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The anti-tumour effect of radiotherapy beyond the treatment field—the abscopal
effect—has garnered much interest’. However, the potentially deleterious effect of
radiation in promoting metastasis is less well studied. Here we show that radiotherapy
induces the expression of the EGFR ligand amphiregulin in tumour cells, which
reprogrammes EGFR-expressing myeloid cells toward animmunosuppressive
phenotype and reduces phagocytosis. This stimulates distant metastasis growth

in human patients and in pre-clinical mouse tumour models. The inhibition of

these tumour-promoting factors induced by radiotherapy may represent a novel
therapeutic strategy to improve patient outcomes.

Radiotherapy hasacritical rolein cancer treatment and approximately
50-60% of cancer patients receive radiotherapy during their treat-
ment course?. lonizing radiation causes cell death principally through
the induction of DNA damage and immune-mediated anti-tumour
effects such as dendritic cell-mediated T-cell priming**. However,
radiotherapy-induced immunosuppressive factors—suchas the recruit-
mentofregulatory T cellsand myeloid-derived suppressor cells, or the
production of immunosuppressive cytokines—have a negative effect
onradiotherapy outcomes®®. Although radiotherapy primarily treats
localized tumours, its potential as a curative option in oligometastatic
disease orincombination withimmune checkpoint blockade (ICB) for
widespread metastases is gaining interest’. Despite the potentially
synergisticimmune-activating mechanisms of radiotherapy and ICB,
clinical trials have failed to meet primary endpoints in metastatic dis-
ease"®, We hypothesize that radiotherapy-induced factors that promote
distant tumour growth contribute to treatment failure, aphenomenon
that we term the ‘badscopal’ effect’.

EGFRisactivated by amphiregulin (AREG) through dimerizationand
autophosphorylation'®", which are integral to type 2immune-mediated
tolerance and resistance mechanisms in various immune cells” . AREG
overexpression occurs across multiple cancers™', and has been linked
to intestinal epithelial regeneration following radiotherapy”, but the
role of tumour-cell derived AREG in response to radiotherapy remains
unclear.

Here we identify radiotherapy-induced upregulation of AREG in
patients with metastatic solid tumours from a multisite stereotactic
body radiotherapy (SBRT) trial (ClinicalTrials.gov ID: NCT02608385)'%.

Radiotherapy-mediated AREG induction correlated with distant
metastasis progression. In mouse lung metastasis models, tumour
cell-derived AREG promoted lung metastasis growth by reprogramming
EGFR* mononuclear phagocytes (MNPs)" into animmunosuppressive
phenotype. AREG also suppressed MNP phagocytosis via increased
CD47 expression on tumour cells. Notably, targeting AREG prevented
radiotherapy-induced metastasis growth and enhanced radiotherapy
efficacy. Whereas most of the ‘classical’ predictors of radiotherapy
outcome, such as tumour histology, size and molecular subtype, are
not modifiable after radiotherapy initiation, our findings suggest that
inhibiting specific radiation-induced metastasis-promoting proteins
could improve cancer therapy.

Radiotherapy promotes distant metastasis growth

We profiled gene expression in patients with advanced solid tumours,
who received SBRT to multiple metastatic sites’® (Supplementary
Table 1; ClinicalTrials.gov ID: NCT02608385). In 22 matched pre- and
post-radiotherapy biopsies fromirradiated metastases, we identified
60 overlapping genes that: (1) increased in expression following SBRT;
and (2) positively correlated with progression of distant unirradiated
metastases (Fig.1aand Supplementary Table 2). Amongthese, the EGFR
ligand AREGwas involved inthree of the top 20 upregulated gene path-
ways that correlated with distant tumour progression (Extended Data
Fig.1a).Stratifying the patient cohort by the change in AREG expression
inresponse toradiotherapy demonstrated ashorter progression-free
survival and overall survival in patients whose tumours exhibited
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Fig.1|Radiotherapy induces amphiregulin expression and growth of
distant metastasis. a, Schematic of biopsy acquisition and gene expression
analysis; genes thatareinduced by SBRT and correlate with growth of distant
metastasesare highlighted (right). Pearson correlation coefficient of 60 genes:
distant tumour progression based on RECIST (response evaluation criteria
insolid tumors) criteriawas correlated with gene expression post-SBRT ina
microarray of n=22matched pre-and post-SBRT biopsies fromn=11patients.
b, Kaplan-Meier plot showing overall survival (left) and progression-free
survival (right), stratified by increase or decrease of AREG expression post-
SBRT (log-rank (Mantel-Cox) test). ¢, Growth curve of LLC flank tumours with
orwithout radiotherapy with 5,10 or 20 Gy (n = 5mice per group). Two-way
ANOVA, Dunnett’s test.d, Number of lung metastases (left), and mean size of

increased AREG expression following SBRT (Fig. 1b). Supporting these
findings, analysis of data from patients with radiotherapy-treated lung
squamous cell cancer (LUSC) from The Cancer Genome Atlas (TCGA)
confirmed an association between higher tumour AREG expression
and poor prognosis (Extended Data Fig. 1b).

We utilized the mouse Lewis lung carcinoma (LLC) model of sponta-
neous lung cancer metastasis to characterize the mechanisms by which
radiotherapy-induced AREG expression contributes to distant metas-
tasis. LLC tumour cells were implanted subcutaneously in the flank of
C57BL/6 wild-type mice and treated with local radiotherapy (5,10 and
20 Gy) after 12-14 days. The resulting tumours showed a high degree
of radiation resistance at these doses (Fig. 1c). Although 20 Gy treat-
ment decreased the number of lung metastases, both 10 Gy and 20 Gy
treatments significantly increased the mean size of lung metastases
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thefive largest metastases per lungarea (right). LLC:n=9;5Gy:n=7;

10 Gy:n=8;20 Gy:n=7mice, pooled from two separate experiments. One-
way ANOVA, Dunnett’s test. e, Haematoxylin and eosin (H&E) staining. Black
arrows indicate metastatic lesions. f, Growth curve of LLC*®* and LLC** flank
tumours with or without 20 Gy treatment. n =10 mice per group, pooled from
2independent experiments. Two-way ANOVA, Tukey’s test. g, Number of lung
metastases (left), and meansize of the five largest metastases per lung area
(right). n = 5mice per group. One-way ANOVA, Sidak’s test. h, H&E staining.
Black arrowsindicate metastatic lesions. Data are mean + s.e.m.Inbox plots,
thecentre lineshows the median, box edges delineate first and third quartiles,
and whiskers show the range of values. Scale bars, 500 pm.

compared with metastases derived from non-irradiated tumours
(Fig. 1d,e). Irradiation of LLC flank tumours induced a significant,
dose-dependent increase of local and systemic AREG concentration
with highest levels at 20 Gy; this response was absent following radio-
therapy in non-tumour bearing mice, indicating that AREG upregula-
tionisspecific toirradiated tumour tissues (Extended Data Fig.1c-e).
Similar flank tumour and lung metastasis size was observed in wild-type
mice and in VavI*"¢mice, in which all haematopoietic and endothelial
lineages lack Areg?® (Extended Data Fig. 1f,g). These data reinforced
thatalthough arange of tissues can produce AREG, tumour cell-derived
AREG has a central role in mediating the metastasis phenotype.

In addition, we verified that lung metastases were present at the
time of systemic radiotherapy-induced AREG upregulation (five days
post-radiotherapy) (Extended DataFig. 1h,i). Whereas early irradiation
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of smaller tumours on day 8 reduced the number and size of lung metas-
tases (Extended Data Fig. 1j), asignificant increase in metastasis size of
larger tumours (radiotherapy on day 20) coincided with greater sys-
temic AREG levels 5days post-radiotherapy (mean + s.e.m. flank tumour
sizes 79.95 + 6.10 mm? and 415.80 + 30.02 mm?, respectively; Extended
Data Fig. 1k-m). A positive correlation was observed between tumour
sizeatthe time of radiotherapy and theinduction of serum AREG 5 days
after radiotherapy, suggesting that larger irradiated tumours secrete
more AREG (Extended Data Fig. 1n).

Aregknockout reduces distant metastasis growth

We generated a CRISPR-Cas9 genome-edited knockout of Aregin LLC
cells expressing red fluorescent protein (RFP; we call these cells LLC**
and the corresponding wild-type cells LLC***) to evaluate the effect of
AREG on metastasis growth and response toirradiation. LLC** tumours
did notupregulate AREG after radiotherapy (Extended Data Fig. 2a-c).
Non-irradiated LLC** tumours exhibited slower tumour growth than
LLC*** tumours, and a high degree of radiation resistance persisted in
flank tumours of both genotypes (Fig. 1f). Moreover, LLC** tumours
resulted in significantly smaller and fewer lung metastases, and the
size of LLC** lung metastases did not increase following flank tumour
radiotherapy (Fig. 1g,h). These results were reproduced in an ortho-
topiclung cancer model, inwhich computed tomography (CT)-guided
irradiation of intraparenchymal lung tumours resulted in increased
systemic AREG concentration and size of contralateral lung metastases
in LLC*® tumour-bearing mice but not in LLC*®* tumour-bearing mice
(Extended Data Fig. 2d-h).

