fig. S6B). The increase in the population of
myeloid cells was most notably observed at the “during RT” time
point, with the increase being sustained to “after RT (~1 month
after RT)” albeit with some decrease. The initial increase is likely
caused by a reduction in the population of T, B, and epithelial
cells by RT (Fig. 3C) because these cells are more sensitive to ion-
izing radiation than myeloid cells (37). To identify cell type–specific
alterations in the gene expression profile with time after RT, the dy-
namics of immune response gene expression were visualized on the
basis of functional categorization, such as immuno-coinhibitory
(Fig. 3D), costimulatory (Fig. 3E), chemokines (Fig. 3F), and inter-
ferons (IFNs)/ILs (Fig. 3G), as previously described (38) (the details
of gene selection are described in Materials and Methods). Of the
six cell types examined, the increase in immune response genes was
most evident in myeloid cells. Although the magnitude of the in-
crease in expression differs depending on the specific gene, the
gene expression pattern in myeloid cells was markedly enhanced
“during” and “just after” RT. Immune-inhibitory genes in the cate-
gory of coinhibitory [PD-L1 (CD274) and SIRPA], chemokines
(CCL3 and CXCL18), and IFNs/ILs (IFNG and IL-6) were signifi-
cantly up-regulated in myeloid cells by RT (the representative
immune-inhibitory genes of coinhibitory factors are indicated by
red arrowheads in Fig. 3D). In addition, genes involved in protumor
processes (e.g., CCL3, IL-6, and IL-1AB, which are involved in
cancer growth and metastasis) (39, 40) were up-regulated, especially
in myeloid cells (Fig. 3, F and G; these genes are indicated by blue
arrowheads). To further comprehensively analyze the alteration of
the gene expression profile in the context of TME after RT, gene
enrichment analysis and heatmap analysis were performed. Activa-
tion of lymphocyte pathways was observed in almost all cell types
(fig. S7A), confirming that RT promotes immune activation in
the TME. Furthermore, the expression of genes related to metabo-
lism, hypoxia, and cancer associated fibroblasts (CAFs) was also
changed by RT (fig. S7, B to E). These results support the notion
that, in addition to immune responses, RT converts the overall
TME status by modulating the expression of multiple genes. Since
the enrichment of gene expression in the humoral immune re-
sponse family was observed by VISIUM analysis (Fig. 2E), the ex-
pression of related genes was examined by using an scRNA-seq
dataset (fig. S7F). We found that S100A8/S100A9/HLA-A were
up-regulated in myeloid cells after RT. In addition, SLP1/
SPINK5/LCN2 expression in epithelial cells was increased by RT.
Together, our scRNA-seq analysis substantiates that RT markedly
changes the expression profile of immune response genes in a
time- and cell type–dependent manner. Notably, we found signifi-
cant up-regulation of immune-inhibitory genes, particularly in
myeloid cells, including macrophages and DCs, within the TME
after RT.

Characterization of immune response gene expression
profile in myeloid cells with time after radiotherapy
To investigate the expression profile of the immune response genes
in infiltrated myeloid cells after RT, we further classified the myeloid
dataset of scRNA-seq into subclasses, i.e., DCs, macrophages,
monocytes, and neutrophils (Fig. 4A; the expression of key
markers in the four myeloid subtypes is shown in fig. S8A).
Among the coinhibitory genes targeted for ICI therapy, PD-L1
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Fig. 2. Characterization of gene expression profiles in the tumor microenvironment (TME) of esophageal squamous cell carcinoma (ESCC) after radiotherapy.
(A) Identification of the microenvironment surrounding ESCCs after radiotherapy (RT). Multicolor immunohistochemistry (IHC) staining showed immune cell infiltration,
major histocompatibility complex (MHC) class I expression [human leukocyte antigen A (HLA-A)], DNA damage (γH2AX), and cell proliferation (Ki67). (B) Workflow of
integrated spatial analysis. The TME was identified by IHC, and TME transcriptome data were extracted from the IHC-merged field in VISIUM. H&E, hematoxylin and eosin.
(C) Gene expression of MHC class I (HLA-A), MHC class II (HLA-DPB1), PD-L1 (CD274), and STAT1 according to 10x VISIUM (****P < 1 × 10−16, *P < 0.05, Bonferroni-adjusted
Wilcoxon test; ns, no significance). Figure S5A shows gene expression in the total and IHC fields. (D) Differentially expressed gene (DEG) analysis between the Re and RT
groups. Volcano plot showing gene expression in each contoured field in Fig. 2B. (E) Gene enrichment analysis showed up-regulated biological pathways in the viable
ESCC field after RT. (F) Pathways enriched in non-RT and after RT tissue (adjusted P < 0.01). (G) Transcription factors that were significantly enriched in non-RT and post-RT
tissues (P < 1 × 10−6).
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Fig. 3. Single-cell RNA sequencing (scRNA-seq) uncovers the up-regulation of immune response genes in myeloid cells by radiotherapy. (A) Workflow of scRNA-
seq analysis. (B) UniformManifold Approximation (UMAP) of major cell clusters based on scRNA-seq data after integration. (C) Proportions of the cell clusters annotated in
(B). (D to G) Expression of representative markers of the indicated biological class as assessed by scRNA-seq. The grayscale bar indicates the time point during radio-
therapy (RT): white, pre-RT; light gray, during RT; dark gray, immediately post-RT; black, post-RT. The red arrowhead shows immune-inhibitory genes. The blue arrowhead
shows tumor progression–related genes. IFNs, interferons; ILs, interleukins.
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Fig. 4. Characterization of the immune response gene expression profile in myeloid cells with time after radiotherapy. (A) Uniform Manifold Approximation
(UMAP) of subclusters in the myeloid cell cluster. (B) Bubble charts of the percentage of cells within the indicated myeloid cell subclusters that express immune coin-
hibitory, interleukin (IL) and interferon (IFN), chemokine, and human leukocyte antigen (HLA) genes and the corresponding average gene expression level. A larger dot
indicates a higher percentage of cells expressing a particular gene; a darker color dot indicates a higher average gene expression level. DCs, dendritic cells.
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(CD274), IDO1, and SIRPA were significantly up-regulated by RT
in all myeloid cell types, particularly during and just after RT
(Fig. 4B). The expression profile of the individual patient is
shown in fig. S8B. The timing of the peaks in immune response
genes (coinhibitory, costimulatory, chemokines, and IFNs/ ILs) of
each cell type differed over the course of RT.

Recently, macrophage-targeted therapy has been suggested to
improve the efficacy of RT (26, 39). Therefore, we next sought to
examine the time-dependent alteration of gene expression profile
in macrophages after RT. In macrophages, coinhibitory and IFN/
IL genes, e.g., IL-1, IL-1B, and IL-6, peaked during RT (i.e., acute
phase), chemokine genes, e.g., CCL3 and CCL20, peaked just after
RT (i.e., subacute phase), and HLA gene expression gradually in-
creased and peaked after RT (i.e., the chronic phase). Hence, our
scRNA-seq analysis identified the characteristics of the immunolog-
ical shift from an acute to a chronic phase in macrophages follow-
ing RT.