In the breast cancer cell line EO771-LMB?* (hereafter LMB), which
spontaneously metastasises to the lung and also upregulates Aregin
response to radiotherapy, 20 Gy suppressed both flank tumour and lung
metastasis growth (Extended Data Fig. 2i,j). However, a single dose of
5 Gy, whichdoes not suppress LMB flank tumour growth, led to a signifi-
cantsizeincrease of lung metastases compared with untreated controls,
suggesting that distant metastasis proliferation may be particularly
pronounced inthe setting of ineffective local tumour control (Extended
DataFig. 2j-1). Similar to the effects observedin LLC, CRISPR-mediated
Aregknockout prevented radiation-induced Areg upregulation and
significantly delayed the growth of flank tumours without affecting
the response of the tumour to radiotherapy (Extended Data Fig.2m,n).
Areg-knockout LMB tumours also exhibited areduced number and size
of spontaneous lung metastases, and radiotherapy-related metasta-
sis growth was absent (Extended Data Fig. 20,p). These findings indi-
cate that although local radiotherapy can reduce the number of lung
metastases, it can alsoincrease the size of established lung metastases
through AREG upregulation.

Aregknockout and treatment with recombinant AREG did not affect
the proliferative (Extended Data Fig. 3a) or migratory (Extended Data
Fig. 3b) capacity of wild-type or Areg-knockout tumour cells in vitro.
Similarly, effects of radiotherapy on proliferation, migration and clono-
genicsurvival were unchanged (Extended DataFig. 3c-h). To delineate
whether the seeding or growth of lung metastasesis affected by tumour
cell-derived AREG, we injected LLC**" and LLC** cells intravenously.
LLC*®* and LLC"® cells extravasated and formed comparable numbers
of micrometastases by day 7 post-intravenousinjection (Extended Data
Fig. 4a,b). By day 14, however, LLC*® metastases were significantly
fewer in number and smaller than LLC*** metastases (Extended Data
Fig. 4c,d). Notably, the number of LLC** lung metastases declined
between days 7 and 14, suggesting animmune-mediated reduction of
AREG-deficient metastases.

Torecapitulate the AREG-induced phenotype, we used intravenous
injection of recombinant AREG (rAREG), which significantly increased
the size of LLC*? lung metastases, implying that in the absence of
tumour-derived AREG, AREG supplementation can drive lung metas-
tasis growth (Extended Data Fig. 4e). We next explored whether this
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mechanismis unique in the context of radiotherapy or whether other
typesoftissue injury similarly elicit lung metastasis growth and found
that surgical resection of the flank tumour did not increase systemic
AREG levels or lung metastasis size (Extended Data Fig. 4f-i). Mechanis-
tically, we found that after radiotherapy of LLC** cells, AREG induction
was mediated by type linterferonsignalling (Extended DataFig. 4j,k),
consistent with previous reports®. Furthermore, IFNf treatment sig-
nificantly increased AREG RNA and protein levels, an effect that was
attenuated by knockdown of the typelinterferon-related transcription
factor STAT2 (Extended DataFig.41-0).In summary, local radiotherapy
reduces the number of lung metastases but increases their size via
AREG secretion, mediated by type linterferonsignalling. Aregknockout
prevents this effect.

Radiotherapy-induced AREG targets EGFR* MNPs

We hypothesized that the host immune response contributed to the
AREG-dependent metastatic growth observed in patients and mouse
models. AREG induces EGFR phosphorylation at tyrosine residue 992
(Tyr992), which has previously beenimplicated in the dysplasia sever-
ity of oesophageal carcinomas®?*, We utilized spectral flow cytom-
etrytovalidate the presence of Tyr992 phosphorylated EGFR-positive
(p-EGFR") immune cellsin peripheral blood mononuclear cells (PBMCs)
of patients with metastatic non-small cell lung cancer (NSCLC) treated
with SBRT inasecond clinical trial®® (ClinicalTrials.govID:NCT03223155;
Supplementary Table 3). We analysed matched pre- and post-SBRT
PBMC samples from15 patients and created a t-distributed stochastic
neighbour embedding (¢-SNE)* projection of 800,000 live CD45" cells.
The highest expression of Tyr992 p-EGFR was found on monocytes
(CD33'CD14") and dendritic cells (CD11c'CD141"HLA-DR") (Fig. 2a-c
and Extended Data Fig. 5a-c). The fraction of CD33*CD14" p-EGFR"
monocytes increased after SBRT (Fig. 2d). Trichotomization of the
NSCLC patient cohort on the basis of the fold change of CD33*CD14*
p-EGFR" monocytes demonstrated asignificantly worse overall survival
in the patients with the greatest increase following SBRT (Fig. 2e,f).
Mirroring our findings in PBMCs, the cell types with the high-
est Tyr992 p-EGFR expression in mouse lung tissues were myeloid
cells: CD11b*Ly6G* granulocytes, CD11c*MHCII* dendritic cells and
CDI11b'Ly6C'F4/80" MNPs (Fig. 2g-i and Extended Data Fig. 5d-f).
The fraction of myeloid cells significantly increased in the lungs of
flank tumour-bearing mice compared with non-tumour bearing mice
(Extended Data Fig. 5g). Whereas radiotherapy resulted in a simi-
lar increase of Ly6G* granulocytes in the lungs of LLC*® and LLCA?
tumour-bearing mice, the fraction of p-EGFR'Ly6C* MNPs exhibited
aunique increase after radiotherapy in LLC*** tumour-bearing mice,
but did not increase in the lungs of LLC** tumour-bearing mice
post-radiotherapy (Fig. 2j and Extended Data Fig. 5h). These results
suggested a possible link between Ly6C* MNPs, radiotherapy-induced
AREG and the increased metastasis size observed in mice bearing LLC***
tumourstreated with 20 Gy. Similar patterns were not observedin CD4*
and CD8" T cells or CD19" B cells (Extended Data Fig. 5h,i). We verified the
presence of p-EGFR'Ly6C" MNPs in the lung metastatic microenviron-
mentby confocal microscopy (Fig. 2k) and developed an artificial intel-
ligence (Al)-based cell segmentation model, which detected asignificant
increase of Ly6C* MNPs post-radiotherapy (Fig. 21 and Extended Data
Fig. 5j,k). These findings demonstrate that: (1) MNPs are the primary
immune cells expressing Tyr992 p-EGFR in PBMCs from patients with
NSCLC and inlung tissues from mice bearing LLC*** flank tumours; and
(2) radiotherapy drives anincrease in Ly6C* MNPs in the lung metastatic
microenvironment, a process that is reversed by Areg knockout.

AREG reshapes MNP trajectories

MNPs were identified as target populations of tumour-secreted,
radiotherapy-induced AREG. Since circulating Ly6C" monocytes can
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tissue from LLC**" and LLC*® tumour-bearing mice post-radiotherapy.
a,scRNA-seq and unsupervised uniform manifold approximation and
projection (UMAP) clustering 0f 32,690 live CD45" cells from lungs of LLCA®*
and LLC** tumour-bearing mice with or without 20 Gy treatment. n =4 mice
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NK, naturalkiller cell; pDC, plasmacytoid dendritic cell; T, regulatory T cell.
b, Quantification of five MNP clusters (outlined ina) stratified by experimental
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differentially expressed gene. Alv_macro, alveolar macrophage; C_DC_1,
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differentiate into metastasis-associated macrophages”?, we investi-

gated their involvement in AREG-dependent lung metastasis growth
by single-cell RNA sequencing (scRNA-seq) of immune cells from
the lungs of mice bearing LLC** and LLC**" flank tumours five days
post-radiotherapy.

Unsupervised clustering of 32,690 CD45" cells identified 21 clus-
ters from 11 major cell lineages, including five clusters containing
4,095 MNPs (monocytes, alveolar macrophages, conventional type |
dendritic cells, plasmacytoid dendritic cells and migratory dendritic
cells) (Fig. 3a, Extended Data Fig. 6a—-d and Supplementary Table 4).
Consistent with our previous results, local irradiation of LLC*** flank
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monocyte; P_DC, plasmacytoid dendritic cell. d, Density plot of 4,095 MNPs
stratified by experimental groups. e, Diffusion map projection of2,600
monocytes, using the same cluster colours asinc. DC, diffusion component.
f, Pseudotime diffusion map of 2,600 monocytes. g, Density plots across
pseudotime for monocytes from AREG-sufficient conditions (LLC** and
LLC**" +20 Gy). h, Density plots across pseudotime for monocytes from
AREG-deficient conditions (LLC** and LLC** +20 Gy). i, Slingshot trajectory
inference of monocytes on the diffusion map.j, Proportion of cells from
wild-type (AREG") and AREG-deficient (AREG") conditionsin trajectories1
and 2.k, RNA velocity vectors of monocytes on diffusion map. I, Bubble plot
showing differential expression of selected genes related to phagocytosis, cell
killing, reactive oxygen species biosynthetic process or antigen processing
and presentation of trajectories 1and 2 (signatures from Wang et al.”’). Max,
maximum; min, minimum.

tumours increased the fraction of monocytes in the lung, which was
notrecapitulated under AREG-deficient conditions (LLC*® and LLCA®
with 20 Gy treatment) (Fig. 3b). Gene expression analysis of the LLC**" +
20 Gy monocyte cluster revealed thatimmunosuppressive (Lrgl, Retnlg
and Enol) and S100 (§100a9 and S100a8) genes were upregulated,
and genes involved in inflammation (Cd36, Dock2 and Aff3), antigen
processing and presentation (H2-K1, H2-Aa and Cd83) and phagolyso-
somal processes (Dockl10, Picalm and Satbl), were downregulated
(Extended DataFig. 6e). By contrast, we observed the opposite pattern
inthe LLC** plus 20 Gy monocyte cluster, in which S100 and immuno-
suppressive genes (Cd274, Retnlg, Fosl1 and Eifl) were downregulated



and genes involved in inflammatory (Cd86 and Tnfaip8) and phago-
lysosomal (Hexb and Cops9) processes were significantly upregulated
(Extended DataFig. 6f).