Identification of PD-L1–positivemyeloid cells showing high
expression of multiple immune-inhibitory genes after
radiotherapy
Recent studies have demonstrated that macrophage-specific PD-L1
expression can be a better target for the ICI response than cancer
cell–specific PD-L1 expression in NSCLC (40). However, since
PD-L1/PD-1 monotherapy alone is seldom effective, it is critical
to investigate the expression of other immune-inhibitory genes in
the PD-L1–positive population to optimize the benefit of multiple
ICI therapy. We therefore characterized the gene expression profile
of PD-L1 (CD274)–positive myeloid cells in ESCC after RT (N.B.;
we examined myeloid cells rather than macrophages to obtain suf-
ficient cell numbers for scRNA-seq analysis). The myeloid cells used
for this scRNA-seq analysis were classified into three groups; those
obtained from non-RT patients (non-RT total), PD-L1–negative
myeloid cells obtained from post-RT patients (RT PD-L1−), and
PD-L1–positive myeloid cells obtained from post-RT patients (RT
PD-L1+) (Fig. 5A). Similar to the result in Fig. 4, we found the up-
regulation of CXCL8, CCL3, IL-6, and IL-1A/B following RT. After
RT, the PD-L1+ subgroup (designated RT PD-L1+) showed signifi-
cantly greater expression of SIRPA, IDO1, CCL3, and IL-6 than the
RT PD-L1− subgroup (Fig. 5A), indicating that a subset of RT PD-
L1+ myeloid cells harbors high expression of the coinhibitory genes
(red arrowhead) and protumor genes (blue arrowhead). Further-
more, the RT PD-L1+ subgroup showed high expression of CCL3
and IL-6 compared with the RT PD-L1− subgroup. To further char-
acterize the gene expression signature in the RT PD-L1+ subgroup,
GSEA was performed (Fig. 5, B and C). In addition to immune sup-
pressive genes, immune activation surrogate genes such as HMGB1
and ISG15 and regulatory factors such as IRF1, -4, and -7 were sig-
nificantly enriched in the RT PD-L1+ subgroup (Fig. 5B; the details
are shown in table S1). The Gene Ontology (GO) enrichment anal-
ysis also revealed that multiple immune-stimulatory and antitumor
pathways, such as the cytokine-mediated signaling pathway and T
cell activation, were up-regulated in the RT PD-L1+ subgroup
(Fig. 5C). To further clarify the differences in gene expression
between the RT PD-L1− and RT PD-L1+ cells, the expression of
genes, including genes encoding to coinhibitory molecules, IFNs/
ILs, chemokines, HLAs, and transcription factors, were examined
in PD-L1–positive and –negative populations after RT (fig. S9, A
and B). In addition, a correlation heatmap in the three myeloid

subsets was generated (fig. S9, C and D), showing the comprehen-
sive relationships among the selected genes; of note, a stronger cor-
relation was seen among the immune genes in the RT PD-L1+

myeloid cells. Furthermore, we identified that the innate immune
system, MTORC1-mediated signaling, and STING pathways were
significantly up-regulated in the RT PD-L1+ subgroup (Fig. 5D).
Last, to confirm the expression of proteins encoded by the genes
identified by scRNA-seq, the expression levels were assessed by
CODEX. Consistent with the scRNA-seq results, PD-L1+ CD68+/
CD168+ (PD-L1–expressing myeloid cells) exhibited high PD-1,
IDO1, LAG3, and TIGIT expression [Fig. 5E; full images in the
analysis are shown in figs. S10 and S11; N.B., the CODEX analysis
showed high expression of TIGIT and PD-1 (PDCD1), although
these genes were not detected by scRNA-seq, possibly due to the
low gene detection sensitivity of scRNA-seq]. Together, our analy-
ses uncovered the existence of PD-L1–positive myeloid cells
showing high expression of other coinhibitory genes in the TME
of ESCC after RT, suggesting that multiple ICIs targeting PD-L1
and the other targets such as SIRPA and IDO1 could be effective
in combination with RT.

DISCUSSION
In the present study, our integrated single-cell analysis using H&E
staining, CODEX, and VISIUM revealed the infiltration of immune
cells, including helper T cells, cytotoxic T cells, Tregs, B cells, NK
cells, DC cells, and macrophages, into tumors following RT in a
clinical setting. Although immune cell infiltration in the TME
after RT has been previously reported by immunohistochemistry
(IHC), our analysis specifically identified the cell types and their
gene expression profiles at the single-cell level. Furthermore,
among the cell types in the TME, myeloid cells were found to be
strong responders exhibiting prominent up-regulation of immune
response genes after RT. In addition, a subgroup of myeloid cells
showing PD-L1 expression exhibited multiple immune-stimulatory
and antitumor genes as well as activation of the innate immune
system, MTORC1-mediated signaling, and the STING pathway.
Hence, our comprehensive single-cell analysis revealed that RT
elicits multiple immune response pathways in a cell type– and
time-dependent manner. Our dataset provides invaluable single-
cell–based information on RT-induced gene signatures, which
could aid in optimizing targets for personalized immunotherapy
combined with RT. A limitation of this study is the small sample
size because it was conducted as a prospective observational
study. In addition, case numbers were limited because endoscopy
during and just after RT without medical justification was not per-
mitted. Furthermore, since scRNA-seq requires fresh tissue, it was
difficult to retroactively perform a comparative analysis between the
during-RT and pre-RT time points of the same cases even for the
rare patients who do undergo endoscopy for medical reasons. Thus
far, barely any time-series analysis of standard clinical RT regimens
in patient tissue has been undertaken. Nevertheless, despite the
limited sample numbers, we believe that our results provide sub-
stantial information of relevance for radiation oncology and immu-
notherapy. Our control experiments verify the reliability of the
single-cell analysis. For example, consistent with previous reports
(34), cell cycle and chromatin abnormalities were enriched in
non-RT ESCC tissue, while the VEGF and NRF2 pathways were sig-
nificantly enriched in irradiated ESCC tissues after RT (35, 41–43).
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Fig. 5. Identification of PD-L1–positive myeloid cells showing high expression of multiple immune-inhibitory genes after radiotherapy. (A) Gene expression
signature of myeloid cells from non-radiotherapy (RT) and post-RT patients. Myeloid cells from patients after RT were classified as PD-L1–negative or PD-L1–positive.
Bubble charts of total myeloid cells and non-RT (1,1493 cells), PD-L1–negative (15,294 cells), and PD-L1–positive (5,266 cells) myeloid cells after RT; PD-L1–positive
myeloid cells showed high expression of immune checkpoint inhibitor (ICI) target genes (red arrowhead) and other protumor genes (blue arrowhead). (B) Differentially
expressed genes (DEGs) between non-RT total myeloid cells and PD-L1–positive myeloid cells after RT. DEGs were defined by P < 0.05 (Bonferroni-adjustedWilcoxon test)
and fold change > 2. (C andD) GSEA of DEGs in PD-L1–positive myeloid cells after RT and total myeloid cells. (****P < 1 × 10−16, Bonferroni-adjusted Wilcoxon test; ns, no
significance). (E) Identification of PD-L1–expressing cells after RT by multicolor immunohistochemistry (IHC) staining. In addition to PD-L1, the upper line shows CD68,
CD163, PanKRT, CD4, CD8, CD20, FOXP3, CD56, and CD11c expression for cell orientation. The lower line shows the ICI target genes PD-1, IDO1, LAG3, and TIGIT. Figures S7
and S8 show the low-power field for each antibody staining experiment. (F) Graphical summary of tumor microenvironment (TME) alterations after RT in esophageal
squamous cell carcinoma (ESCC) tissue.
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These results confirm that our single-cell analysis detects radiation-
induced responses. We were concerned that the responses could be
predominantly derived from dead or dying cells after the lethal dose
of RT. However, we found cancer cells showing Ki67 positivity after
RT (Fig. 2A), suggesting that these cancer cells remain viable despite
the presence of severe genotoxic stress and the infiltration of
immune cells into tumors. Hence, our dataset provides crucial in-
formation to understand resistance mechanisms and to develop a
strategy to enhance cancer cell killing by targeting immune re-
sponse genes after RT.