Subclustering of MNPs identified 17 populations (Fig. 3c and Sup-
plementary Table 5) with a distinctive shift in the composition of the
monocyte clusters post-radiotherapy with LLC** and LLC** with
20 Gy treatment, which was not observed in corresponding LLCA?
conditions (Fig. 3d and Extended Data Fig. 6g,h). Monocytes from
LLC** were dominated by population 3 (Mono_S100a9), a popula-
tion that was characterized by high expression of S100a9, S100a8
and Satb1. The most abundant cluster in LLC** with 20 Gy treatment
was population 1, which was also characterized by high expression
of S100, immunosuppressive (Chil3, Hp and Anxal) and tissue-repair
genes (Fnl, F13al and Vcan), as well as a significant downregulation of
genes involved in monocyte-to-macrophage differentiation (Pparg,
Itgax and Ly75) (Extended Data Fig. 6g-i). MNPs from the lungs of
Areg-knockout tumour-bearing mice showed a more diverse spread
betweenall clustersand alarger fraction of clusters 4 (Alv_macro_MrcI),
10 (Int_Macro_CIga) and 13 (Class_DC_1_H2-EbI) (Fig.3d and Extended
DataFig. 6g,h).

Toimprove our understanding of how tumour-derived AREG affects
functionally relevant monocyte differentiation trajectories, we inferred
the development of monocyte subclusters by computing a diffusion
map and ordering them along a pseudotime axis (Fig. 3e-fand Extended
DataFig.7a,b,d). Notably, the comparison of pseudotime states under
AREG-sufficient conditions showed that a considerable fraction of
monocytes from LLC** with 20 Gy treatment were arrested at an earlier
pseudotime state and less likely to differentiate to later stages (Fig.3g
and Extended DataFig. 7c). By contrast, Areg-knockout cells were more
likely to differentiate, measured by progression along pseudotime, and
localtumour irradiationdid not affect their pseudotime density (Fig. 3h
and Extended Data Fig. 7c). Corresponding to the differentiation arrest,
we found that the largest fraction of cellsin population1-the popula-
tion with the lowest pseudotime—was derived from LLC*** with 20 Gy
treatment (Extended Data Fig. 7e). Notably, Popl_fnI also showed a
higher expression of genes associated with EGFR signalling pathways
compared with other subpopulations (Extended Data Fig. 7f).

Trajectory inference using Slingshot with population1asastarting
population predicted two main trajectories: trajectory 1 developed
through population 2 to 7, and an alternative trajectory, trajectory 2,
moved through populations 14 and 9 instead, ending in population
3 (Fig. 3i). Population 7 was made up of equal parts of cells from all
conditions and characterized by high expression of genes involved
ininflammatory, phagocytic and antigen processing functions such
as Fcgr4, Myolg and Ctsb. By contrast, population 3 was dominated
by monocytes from AREG-sufficient conditions and characterized by
high expression of immunosuppressive genes (Chil3, Thbsl, Fnl and
F13al) and genes encoding S100 proteins (Extended Data Fig. 7g,h).
Correspondingly, cellsin both Aregwild-type and Areg-knockout condi-
tions were equally likely to traverse trajectory 1, while Areg wild-type
cells preferentially traversed trajectory 2 (Fig. 3j). These findings were
reproduced using RNA velocity analysis (Fig. 3k and Extended Data
Fig.7i-1).

Cells following trajectorylincreasingly expressed macrophage dif-
ferentiation and function genes along their differentiation trajectory
(Cde68, Trem3, Csflrand Adgrel), whereas MNPsin trajectory 2 showed
aglobal downregulation of gene expression, except for genes linked
toimmunosuppression (S100a8, S100a9, Sell and Il18rap) (Extended
Data Fig. 7m,n). Further examination of previously published gene
signatures involved in anti-tumour functions of MNPs?’ revealed their
significant downregulation in trajectory 2 (Fig. 31), correlating with
higher EGFR signalling (Extended DataFig. 70). We concluded that the
primary route of monocyte differentiation occurred along trajectory 1
and encompassed increasing expression of macrophage markers and
gene signatures associated with phagocytosis, antigen processing and

inflammatory response. By contrast, in response to tumour-derived
AREG, monocytes were more likely to be redirected along an alterna-
tivetrajectory (trajectory 2), characterized by decreased anti-tumour
functions and increased immunosuppression.

The knownimmunosuppressive functions of monocytes after radio-
therapy®® and theirincreased presence in the lungs ofirradiated LLCA®*
tumour-bearing mice (20 Gy) suggested that suppression of the adap-
tive anti-tumour T-cell response may enable metastatic proliferation
under AREG-sufficient conditions. In support of this, we observed
anincreased expression of immunosuppressive genes in monocytes
from lungs of LLC*** tumour-bearing mice following 20 Gy treatment
(Extended DataFig. 8a) and, correspondingly, a terminally exhausted
gene signature of CD8* T cells, indicative of a decreased proliferative
and cytokine production capacity® (Extended Data Fig. 8b). RNA
sequencing of Ly6C* MNPs from EGFR" (Egfr"") and conditionally
EGFR-deficient (LysM*%"; EGFR") mice co-cultured with LLC**" and
LLC** tumour cells (Extended Data Fig. 8c), revealed that tumour
cell AREG expression induces an anti-inflammatory transcriptomic
state in EGFR* MNPs. Gene set enrichment analysis (GSEA) identified
upregulated pro-inflammatory pathways in EGFR* MNPs co-cultured
with LLC** tumour cells compared with those co-cultured with LLCA®*
tumour cells (Extended Data Fig. 8d). This effect was further amplified
in EGFR” MNPs, where IFNy/a responses, inflammatory response and
TNFa signalling were the top upregulated pathwaysin the presence of
LLC** cells (Extended Data Fig. 8e). Gene signatures related to phago-
cytosis, cell killing and reactive oxygen species (ROS) biosynthesis?
showed highest expression in EGFR” MNPs co-cultured with LLC*®™
tumour cells (Extended Data Fig. 8f-h), whereas genes associated
withimmunosuppression were most highly expressed in EGFR* MNPs
co-cultured with LLC** tumour cells (Extended DataFig. 8g). rAREG fur-
therinduced a T-cell suppressive phenotype in bone-marrow-derived
myeloid cells (BMDM) (Extended Data Fig. 8j).

Despite these findings, antibody-mediated depletion of CD8"
T cells did not eliminate the size difference between LLC** and LLC**
metastases (Extended Data Fig. 8k-m), suggesting that CD8" T cells
are not the primary mediators of metastatic size differences in vivo.
We hypothesized that Ly6C" MNPs are key effector cells. CCR2 anti-
body*-mediated depletion of Ly6C* MNPs (Extended Data Fig. 9a)
did not alter lung metastasis size in LLC** tumour-bearing mice, but
significantly increased it in mice bearing LLC** tumours (Extended
DataFig.9b-e), indicating that Ly6C* MNPs have a crucial role in con-
straining LLC** lung metastasis growth.

AREG suppresses MNP phagocytosis

The phagocytic activity of MNPs has a central role in tumour control,
in both tissue-resident and monocyte-derived cells within the lung
tumour microenvironment®3, AREG has been implicated in reducing
monocytic phagocytosis-induced cell death®*; however, the effects
of tumour cell-derived AREG on the phagocytic capacity of MNPs
remain unclear. To investigate this, we utilized a co-culture system
in which we observed that BMDM phagocytosed significantly fewer
LLC** tumour cells compared with LLC*® tumour cells (Extended Data
Fig.10a,b). This reduced phagocytic activity correlated with a signifi-
cantly higher expression of the ‘don’t-eat-me’ signal CD47 on LLC***
tumour cells, as well as a radiotherapy-induced CD47 upregulation,
which was absent in LLC** tumour cells (Extended Data Fig. 10c,d).
Treatment of LLC** tumour cells with rAREG increased CD47 protein
levels, whereas treatment of LLC*** with an AREG-targeting antibody
(anti-AREG) decreased CD47 levels (Fig. 4a). AREG increases STAT3
phosphorylation in tumour cells** and STAT3 is known to upregu-
late Cd47 by binding to consensus DNA elements in the promoter and
intron regions of Cd47 in lung cancer cells¥. Correspondingly, treat-
ment with a STAT3 inhibitor®® (STAT3i) suppressed both rAREG- and
radiotherapy-induced Cd47 upregulation (Extended DataFig.10e-g).
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Fig.4|AREG upregulates CD47in tumour cellsresulting in SIRPa-mediated
MNP phagocytosis suppression.a, CD47 MFlin LLC** and LLC** cells after
48 htreatmentwith 250 pg mI rAREG or 1.5 pg ml™ anti-AREG. n =3 technical
replicates. One-way ANOVA, Sidak’s test. b, Inmunofluorescence staining of
Ly6C* MNPs for Ly6C (PE/Dazzle 594, red), MyollA (AF488, green) and SIRPx
(AF647, magenta). Scale bars, 20 pm. ¢, Immunofluorescence staining of Ly6C*
MNPs co-cultured with LLC cells for p-MyollA (AF488, green) and CD47 (BV421,
blue). Close-up of phagocytic synapses. d, Immunofluorescence staining of
Ly6C* MNPs co-cultured with LLC cells for p-MyollA (AF488, green), SIRPa
(AF647, magenta), and CD47 (BV421, blue). Bottomright, intensity profile of
p-MyollA and SIRPa along the grey dashed line representing aLy6C* MNP
interacting with two tumour cells. Red dashed lines indicate borders of cell-
cellcontact. Scalebars, 10 pm. e, Left,immunofluorescence staining of Ly6C*
MNPs co-cultured with LLC** (top) and LLC** (bottom) cells, p-MyollA
(AF488,green), Ly6C (PE/Dazzle 594, red) and CD47 (BV421, blue). Centre,
p-MyollA MFI heat map of phagocytic synapses. Right, outlines of phagocytic

These results suggest that, in addition to its effects on the systemic
myeloid immune response, radiotherapy-induced AREG upregulation
also promotes phagocytosis resistance of tumour cells by increasing
STAT3-mediated CD47 expression.
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synapses (white) and distant non-interactive sites (red). Scale bars, 10 pm.

f, Phagocyticratio of BMDM-derived Ly6C" MNPs co-cultured with LLC**" and
LLC**. Unpaired two-sided t-test. n=5 technical replicates. g, Phagocytic ratio
of lung-derived Ly6C* MNPs co-cultured with LLC*** and LLC*®". Unpaired
two-sided t-test. n=4technical replicates. h,Immunofluorescence staining of
lung-derived Ly6C* MNPs, co-cultured with LLC** (top) and LLC** (bottom) for
p-MyollA (AF488, green) and CD47 (BV421, blue). Scale bars, 10 um. i, Phagocytic
ratio of Ly6C* MNPs co-cultured with LLC*® cells after 48 h treatment with

250 pg mI' rAREG or 1.5 ug ml™ anti-AREG. One-way ANOVA, Sidak’s test.
n=4technicalreplicates. j, Phagocytic ratio of Ly6C" MNPs co-cultured with
LLC*" cells after 48 htreatment with 250 pg mI™ rAREG or 1.5 pg mI™ anti-AREG.
One-way ANOVA, Sidik’s test. n=4 technical replicatesin anti-AREG group;
n=5technicalreplicatesin LLC**" and rAREG groups. Dataare mean +s.e.m.
Inbox plots, the centre line shows the median, box edges delineate first and
third quartiles, and whiskers show the range of values. One representative
experiment out of twoindependent experimentsis shown.

CD47inhibits MNP phagocytosis by SIRPa-SHP-1-mediated dephos-
phorylation of activated myosin-IIA (MyollA), reducing actomyosin
contractility at the phagocytic synapse® .. We used high-resolution
confocal microscopy to assess Ly6C* MNP phagocytic function by
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Fig. 5| AREG blockade reduces metastasis size in combination with
ionizing radiation, EGFR-TKI and anti-CD47 immunotherapy. a, Growth
curve of LLC flank tumours with or without intravenous anti-AREG injection
and 20 Gy treatment. n = Smice per group. Two-way ANOVA, Tukey’s test.

b, Number of lung metastases (left) and mean size of the five largest metastases
perlungarea (right). n =4 mice per group. One-way ANOVA, Sidak’s test.

¢, H&E staining. Black arrows indicate metastatic lesions. Scale bars, 500 pm.
d, Growth curve of LLC flank tumours with or without intravenous anti-AREG
injection, oral EGFR-TKI (Gefitinib) and 20 Gy radiotherapy.n=5micein
anti-AREG group, n =6 mice inall other groups. Two-way ANOVA, Tukey’s test.
e, Number of lung metastases (left) and meansize of the five largest metastases

visualizing MyolIA, Ly6C and SIRP« (Fig. 4b). Ly6C* MNPs co-cultured
with LLC tumour cells showed no changes in MyolIA expression
(Extended Data Fig. 10h), but increased levels of the phosphorylated
form of MyolIA (p-MyolIA) were observed at phagocytic synapses
(Fig. 4c). Notably, p-MyolIA was reduced in MNP-tumour cell contact
areas with high SIRPa expression (Fig. 4d), indicating that decreased
p-MyollA levels reflect local CD47-SIRPa-mediated suppression of
phagocytosis. We quantified this suppression by calculating a ‘phago-
cytic ratio’: p-MyollA fluorescence intensity at the phagocytic syn-
apse compared with a distant membrane section. A phagocytic ratio

perlungarea (right). n=5mice inanti-AREG group, n = 6 micein all other
groups. One-way ANOVA, Sidak’s test. f, H&E staining. Black arrows indicate
metastatic lesions. Scale bars,2 mm. g, Growth curve of LLC**" flank tumours
with or withoutintravenous anti-AREG injection, intravenous CD47 antibody
and 20 Gy radiotherapy. n =4 micein LLC** group, n=5miceinall other
groups. Two-way ANOVA, Tukey’s test. h, Number of lung metastases
persection (left) and meansize of the five largest metastases per lung area
(right). Lefttoright:n=6,n=5,n=5,n=5,n=7and n=6 mice per group.
One-way ANOVA, Sidik’s test. Data are mean + s.e.m. Inbox plots, the centre
line shows the median, box edges delineate first and third quartiles, and
whiskers show the range of values.

greater than unity indicated reduced CD47-SIRPa-mediated MyolIA
dephosphorylation and enhanced phagocytic activity. BMDM-derived
Ly6C* MNPs co-cultured with LLC*® cells showed significantly higher
phagocytic ratios than those co-cultured with LLC*** cells (Fig. 4e,fand
Extended Data Fig. 10i), a finding that was confirmed in Ly6C" MNPs
isolated from the lungs (Fig. 4g,h). The phagocytic ratio observed in
MNPs co-cultured with LLC** cells was significantly decreased after
treatment of tumour cells with rAREG, whereas anti-AREG-treatment
of LLC** cells enhanced the phagocytic ratio of co-cultured MNPs
(Fig.4i,j). These findings demonstrate that AREG signalling upregulates
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CD47 ontumour cells, resulting in SIRPa-mediated MyollA dephospho-
rylation and phagocytosis suppressionin Ly6C* MNPs.

AREG blockade reduces metastasis size

To evaluate the effects of chronicincreased systemic AREG in patients,
we analysed 42 matched paired serum samples from 21 patients with
NSCLC, collected prior to SBRT, as well as after SBRT and three cycles
of ICB (from our institutional trial NCT03223155; ref. 25; Supplemen-
tary Table 3). We found that reduced serum AREG levels after SBRT
and ICB were associated with significantly longer progression-free
survival (Extended DataFig. 11a). Thus, we hypothesized that blocking
systemic AREG may improve radiotherapy efficacy and delay tumour
progression.

EGFR tyrosine kinase inhibition (EGFR-TKI) has been tested in con-
currentand sequential combination with radiotherapy in patients with
EGFR-mutant NSCLC with inconsistent results****, and serum AREG
levels have been suggested as a predictor of resistance to gefitinib
in patients with NSCLC*. To evaluate the potential clinical transla-
tion of our findings, we treated LLC*** tumour-bearing mice intrave-
nously with anti-AREG. When combined with anti-AREG, radiotherapy
elicited a significant growth delay of flank LLC tumours (Fig. 5a) and
the radiotherapy-induced increase in the size of lung metastases was
abrogated (Fig. 5b,c). Additionally, EGFR-TKI treatment significantly
reduced radiotherapy-induced metastatic growth when combined
with anti-AREG (Fig. 5d-f).

Since we observed AREG-induced, CD47-SIRPa-mediated suppres-
sion of MNP phagocytosis, we tested whether anti-AREG increased the
efficacy of anti-CD47 immunotherapy in combination with radiother-
apy. The combination treatment of anti-AREG, anti-CD47 and radiother-
apy significantly abrogated LLC*** flank tumour growth and reduced
metastasis size (Fig. 5g,h). Flow cytometry verified asignificantincrease
of Ly6C* MNP phagocytosis after combination treatment (Extended
DataFig.11b,c),and areduction of the radiotherapy-induced increase
of p-EGFR*MNPs in mouse lungs (Extended Data Fig.12a-i). Therefore,
we concluded that AREG blockade abrogates radiotherapy-induced
metastatic proliferation while enhancing the efficacy of radiotherapy
monotherapy and its combination with EGFR-TKIand anti-CD47 immu-
notherapy.

Discussion

Here we find that radiation-induced amphiregulin supports distant
metastatic growth by reprogramming p-EGFR" myeloid cells and
suppressing phagocytosis. Of note, radiotherapy-induced AREG and
p-EGFR" MNPs were detected inbiopsies, serum and PBMCs of patients
with metastatic cancer post-SBRT, findings that were recapitulated
in mouse lung metastasis models. These effects were overcome by
AREG blockade in mice, thereby inhibiting radiotherapy induction of
metastasis growth.

Radiotherapy was first described to increase tumour cell migration,
thereby facilitating metastasis in mouse models, by Kaplan et al.*®.
Whereas most investigations have focused on the migratory and
invasive potential of metastatic tumour cells*, we report that local
radiotherapy alsoincreases the size of established distant metastases,
aclinically relevant mechanism that has garnered less attention. Our
results suggest that this mechanism is most pronounced when local
tumour control is inadequate, highlighting the need to identify and
neutralize metastasis growth-promoting effects of radiotherapy to
maximize therapeutic efficacy.

AREG was one of several radiotherapy-inducible genes associ-
ated with distant tumour progression in our clinical study. There-
fore, we cannot rule out that other soluble factors may be involved
inradiotherapy-mediated metastasis proliferation. Here we utilized
relatively large radiation doses that are clinically relevant to SBRT. It is
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unclear whether these effects are observed at smaller doses (2 Gy) used
over weeks, asin fractionated radiotherapy; however, the protracted
treatment time might also provide more opportunities for identifica-
tion of factors that potentially limit radiotherapy effectiveness.