One of the most important aspects of the present study was the
analysis of temporal changes in the gene expression sets over the
course of the clinical RT schedule. A single dose of radiation is
known to cause distinct immune responses depending on the
time of analysis post-RT with time frames being classified as
hours to days (acute), weeks (subacute), and months (chronic)
after RT (3). Here, we defined the time periods as “pre-RT,”
“during RT (acute),” “just after RT (subacute),” and “after RT
(chronic).” For precise analysis, further investigation with addition-
al time points is needed; nevertheless, our time-series analysis re-
vealed distinct expression patterns in each phase after RT.
Furthermore, we categorized genes associated with cancer
immune responses as costimulatory genes, coinhibitory genes,
IFNs, ILs, chemokines, or HLA genes. Notably, the expression of
coinhibitory and IL genes peaked in the acute phase, the expression
of chemokines peaked in the subacute phase, and the expression of
HLAs peaked in the chronic phase, revealing a temporal modulation
of immune responses by RT. The timing of combination therapy
with RT and anticancer drugs is critical to optimize the efficacy
of combination therapy; however, no comparative trials have been
conducted thus far. Although trials of combinations of ICIs and RT
have been ongoing in all settings (induction, concurrent, and adju-
vant), these trials are designed to confirm efficacy (induction:
NCT03217071, NCT03102242; concurrent: NCT0350912,
NCT02343952; adjuvant: NCT03053856, NCT02125461). To date,
no trials have been conducted to compare the impact of the time of
drug administration. On the basis of our results, concurrent RT +
ICI or ICI administration just after RT can be suitable for targeting a
gene whose expression peaks during RT (acute) and just after RT
(subacute). Adjuvant timing can also be suitable when targeting a
gene whose expression peaks after RT (chronic). Consistent with
this temporal analysis, the administration of anti–PD-L1 antibody
within 2 weeks after RT significantly improved outcomes after RT,
while administration later than 2 weeks after RT was without benefit
(the PACIFIC trial, phase 3) (10). Thus, although further analysis is
needed, our temporal gene expression data will help guide the
timing of drug administration in clinical trials.

Our single-cell analysis also uncovered cell type– and time-de-
pendent cancer immune responses within the TME after RT.
Myeloid cells showed the most prominent alterations in gene ex-
pression profile in terms of both the levels and expression patterns
of mRNA/proteins. Notably, PD-L1 in myeloid cells was signifi-
cantly up-regulated by RT. Anti–PD-L1 therapy has been consid-
ered to be effective for PD-L1+ on tumor cells, with the
therapeutic effect being predicted by the tumor proportion score
(44). However, several recent reports have proposed that the thera-
peutic effect of anti–PD-L1 therapy should be assessed by scoring
macrophages, lymphocytes, and tumor cells using the combined
positive score (45, 46). Macrophages were identified as the

prominent PD-L1–expressing cells in both the tumor and stromal
compartments in mice and humans (47). High levels of PD-L1 ex-
pression in macrophages have been associated with a significantly
longer overall survival in patients with NSCLC independent of PD-
L1 expression in tumors (40). Our scRNA-seq analysis identified a
subgroup of myeloid cells harboring high PD-L1 expression after
RT. Since the PD-L1–positive myeloid subgroup strongly activates
immune escape genes and antitumor pathways, the suppression of
immune escape factors by targeting this subgroup of myeloid cells
could be a promising treatment strategy. Together, our findings
suggest that targeting myeloid cells, including macrophages, is a
promising strategy, particularly in combination with RT.

Recent studies have suggested that coinhibitory factors other
than PD-1/PD-L1, such as SIRPA and IDO1, could be useful in
next-generation ICI therapy. Our analysis shows that RT up-regu-
lates multiple genes involved in tumor growth and immune escape,
including coinhibitory genes, chemokines, and ILs. Among the co-
inhibitory genes, SIRPA and IDO1 in myeloid cells showed kinetics
similar to those of PD-L1. SIRPA directly suppresses the phagocytic
ability of macrophages, and IDO1 impairs lymphocyte function via
effects on tryptophan metabolism (25, 47, 48). Although the re-
sponse rate of monotherapy for both SIRPA and IDO1 is approxi-
mately 10%, the efficacy is significantly improved when combined
with PD-L1–targeted therapy (49, 50). Since our analysis identified
the up-regulation of IDO1 and SIRPA after RT, these ICI combina-
tion therapies may be further improved by using RT. A very recent
paper reported that RT combined with PD-1 (PDCD1) and SIRPA-
targeted therapy for colorectal cancer elicits a highly effective cancer
immune response, suggesting that such a combinational approach
could be successful (51). As another strategy of immunotherapy, the
combination of multiple modalities other than ICIs has been re-
cently developed, e.g., targeting ILs or chemokines, cell therapy,
and vaccines, to achieve synergistic effects (39, 52, 53). Our
single-cell analysis identified the up-regulation of IL-1, IL-6, and
CCL3 in myeloid cells and tumor cells after RT, suggesting the pos-
sibility of combining RT with such comprehensive immunotherapy
for ESCC. Notably, many of the genes identified in this study are
confirmed clinical drug targets, such as anti–PD-L1, anti-IL-1,
and anti-IL-6 antibodies, which have Food and Drug Administra-
tion approval. Antibodies targeting IDO1 and SIRPA are also
scheduled to be approved by 2023. Thus, our integrated single-
cell analysis results provide further evidence to support the future
application of RT combined with PD-L1–, SIRPA-, IDO1-, and IL-
targeted therapy. In conclusion, our datasets obtained by compre-
hensive single-cell analysis provide an enormous resource contain-
ing information on RT-induced gene signatures that can be used to
identify the appropriate targets of personalized immunotherapy
combined with RT.

MATERIALS AND METHODS
Tissue material
ESCC samples were obtained from patients at the National Cancer
Center Hospital East (NCCE). Written informed consent was ob-
tained from all patients. The use of their tissues for this research
was fully anonymized and approved by the NCCE IRB Administra-
tive Panels (IRB2018-101). Surgically resected tissues were entered
from past cases, and biopsy specimens were entered prospectively
from another case. 5-Fluorouracil and cisplatin (CDDP) combined
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with 41.4 Gy/23 fr were used for preoperative RT. Endoscopic biop-
sies were performed before, during, just after, and following RT, and
tissue samples were obtained from a minimum of two different
time points.

Postradiation surgery is not commonly performed for surgically
resectable ESCC in Japan based on phase 3 JCOG1109 (54). There-
fore, it is difficult to collect surgical specimens after RT, resulting in
a limited number of samples.

CODEX and QuPath analysis
Commercially available purified, carrier-free monoclonal and poly-
clonal anti-human antibodies [keratin 14, CD4, CD31, CD44,
CD107a, CD20, E-cadherin, CD68, collagen IV, CD45RO CD223
(LAG3), HLA-A, CD8, CD11c, pan-cytokeratin, CD274 (PD-L1),
IDO1, HLA-DPB1, Ki67, CXCL13, TP53, FOXP3, CTLA-4,
CD163, CD56, CD3e, CD278 (ICOS), PDCD1 (PD-1), γH2AX,
and TIGIT] were conjugated to maleimide-modified short DNA ol-
igonucleotides (barcodes) according to the manufacturer’s protocol
(CODEX User Manual, Akoya Biosciences) at a 2:1 w/w ratio of ol-
igonucleotide to antibody, as previously described (28, 55). Thirty
antibodies were selected, including those specific for ESCC markers
(i.e., Ecadherin and PanKRT), lymphocyte markers (i.e., CD4, CD8,
CD20, and FOXP3), NK cell markers (i.e., CD56), macrophage
markers (i.e., CD68 and CD163), DC markers (i.e., CD11), and pro-
teins targeted by ICIs (i.e., PD-L1, LAG3, IDO1, TIGIT, and ICOS)
(table S2).

CODEX staining and imaging were performed according to the
manufacturer’s protocol (CODEX User Manual) as previously de-
scribed (28, 55). Briefly, the coverslip containing the tissue section
was baked at 62°C for 1 hour, deparaffinized in xylene, rehydrated in
ethanol, and washed in ddH2O. After antigen retrieval with citrate
buffer (pH 6), the tissue section was stained with antibodies cocktail
solution for 3 hours at RT. After fixation with 1.6% paraformalde-
hyde, 100% methanol, and a post-staining fixing solution, the cov-
erslip was mounted onto a CODEX stage for the KEYENCE
microscope. Imaging of the CODEX multicycle experiment was
performed using an inverted fluorescence microscope
(KEYENCE, Osaka, Japan; model BZ-X810) equipped with a CFI
Plan Apo l 20×/0.75 objective (Nikon, Tokyo, Japan), a microflui-
dics instrument (Akoya Biosciences, Menlo Park, CA, USA), and
CODEX Instrument Manager software (Akoya Biosciences,
Menlo Park, CA, USA). Raw image files were processed using the
CODEX Processor (version 1.8), as previously described (28, 55).