Althoughimmune cells other than MNPs may have arolein enhancing
metastatic growth, our findings highlight atumour-AREG-MNP-EGFR
signalling loop that enables distant metastasis proliferation following
radiotherapy. Tumour-derived AREG induced by distant radiotherapy
altersmonocyte differentiationin the lung, promoting monocyte arrest
atanimmature suppressive state, anditinduces differentiationalonga
tumour-tolerogenic trajectory. AREG also modulatesimmune evasion
by upregulating CD47, reducing tumour cell phagocytosis and facilitat-
ingtumour cell survival, and AREG blockade enhances anti-CD47 effi-
cacy.CD47 blockade combined with radiotherapy has been shown to
elicitamacrophage-mediated abscopal effectin small cell lung cancer
(SCLC) models*8; considered in concert with our findings, this suggests
that the distant effects of radiotherapy on tumour growth are in part
dependent on phagocytosis. EGFR signalling has been linked to the
tumour-promoting roles of MNPs*, and EGFR-targeted therapies have
been shown to mitigate immunosuppression in the tumour microen-
vironment of inflammatory breast cancer®. Notably, AREG has been
proposed asaregulator of TAM accumulationinabreast cancer model®.,

Serum AREG concentration has been identified as a predictor of
disease progression and progression-free survival in metastatic colo-
rectal cancer and NSCLC**>%, in line with our results of improved
progression-free survival in patients with reduced serum AREG levels
after SBRT plus ICB. Notably, antibody-mediated targeting of AREG
has also shown promising results in decreasing both PD-L1-mediated
immunosuppressionand chemoresistancein preclinical tumour mod-
els**. Our data additionally suggest that AREG can modify the treatment
response to EGFR-TK]I, a finding that has previously been shown to be
relevant in patients with NSCLC*.

We demonstrate that radiation-induced growth factors drive distant
metastasis growth in SBRT-treated patients and inmouse models, which
leads to shortened survival. We demonstrate that the mechanisms
that promote distant metastasis growth post-radiotherapy are target-
able, which suggests a clinical trial where adverse factors are assayed
shortly after initiation of radiotherapy with or withoutimmunotherapy
and neutralized. These resultsindicate a paradigm shift for the use of
radiotherapy in patients with locally advanced and metastatic tumours,
leading to a new type of personalized radiotherapy.
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Methods

Patient cohort

Tissue biopsy microarray data. Patients with advanced metastatic
solid tumourswere enrolled inaclinical trial between January 2016 and
March 2017 (NCT02608385"). Clinical characteristics of the patient
cohort are provided in Supplementary Table 1. Each patient received
SBRT to at least 2 metastases, with doses ranging from 30-50 Gy
delivered over 3-5 fractions. Owing to SBRT planning constraints,
not all metastases were targeted. Biopsies were collected from the
same metastasis site in 11 patients both before and within 7 days after
SBRT, totaling 22 samples. Gene expression analysis was conducted as
previously described™*,

PBMCs and serum data. We collected PBMCs and serum from patients
enrolled in the COSINR study (NCT03223155%). Clinical characteristics
ofthe patient cohortare provided in Supplementary Table 3. This ran-
domized phase 1/2 trial evaluated the safety and efficacy of combining
ICBwithipilimumab/nivolumab and SBRT as afirst-line treatment for
stage IV NSCLC. Patients, regardless of PD-L1 expression or tumour
mutational burden, were randomized to receive SBRT to 2-4 metastatic
sites, either concurrently (SBRT withimmunotherapy) or sequentially
(SBRT followed by immunotherapy).

Detection of genes upregulated after SBRT and correlation with
distant metastasis progression

Genes with an absolute delta value change >1 between pre- and post-
SBRT were selected, and canonical pathways and upstream regula-
tors were predicted using Ingenuity Pathway Analysis (IPA). Statistical
significance was determined using Fisher’s exact test P values, with a
Pvalue of <0.05 considered significant. The post/pre-SBRT gene expres-
sionratiowas calculated for each patient. A 95% confidence interval was
calculated for each gene across patients, and genes with confidence
intervals that did not cross zero were retained for subsequent analyses.
Assessment of study endpoints and tumour progression began at the
initiation of SBRT, as described in our previous publication’. In brief,
clinical evaluations were conducted regularly throughout treatment.CT
scans were performed after every fourth pembrolizumab cycle or earlier
ifindicated. Tumour response was assessed per RECIST 1.1°, summing
axial diameters of irradiated and non-irradiated metastases separately.
Tumour control was defined as the absence of progressive disease.

Celllines

LLC1(CRL-1642) and EO771-LMB (CRL-3405) cells were obtained from
ATCC and maintained according to ATCC characterization protocols.
No additional authentication was performed beyond the identity pro-
vided by ATCC. Mycoplasma testing was negative. All cell lines were
checked for pathogen contamination via Charles River Research Animal
Diagnostic Services before use. Mouse tumour cells were cultured in
DMEM (Corning), supplemented with 10% fetal bovine serum (FBS)
(Sigma),100 U mI penicillin,and 100 pg ml™ streptomycin, under 5%
CO, conditions. To enhance metastatic homingto the lungs, both LLC
and EO771-LMB celllines underwent two consecutive rounds of in vivo
passaging viaspontaneous lung metastases. For each passage, 10° cells
were injected subcutaneously into the flanks of wild-type mice. After
28 days, spontaneous lung metastases were dissected, and metastatic
tumour cells were isolated and re-cultured.

After successful in vivo passaging, CRISPR-Cas9-mediated Areg
depletion was performed using the amphiregulin CRISPR-Cas9
knockout plasmid (m) (Santa Cruz Biotechnology, sc-419185) in com-
bination with the amphiregulin HDR plasmid (m) (Santa Cruz Biotech-
nology, sc-419185-HDR) according to the manufacturer’s protocols.
sc-419185: amphiregulin CRISPR-Cas9 knockout Plasmid (m) is a
pool of 3 different guide RNA (gRNA) plasmids: gRNA-A: GCCAGAAG
GCATTTCGCTTA; gRNA-B: AGGGGACTACGACTACTCAG; gRNA-C:

TGCCGATGCCAATAGCTGCG. In brief, tumour cells were seeded in
6-well plates and transfected at 50% confluency using Lipofectamine
3000 (L3000015, ThermoScientific) and Opti-MEM (31985062, Gibco).
After 48 h, the transfected cells were selected using 5 pg ml™ of puromy-
cin (P9620, Sigma-Aldrich), and sorted based on RFP-expression using
an Arialll cell sorter (BD Biosciences). The resulting Areg-knockout
and RFP-expressing control cell lines were validated using quantita-
tive PCR with reverse transcription (RT-qPCR) and flow cytometry,
as well as mouse AREG ELISA of conditioned cell culture medium and
tumour cell lysates.

Invivo mouse experiments

Allmice were maintained under specific pathogen-free conditions and
used in accordance with the Institutional Animal Care and Use Com-
mittee (IACUC) guidelines. This study was approved by the IACUC of
the University of Chicago (ACUP 70931 and 72213). All mice wereon a
C57BL/6 background. Wild-type C57BL/6 mice were purchased from
Harlan Envigo or bred in-house. Vav-Cre (B6.Cg-Tg(VAVI1-cre)1Graf/
Mdf]) mice and LysM-Cre (B6.129P2-Lyz2™ @ /}) were purchased from
The Jackson Laboratory. Vav-Cre mice were bred with Areg™ mice,
provided by A. Rudensky, to generate conditional Areg-knockout
(Vav1*'“€) mice. To generate conditional Egfr-knockout mice, LysM-Cre
(B6.129P2-Lyz2m 9 1) from The Jackson Laboratory were bred with
Egfr-floxed mice (Egfr)*®, provided by D. Tilley. For tumour studies,
8-to10-week-old female C57BL/6 (wild-type) mice were used. Instudies
involving conditional knockout mice, age- and sex-matched littermates
served as controls. Mice were housed under a12-h light:dark cycle, at
19-22 °C with 30-70% humidity.

In vivo flank tumours

To generate flank tumours, 1 x 10° tumour cells were injected subcu-
taneously into the flankin 100 plserum-free DMEM. Tumour volumes
were measured along three orthogonal axes (a, b, ¢) and calculated as:
tumour volume=ax b xc/2.

Invivoirradiation of flank tumours

Once flank tumours reached 150-200 mm?3, mice were assigned to
treatment groups in a way that ensured similar average tumour sizes
across groups. Irradiation was administered using a Philips RT-250
X-ray generator (250 kVp, 15 mA, 1.0 mm copper filter, 156 cGy/min
doserate). The generator was regularly calibrated using a Farmer-type
ionization chamber to ensure accurate dose delivery. Film dosimetryin
awater phantomwas performed to assess dose distribution, with films
placed at varying depths to establish the dose gradient and verify dose
uniformity. Results confirmed tumour site dose delivery with minimal
variation.Tominimize irradiation exposure to healthy tissue, mice were
anaesthetized by intraperitoneal injection of 90-120 mg ketamine
and 5-10 mg xylazine per kg body weight and then fully shielded with
lead, leaving only the flank tumour exposed. For hindlimb irradiation
in non-tumour-bearing mice, the right hindlimb was exposed to the
radiation beam while the rest of the body was shielded with lead.

Intravenous lung metastasis model

One-hundred thousand LLC*** and LLC** tumour cells were injectedin
100 plserum-free DMEM viaretro-orbital intravenous injection under
continuous inhalative anaesthesia. Mice were euthanized 7 and 14 days
post-injection and lungs were removed.