QPTIFF files were imported to QuPath (https://qupath.github.
io/) version 0.3.2. We extracted a representative area of the image
and analyzed the area. Cell segmentation was performed on the
basis of nuclear stain using StarDist cell segmentation script. To
classify cells for each marker, we used three 500-μm square
regions outside the representative area. We made training data for
cell classification by manually deciding the positive and negative for
each 10 to 30 cells in the three regions based on fluorescence inten-
sity. At the same time, we confirmed that the cell classification of all
three regions displayed by machine learning was appropriate. This
machine learning cell classification was applied to the representative
area and spatial analysis was performed by detecting dimension
centroid distances of two dimensions. The results, which include
position, fluorescence intensity, and classification of each cell,
were exported as a csv file. We analyzed the number of cells of
each classification by using R version 4.2.2.

The csv file was imported to CytoMAP version 1.4.21 (56). We
divide the representative area into 10 regions by 50-μm-radius raster
scanned neighborhoods function, which uses the self-organizing
map clustering methods, based on each fluorescence intensity. To
examine the neighborhood of each region, we performed dimen-
sionality reduction into a two-dimensional plot using UMAP and
projection.

10x VISIUM spatial transcriptomic analysis
To analyze the TME after RT by using a formalin-fixed paraffin-em-
bedded (FFPE) VISIUM spatial gene expression assay (10x Geno-
mics), we selected a 6.5 × 6.5 mm2 optical region of the FFPE tumor
block with DV200 ≥ 50% that contained cancer cells, stromal cells,
and immune cells. VISIUM spatial gene expression slides and
reagent kits were used according to the manufacturer’s instructions
(10x Genomics). Each capture area contained approximately 5000
barcoded spots of 55 μm in diameter (100-μm center-to-center
spacing between spots). FFPE tumor samples were prepared accord-
ing to the recommended protocols (Tissue Preparation Guide,
CG000408). H&E staining and imaging were performed according
to the protocol (deparaffinization, H&E staining, imaging, and de-
crosslinking, CG000409). Illumina sequencing libraries were gener-
ated according to the protocol (Visium Spatial Gene Expression
Reagent Kits for FFPE User Guide, CG000407) and sequenced on
a NovaSeq 6000 system (Illumina). Sequencing was performed with
the recommended protocol (read 1: 28 cycles; i7 index read: 10
cycles; i5 index read: 10 cycles; and read 2: 50 cycles), yielding
between 150 million and 224 million sequenced reads. The Space
Ranger pipeline was used to process the VISIUM spatial gene ex-
pression data, including the generation of FASTQ files, alignment
to the hg38 human reference genome, tissue detection, fiducial de-
tection, and barcode/UMI counting.

The VISIUM spatial expression object was further analyzed as
follows to determine clusters and perform gene expression analysis.
Only high-quality spots (≥180 genes per spot) were selected for sub-
sequent analyses. The SCTransform function in Seurat was used for
normalization, and principal components analysis (PCA)
(RunPCA) was used for dimensionality reduction. On the basis of
morphological characteristics and the expression of immunity-
related marker genes, the spots were manually selected and annotat-
ed as epithelial and ESCC sites.

Integrated spatial analysis
H&E, CODEX, and VISIUM fields were manually merged into the
total and partial fields. In integrated analysis, ESCC parts that
matched IHC fields were morphologically confirmed on merged
H&E, ESCC parts were contoured and transcriptome data in
matched ESCC parts (resection, 43 spots; resection after RT, 46
spots) were extracted on the Loupe browser. The FindMarkers func-
tion in Seurat was used to identify DEGs between the resection and
resection after RT using the criteria P ≤ 0.05 and fold change ≥ 2.
The identified DEGs were used for GO enrichment analysis per-
formed with the R package clusterProfiler (57).

Signature analysis was also performed on the extracted RNA data
separately. The top 1000 genes expressed in resection and resection
after RT were analyzed by Metascape, and those significantly en-
riched in terms of biological pathway, molecular function, and tran-
scription factors were confirmed. Typical pathways and genes from
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each result are shown in Fig. 2 (F and G) and fig. S5 (B and C), and
all are shown in table S3.

Single-cell RNA sequencing
scRNA-seq was performed as described previously (58). Briefly,
tissue dissociation into single cells for scRNA-seq was performed
with a Tumor Dissociation Kit (Miltenyi Biotec, 130-095-929) fol-
lowing the default protocol in the user guide of the Chromium
Single Cell 5’ Reagent Kit ver. 1 (10x Genomics). scRNA-seq librar-
ies were prepared using a Chromium Single Cell 5’ Reagent Kit ver.
1 (10x Genomics) and sequenced using the HiSeq 3000 platform
(Illumina). Cell Ranger ver. 3.0.0 (10x Genomics) was used with
default parameters to process the reference genome alignment
and quantify cells and transcripts. The raw sequencing reads were
mapped to the human genome assembly GRCh38.

Eleven scRNA-seq samples were collected, and the data were in-
tegrated using Seurat. The integrated object was then normalized
and scaled. Next, PCA (RunPCA) was performed. The top 30 prin-
cipal components were selected and submitted to FindNeighbors,
FindClusters, and UMAP (RunUMAP) to obtain clusters. Cell
type was annotated manually by referring to published papers
and by SingleR (ver. 1.6.1) (34). The annotated cell clusters were
verified using a known cell marker list. Myeloid cells, T cells, B
cells, fibroblast, endothelial cells, and epithelial cells were selected
for comparative analysis. Myeloid cells that simultaneously
express coinhibitory genes PD-L1/CD274, IDO1, SIRPA, and
LAG3 were categorized as “PD-L1+ myeloid,” and those that do
not meet these criteria were categorized as other.

The FindMarkers function in Seurat was used to identify DEGs
between the PD-L1+ myeloid and total myeloid cells using the cri-
teria P ≤ 0.05 and fold change ≥ 2. The identified DEGs were used
for GO enrichment analysis performed with the R package cluster-
Profiler (58). GSEA was performed on RT-induced tumor-associat-
ed macrophage (TAM) and other myeloid cells using the R package
escape (57, 59).

The selection of gene sets to be used in the scRNA-seq analysis
was based on the categorization proposed by Zhang et al. (38).
Genes encoding ICI targets or candidates (VTCN1, HAVCR2,
CTLA4, LAG3, PDCD1, TIGIT, CD200, PDCD1LG2, IDO1,
CD274, and SIRPA) were also included. The selection of chemo-
kine, protumor, and IL gene sets was performed as previously de-
scribed (60). The information on gene selection is summarized in
table S4. Genes showing low expression below the detection level
were excluded from our list.

Summary of sample size in this study
The number of cells analyzed in CODEX and scRNA-seq is summa-
rized in tables S5 and S6.

Figure 1 [sample size: single patient, 19,574 cells (non-RT),
22,958 cells (RT)] – (method: CODEX) – [analysis: clustering (B
and D), gene expression signature (C and E), cell counting (H)].

Figure 2 [sample size: single patient, 3930 spots (non-RT), 4152
spots (RT)] – (method: VISIUM) – (analysis: gene set enrichment
analysis).

Figure 3 (sample size: 5 patients, 58,074 cells) – (method:
scRNA-seq) – (analysis: cell annotation, gene expression analysis).

Figure 4 (sample size: 5 patients, myeloid cells: 32,053 cells) –
(method: scRNA-seq) − (analysis: cell annotation, gene expression
analysis).

Figure 5, A to D [sample size: 5 patient, myeloid cells (total:
32,053 cells; non-RT: 11,493; RT PD-L1−: 15,294 cells; RT PD-
L1+: 5266 cells) − (method: scRNA-seq) − (analysis: gene set en-
richment analysis).

Figure 5E (single patient) − (method: CODEX) − (analysis:
immunohistochemistry).

Supplementary Materials
This PDF file includes:
Figs. S1 to S11
Legends for tables S1 to S6

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S6
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