Orthotopiclung cancer model and CT-guided irradiation

Atotal of 0.8 x 10* LLC*® and LLC** tumour cells were injected percu-
taneously into the right lung in a total volume of 4 pl (2 pl serum-free
DMEM + 2 pl growth factor reduced Matrigel (356231, Corning))
under continuous inhalative anaesthesia. Orthotopically implanted
lung tumours were visualized using contrast-enhanced conebeam
computed tomography (CBCT) on an X-RAD 225 Cx (Precision X-ray),



building on previously published protocols®*°. In brief, a CBCT scan
was acquired under continuous inhalative anaesthesia using 360
projection images (1° per image), with X-ray tube settings of 60 kV,
0.8 mA, and a1.0 mmaluminium filter. To enhance soft tissue contrast,
300 pliomeron-400 were injected intravenously 2 min prior to CBCT
acquisition. lomeron-400 was provided by R. Fretta. Orthotopic lung
tumour sizes were measured by manually outlining contrast-enhancing
tumour areas using Horos (Version 3.3.6), and CT-guided irradiation was
delivered once tumours reached a mean size 0f10-20 mm?, using two
opposing beams (0° and 180°) with a3 x 3 mm collimator, at X-ray tube
settings 0f 220 kV,13 mA and a 0.15 mm copper filter. The isocentre of
theradiationbeamwas aligned to the centre of the contrast-enhanced
tumour volume.

Invivo treatments

Anti-AREG antibody (AF989, R&D Systems) was administered intra-
venously once every 3 days at a dose of 1.5 pg ml™ blood volume for
four doses, starting on the day of radiotherapy. Anti-CD47 antibody
(IAP, BEO270, BioXcell) was administered intravenously once every 3
days atadose of 200 pg per mouse for four doses, starting on the day
of radiotherapy. Recombinant AREG (989-AR-100/CF, R&D Systems)
was administered intravenously once every 2 days at a dose of 50 pg
per mlblood volume for eight doses, starting on day 5. Gefitinib (Iressa,
ZD1839, Selleckchem) was administered orally by gavage at a dose
of 75 mg kg™ body weight for 15 doses, starting on day 5. Rat IgG2a
(BEO089, BioXcell) or goatIgG (BE0130, BioXcell) were used asisotype
controls and administered every three days at 200 pg per dose, for four
doses each, starting on the day of radiotherapy.

Study endpoints

All mice usedin this study were monitored at regular intervals and euth-
anized before reaching humane experimental endpoints, as defined
inthe ACUP protocols 70931 and 72213, approved by the IACUC of the
University of Chicago. Mice were removed from the study if any subcu-
taneous tumour exceeded 20 mm in diameter orif asignificant decline
in body condition score (BCS) were observed. For orthotopic lung
tumour and intravenous lung metastasis models, mice were removed
ifBCS worsened significantly. These criteriawere not exceeded inany
of the experiments performed for this study.

Invitro reagents and treatments

For STAT3 inhibitor treatment, LLC*** cells were seeded and allowed
to attach overnight before treatment with STAT3 inhibitor (Stattic,
$7024, Selleckchem) at a concentration of 5 pM for 12 h, before RNA
was collected using RNeasy Microkit (74136, Qiagen) for RT-qPCR.

For IFNP treatment, LLC*** cells were seeded and allowed to
attach overnight before treatment with recombinant Mouse IFN1
(carrier-free) (581302, BioLegend) at a concentration of 100 ng ml™
for3and12 hbefore RNA was collected using the RNeasy Microkit(Qia-
gen) for RT-qPCR, or at concentrations of 50,100 and 200 ng ml™ for
24 h before protein was collected for ELISA.

For experiments involving siSTAT2, Accell Mouse Stat2 (20847)
siRNA - SMARTpool (E-049890-00-0010, Horizon Discovery) was
used, which consists of a pool of 4 siRNAs targeted at Stat2: (1) 5’-CGA
UAAAGUCGAAAUCUAC-3’; (2) 5-GCUUCAGAUACACAGUUUU-3’;
(3) 5-GAACUUAGCUAUUUUAUUA-3’; and (4) 5-CCAGCAGCUUGA
GAUUGAA-3". LLC** cells were transfected with siRNA for 72 h before
verifying knockdown efficiency. Cells were re-seeded and allowed to
attach overnight before irradiation with 4 Gy. RNA was collected 12 h
after irradiation using RNeasy Microkit (Qiagen) for RT-qPCR, and
protein was collected 24 h after irradiation for ELISA.

Invitroirradiation of tumour cells
Forinvitroirradiation of tumour cells, the same settings were used as
described under ‘In vivo irradiation of flank tumours’.

BMDM generation

Bone marrow cells from non-tumour-bearing mice were isolated by
flushing femurs and tibias with RPMI-1640 supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin. Red blood cells
were lysed using ammonium-chloride-potassium (ACK) lysis buffer
(A1049201, Gibco), and the remaining cells were filtered through a
40 pm filter. Cells were resuspended at a density of 1 x 10° cells per ml
and culturedin complete RPMI-1640 medium (11875-093, Gibco) with
recombinant mouse GM-CSF (20 ng mI™) (576308, BioLegend). Fresh
culture mediumwas added on day 3 and cells were used for downstream
experiments on day 4.

T-cell suppression assay

Splenic T cells from non-tumour-bearing wild-type mice wereisolated
using the EasySep Mouse T Cell Isolation Kit (19851, STEMCELL Tech-
nologies) following the manufacturer’s instructions and stained with
1uMCellTrace Violet (C34557, ThermoFisher) in PBS for 20 minat 37 °C,
thenresuspendedinR10 media +IL-2 at afinal concentration of 50 U mI™
(212-12, PeproTech). Two-hundred thousand T cells were seeded into
wells of a 96-well round-bottom plate, with 50,000 BMDMs pre-treated
for 24 hwith 50 and 100 ng mI™ recombinant mouse AREG (989-AR-100,
R&D systems). CD3/CD28 Dynabeads (11452D, Gibco) were includedin
stimulated wellsata1:1T cell:bead ratio. After 2 days, 100 pl of medium
was replaced with fresh medium containingIL-2. T cellsand monocytes
were co-cultured for four days, and T-cell proliferation was analysed
by flow cytometry.

Clonogenic assay

One-hundred tumour cells per well were seeded in six-well plates and
allowed to adhere overnight. The next day, cells wereirradiated with 2,
4,6 0r8 Gy or treated with 0, 62.5,125,250,500 or 1,000 pg mI™ rAREG.
Plates were maintained for 7-10 days, with medium and the correspond-
ing treatment refreshed every 72 h. Colonies were then fixed in 100%
ice-cold methanol, stained with crystal violet, and manually counted.

AREGELISA

We collected serum from patients enrolled in the concurrent and
sequential arms of the COSINR study (NCT03223155)* and measured
serum AREG levels using the Human Amphiregulin ELISA kit (EHAREG,
Invitrogen) according to the manufacturer’s instructions. A total of 42
matched serum samples from n = 21 patients were collected before
SBRT and on day 1 of ipilimumab/nivolumab cycle 3 (typically 70-80
days after treatment initiation).

For the mouse AREG ELISA, blood samples were collected from
tumour-bearing and non-tumour-bearing mice by retro-orbital bleed-
ingondays1, 3,and 5 post-radiotherapy. Flank tumour samples were
collected on day 5 post-radiotherapy, weighed, and homogenized.
Similarly, muscle and skin samples were collected from theirradiated
hindlimb of non-tumour-bearing mice on day 5 post-radiotherapy,
weighed, and homogenized. All samples were centrifuged at 4 °C for
15 min at 10,000g to remove cells and debris. AREG concentrations
in tissue supernatants and serum were measured using the mouse
Amphiregulin DuoSet ELISA Kit (DY989, R&D Systems) according to
the manufacturer’s protocol.

Invitrolive-cellimaging

Thelncucytelive-cell analysis system (EssenBioscience/Sartorius) was
used for live-cell imaging experiments. For cell proliferation assays,
cells were plated at 20% confluency, and confluence was measured
every 60-120 min for 46-72 h. For irradiation experiments, cells were
allowed to attach overnight before irradiation with 2, 4, or 6 Gy. For
scratch-wound assays, cells were grown to confluency in 96-well plates,
and wounds were generated using the 96-Well WoundMaker (Sarto-
rius). Wells were imaged every 60-120 min at 10x magnification until
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full confluency was reached. For co-culture assays, tumour cells and
BMDMs were stained for 30 min with CellTracker Red (CMTPX) and
CellTracker Green (CMFDA) dye, respectively. Ten thousand BMDMs
were co-plated with 0.5 x 10* tumour cells for 48 h and imaging was
performed using 10x objectives with phase contrast and the fluorescent
channelsgreen (excitation 441-481 nm/emission 503-544 nm) and red
(excitation 567-607 nm/emission 622-704 nm). Data were collected
using Incucyte Base software (v2019A) and tumour cell-MNP interac-
tions were quantified using the Cell Counter plugin of ImageJ (1.54g), by
manually counting green MNPsindirect contact withared tumour cell.

Invitro analysis of phagocytic ratio

BMDMs were generated as described in ‘BMDM generation’. BMDMs
were thenisolated by negative selection using the EasySep Monocyte
IsolationKit (19861, StemCell Technologies) according to the manufac-
turer’sinstructions. For theisolation of lung-resident monocytes, mice
were perfused with 10 mlice-cold PBS, lungs were removed, minced,
anddigested in1 mg ml™ collagenase IV and 200 pg ml™ DNaselat 37 °C
for 45 minonashaker at150 rpm. Red blood cells were lysed using ACK
cell lysis buffer (A1049201, Gibco), and cells were filtered, washed,
and isolated using the EasySep Monocyte Isolation Kit. The isolated
cells were then cultured in GM-CSF-supplemented RPMI for 4 days as
described above (BMDM generation).

BMDMs and lung monocytes were seeded at 30,000 cells per well
onto poly-L-lysine-coated (P4707, Sigma) 8-well glass-bottom slides
(80827, Ibidi), and treated overnight with 1 pg ml™ polyinosinic-
polycytidylicacid (Poly-IC, HY-107202, MedChemExpress). LLC*** and
LLC*® cells, untreated or pre-treated with 250 pg ml™ recombinant
AREG or 1.5 pg ml™ anti-AREG antibody for 24 or 48 h, were grown to
80% confluence, detached, and seeded at 30,000 cells per well over-
night. The following day, tumour cells were detached and seeded on
adherent BMDM s (or vice versa) at 30,000 cells per well, allowing for
3 hofinteractionat37 °C. After 2.5 h, cellswere stained at 1:100 dilution
with anti-mouse Ly6C (PE/Dazzle 594,128044, BioLegend), anti-mouse
CD47 (BV421,127527, BioLegend), and anti-mouse SIRPa (Alexa Fluor
647,144028, BioLegend) for 30 min, then fixed, and permeabilized
with 4% PFA and 0.5% Triton X-100. Following PBS washes, cells were
blocked with 5% BSA, stained with primary antibodies for phospho-
MyollA (Ser19, 3671, Cell Signaling, 1:100) or MyolIA (3403, Cell Sign-
aling, 1:100) for 30 min, followed by secondary anti-rabbit AF488
(A32731, Invitrogen) at 2 ug ml™in 1% BSA.

Cells were visualized using a SoRa Subdiffraction Marianas Spin-
ning Disk Confocal microscope with a40x or 63x NA 1.0 objective.
Ly6C* MNPs within 10 um of tumour cells were assessed for their
phagocytic ratio, calculated by comparing the MFI of p-MyolIA at the
phagocytic synapse to that of distant membrane sections for MNPs
located within 10 um of a tumour cell. A phagocytic ratio >l indicated
reduced MyolIA dephosphorylation at the MNP membrane regions
most closely co-localized with tumour cells.

Transwell migration assay

Asingle-cell suspension of tumour cells (10° cells per insert) was added
to the upper compartment of inserts with 8 um pores (3422, Corning)
inserum-free medium. The same growth medium, containing 10% FCS,
was added to the bottom chamber. After overnight incubation, wells
were gently washed with PBS, and migrated cells were fixed with 70%
methanol for 10 min, stained with 0.05% crystal violet, and cells in the
mesh were counted using the Cellcounter plugin in Image]J (1.54g).

RNA extraction and quantitative real-time polymerase chain
reaction (QRT-PCR)

RNA was extracted using the RNeasy MicroKit (74136, Qiagen) accord-
ing to the manufacturer’s protocols. DNA was synthesized using the
High-Capacity cDNA Reverse TranscriptionKit (4368814, Applied Bio-
systems). Real-time PCR was performed with SYBR Green PCR Master

Mix (4309155, Applied Biosystems), and results were normalized
to GAPDH. Relative gene expression was calculated using the 2744¢T
method. Primer sequences: Areg (forward: GGTCTTAGGCTCAGG
CCATTA; reverse: CGCTTATGGTGGAAACCTCTC), and Cd47 (forward:
CATGGCCCTCTTCTGATTTC; reverse: GGAGGTTGTATAGTCTTC
TGATTGG).

Histology

H&E staining for lung metastasis quantification. Mouse lung tissues
were fixed in 4% paraformaldehyde for a minimum of 24 h and pro-
cessed at The University of Chicago HTRC core facility forembedding,
sectioning, and H&E staining. Slides were scanned using a CRi Panno-
ramic SCAN 40x Whole Slide Scanner. Lung metastases were analysed
using QuPath (v0.3.0). Metastases were manually annotated using the
‘wand’ tool, and the mean size of the three to five largest metastatic
lesions per lung was calculated. Metastasis size was normalized to the
total lungareapresentontheslide. Two to three sections per lung were
analysed, with sections spaced 300 pum apart.

Immunofluorescent staining. Lungs from LLC flank tumour-bearing
mice treated with 0, 5,10 or 20 Gy radiotherapy were collected at the
experimental endpoint, fixed in 4% paraformaldehyde for 24 h, then
paraffin-embedded, and sectioned at The University of Chicago HTRC
corefacility. Slides were heated to 55 °C for 45 min, deparaffinized with
two 2-min xylene washes, followed by graded ethanol washes (100%,
90%, 75%, and 30%) and ddH,0. Antigen retrieval was performed by
incubating slides at 90 °C in antigen retrieval buffer (10% glycerol,
10% 10x citrate buffer, and 80% ddH,0) for 45 min, cooling to room
temperature, and rinsing with ddH,O. Tissues were blocked in 5% BSA
for 45 minin a humidity chamber before staining.

Primary antibodies (p-EGFR, Tyr992,44786 G, Invitrogen; Ly6C-PE/
Dazzle 594, HK1.4,128044, BioLegend) were applied at a1:100 dilution
in1% BSA, and slides were incubated overnight at 4 °C. After wash-
ing, slides were incubated with secondary anti-rabbit AF488 antibody
(A32731, Invitrogen) at 1:500 in 1% BSA for 1 h at room temperature.
Following a ddH,0 wash, slides were treated with the TrueVIEW Auto-
fluorescenceKit (Vector, SP8400) as per protocol, quenched for 2 min,
rinsed, and stained with 1 ug ml™ DAPIfor 10 min, followed by washing.
Slides were then mounted in Vectashield Vibrance Antifade Mounting
Medium (H-1800-10, Vector), and lung metastases were imaged using
a SoRa Subdiffraction Marianas Spinning Disk Confocal microscope
with a40x NA 1.0 objective.

Tissue-specific Al cell segmentation for the detection of p-EGFR*
Ly6C* MNPs. A custom tissue-specific Al-based cell segmentation
model was developed using the human-in-the-loop pipeline of Cell-
pose®?(2.0) to analyse images of immunofluorescently stained lung
sections. The full code is available on Github (https://github.com/
apiffko/IF.mono.quantif). Inbrief, segmentation masks were generated
to classify individual cells within the tissue using a custom Python clas-
sification pipeline. For each segmented cell, morphological features
and intensity distributions across different regions of the cell were
extracted. A logistic regression classifier was then trained on these
features, using manually identified Ly6C* MNPs as ground truth, to
differentiate Ly6C" MNPs from Ly6C" cells. A cut-off value for classifica-
tionwas determined by maximizing the Youden’sJindexinthelearning
cohort®. The fraction of Ly6C* MNPs was calculated by normalizing
the detected MNP count to the total tissue area (in pm?), derived from
the cytoplasmic channel using Otsu’s thresholding®* and the image’s
physical dimensions extracted from metadata.

Flow cytometry

Mouse lungs. Mice were euthanized, and lungs were perfused and/or
repeatedly washed with PBS to minimize peripheral blood contami-
nation. Lungs were minced and digested with 1 mg ml™ collagenase
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IV (C4-22-1G, Sigma-Aldrich) and 200 pg ml™ DNase I (04536282001,
Millipore Sigma) at 37 °C for 45-60 min on a shaker at 150 rpm. For
some experiments, cells were then pelleted by centrifugationat400g
for10 minand further purified with 40 and 70% Percoll (GE) solutions
by centrifuging at 800g (no brake) for 20 min at room temperature.
Non-tumour cells were collected from the interface. Red blood cells
were lysed using ACK lysis buffer (A1049201, Gibco). The resulting
cell suspensions were filtered through 70-pum cell strainers. Samples
were then washed with PBS and incubated with Zombie NIR (BioLeg-
end, 423105) or LIVE/DEAD yellow (L34959, Invitrogen) fixable viabil-
ity dye (1:2,000) for 10 min at 4 °C. Fc blocking was performed using
anti-FcR (2.4G2, CP025, BioXcell, 1:100). For extracellular staining,
surface marker antibodies were added in staining buffer (PBS with 2%
FBSand 0.5 mM EDTA (324506, Millipore Sigma)) at a1:200 dilution. For
intracellular staining, cells were fixed and permeabilized using the BD
Cytofix/Cytopermsolution (554722, Fisher Scientific) for 60 minat4 °C
and maintained in BD Perm/Wash buffer (BDB554723, Fisher Scientific)
per the manufacturer’sinstructions, followed by incubation with intra-
cellular antibodies (1:100 dilution, 30 min, 4 °C). Flow cytometry data
was acquired using a 5-laser Cytek Aurora, collected with SpectroFlo
(3.3.0) and analysed with FlowJo (v10.8.1, BD Biosciences).

The following flow cytometry antibodies were used at a dilution of
1:200: CD45 (30-F11), and FoxP3 (MF-14) from eBioscience or Invitro-
gen; CD11b (M1/70), CD11c (N418), CD4 (GK1.5), CD8a (53-6.7), NK1.1
(PK136),CD3 (17A2),F4/80 (BM8), Ly6C (HK1.4), MHCII (M5/114.15.2),
PD-1(29 F.1A12), PD-L1(10F9G2), NK1.1 (PK136), CD206 (C068C2), CCR7
(4B12), CD19 (6D5) and Tyr705 STAT3 Phospho (13A3-1) from BioLeg-
end; and Ly6G (1A8), NK1.1 (PK136), CD8 (53-6.7) and F4/80 (T45-2342)
from BD Biosciences.

Human PBMCs. PBMCs were collected before and after SBRT from
patientsin the COSINR trial’. To isolate the effects of SBRT, only patients
fromthe sequential study arm (SBRT followed by immunotherapy) were
included. PBMCs were thawed in warm RPMI + 10% FCS, centrifuged,
and washed with PBS before processing, as described above.

The following human flow cytometry antibodies were used at adilu-
tion of 1:200: FOXP3 (236 A/E7), CD20 (2H7), and CD16 (eBioCB16)
from Invitrogen; CD4 (SK3), CCR7 (GO43H7), PD-1(EH12.2H7), PD-L1
(B7-H1), HLA-DR (L243), CD11c (3.9), CD303 (BDCA-2), CD304 (12C2),
CD1c(L161),CD71(CY1G4),and CD45RA (HI100) from BioLegend; and
CD56 (NCAM16.2), CD141 (1A4), CD45 (HI30) from BD, CD3 (UCHT1),
CD33 (WM53) and CD8a (SK1) from ThermoFisher.

Conjugation of p-EGFR and AREG antibodies. For AREG and p-EGFR
staining, phospho-EGFR (Tyr992) polyclonal antibodies (44-786 G,
ThermoFisher) or AREG antibodies (AF989, R&D Systems) were con-
jugated using LYNX rapid antibody conjugation kits (LNKO82C/LNK-
142PERCPCYS5.5, Bio-Rad) and used at a dilution of 1:200.

Unsupervised clustering analysis of flow cytometry data

CD45" cells (1 x10*t0 0.5 x 10° cells per sample) were concatenated and
used for downstream analysis. FlowJo plugins for Phenograph v2.4%
and FlowSOM v3.0.18% were used for unsupervised nearest-neighbour
clustering based on phenotypic similarities. High-dimensional data
was visualized using ¢-SNE in FlowJo 10.8.1 (BD). The FlowJo plugin
Cluster explorer v.1.7.4 was used for cluster visualization and marker
expression mapping on t-SNE plots.

Bulk RNA sequencing of tumour cells and Ly6C* MNPs

LLC** cells were cultured in vitro for 24 hand treated with 4 Gy irradia-
tion at 50% confluency. RNA was collected 12 h post-irradiation from
three technical replicates of each condition (LLC** and LLC** + 4 Gy).
For co-culture experiments, bone-marrow-derived myeloid cells were
generated from EGFR"and EGFR™ mice as described in‘BMDM genera-
tion” and co-cultured with LLC** or LLC** tumour cells at a 5:1 ratio

for 24 h. Cells were subsequently stained as described above (flow
cytometry) and Ly6C" MNPs were sorted by an Aria Ill cell sorter (BD
Biosciences) in three technical replicates each. RNA was extracted
and purified using the RNeasy Kit (Qiagen) according to the manu-
facturer’s instructions. cDNA library preparation and RNA sequenc-
ing were performed by the genomics core facility at The University of
Chicago using aNovaSeqgX (Illumina). The raw sequence reads (110 bp,
paired-end) ranged from ~22 to 36 million per sample, and the data
have been deposited in NCBI Gene Expression Omnibus (GEO) under
accession number GSE291151.

Raw data quality control was performed using FastQC, and reads
were filtered to retain those with an average quality score >30. Reads
passing QC were mapped to the mouse reference genome (mm10)
using STAR (2.7.10b), and agene expression matrix with read counts was
generated using Subread (2.0.5). Differentially expressed genes (DEGs)
wereidentified using the Bioconductor package DESeq2 (1.46.0), with
afalse discovery rate (FDR) threshold of <0.1, applying the Wald test
and Benjamini-Hochberg correction. GSEA was performed using GSEA
(4.3.2).

sCRNA-seq

LLC** and LLC** flank tumour-bearing mice were treated with 20 Gy
once tumours reached 150-200 mm?®. Mice were euthanized and
lung tissues were collected 5 days post-radiotherapy. Single-cell suspen-
sions were obtained by tissue digestion, and live CD45" cells were sorted
using an Aria Ill cell sorter (BD Biosciences) (see ‘Flow cytometry’ for
staining details). Purified live CD45" cells were stained with Total Seq
Hashtag antibodies (B0301, B302, B303, and BO304; 155831, 155833,
155835and 155837, BioLegend). Pre-processing viability of sorted cells
was verified using Trypan blue staining. For each biological condi-
tion (LLC*®, LLC*®* + 20 Gy, LLC** and LLC** +20 Gy), four mice were
pooled, and Gene Expression (GEX) and Hashtag Oligo (HTO) libraries
were generated and demultiplexed based on TotalSeq hashtag antibody
labelling by the genomics core facility at The University of Chicago.
Paired GEX and HTO libraries were aligned using cellranger count
(Cellranger version 7.1.0 from 10X genomics) with the ‘include-introns’
option enabled. Alignment rates for all four conditions ranged from
91-94%to the mm10-2020A mouse reference genome. Barcode process-
ing, filtering, UMI counting, and aggregation of sequencing run aggre-
gationwere performed using Cellranger (version 7.1.0,10X genomics).
Downstream analyses were performed in Python using Pegasus
(version1.8.1)%, scanpy (version 1.8.1)°® and Seurat (version 4.4.0)%.

Gene expressiondatafor all four biological conditions were pooled
into a single Pegasus Unimodal object, and a multi-step quality con-
trol approach was used. Two metrics were assessed for each cellular
barcode: (1) total number of genes detected; and (2) proportion of
mitochondrial UMIs (mito fraction). Cells with <200 genes detected
or amito fraction >20% were excluded as low-quality or dying cells.
HTO counts were normalized using centred log-ratio transformation
and demultiplexing was performed using the HTODemux() function
inthe Seurat R package and by setting the positive.quintile parameter
t0 99. All cells with >6,000 genes detected or multiple HTO barcodes
identified by the HTO classifier were considered multiplets and were
filtered out, yielding a final dataset of 32,690 CD45" cells.

To assess technical variability between mice, dimensionality reduc-
tionwas performed using principal components analysis (PCA). Using
the elbow method, the first 50 principal components were selected. A
mouse-level --SNE projection was created by averaging the ¢-SNE coor-
dinates of all cells from each single mouse to visualize global transcrip-
tomic shifts between biological conditions. Next, amulti-step approach
to clustering cells for cell-type identification was taken in the 32,690
CD45* cells using the Pegasus package. First, 18,931 robust genes were
identified based on expressionin at least 5% of all cells in our dataset.
Gene expression counts were normalized by scaling counts so thateach
cellhad the same total gene count (10°), followed by log-transformation.



Article

Then, genes were ranked as ‘highly variable’ based on having moderate
mean expression but high dispersion (computed viathe loess smooth-
ing method) using Pegasus. Data dimensionality of the dataset was
reduced by selecting the top 4000 most highly variable, robust genes.
Next, PCAwas performed on this dimensionally reduced transcriptome
andtop 50 principal components were used for downstream analysis.
Batch correction was performed using run_harmony, whichimplements
the Harmony algorithm’, using the top 50 principal components as
inputs and batch parameter set to the HTO barcode variable, which
maps a unique barcode to each individual mouse in the experiment.
Ak-nearest-neighbour (kNN) graph was constructed, where eachcell’s
30 nearest neighbours were calculated. Unsupervised clustering was
performed using the Leiden algorithm” (resolution = 0.8), resulting in
21 cell clusters of 11 major lineages. UMAP was used to visualize clusters.
Cluster-specific gene markers were identified using the Mann-Whitney
Utest, comparing gene expressionin the cluster of interest against all
others (g value <0.05). Cell-type labels were assigned by acombination
of manual curation and auto-annotation tools in Pegasus.

For MNP-focused analyses, MNP clusters (4,095 cells) were selected
and the clustering pipeline (PCA, kNN, Leiden with resolution=0.8) was
repeated, yielding 17 MNP clusters. Marker genes were identified using
Mann-Whitney Utests (g value <0.05). Biological condition-specific
MNP densities were visualized by calculating the kernel density esti-
mate of the UMAP embedding using the kdeplot function from the
Python seaborn library with thresh = 0 and levels = 15. For monocyte
differentiation trajectory analysis, 2,600 monocytes were manually
selected from MNP clusters, and their developmental relationships
were examined using diffusion mapping (top 100 diffusion compo-
nents) in Pegasus (default parameters were used). Pseudotime analysis
was performed in Pegasus to estimate differentiation progression. The
top 10 diffusion components were used as input into the Slingshot R
package’ (3.1.8) toinfer lineage trajectories. The slingshot functionand
getLineages were applied with default parameters, setting monocyte
population1as the starting point.

For RNA velocity analysis, spliced/unspliced mRNA fractions were
calculated using Velocyto (version 0.17.17)>. RNA velocities for the 2,600
manually selected MNPs were computed using scVelo (0.3.2)”. The top
4,000 genes were selected, and moments were calculated using 30
principal components and 15nearest neighbours. The dynamical model
was used to infer the full transcriptional dynamics of splicing kinetics.

For comparison of monocyte gene expression (individual markers
or gene signatures), we applied a more stringent cut-off and filtered
out cellswithmito_fraction > 5. Gene signature calculations were per-
formed using manual literature-curated signatures, as well as Reac-
tome” gene sets. Single-cell signature scoring was performed using a
bin-based gene-scoring methodology”, in which all genes are catego-
rized into 50 bins, and the weighted sum of normalized gene counts
was calculated for each gene signature. The final gene signature score
was determined by subtracting a weighted sum of 1,000 randomly
generated null signatures, ensuring minimal impact from technical
variability while amplifying biological signals.

TCGA data analysis

TCGA data was obtained and analysed using the Xena Platform”
(https://xena.ucsc.edu/). For the analysis of the LUSC cohort, sam-
ples were filtered toinclude only primary tumours from patients who
hadreceived radiotherapy. Gene expression levels were stratified into
high and low expression groups, defined as the top (high) versus bot-
tom (low) quartile. Survival outcomes were compared between these
groups, and statistical significance was calculated using the ggsurvplot
functioninR (4.3).

Statistics and reproducibility
For bar graphs, data are presented as mean + s.e.m., with individual
data points displayed. For box plots, the box represents quartile 1

(25th percentile) to quartile 3 (75th percentile), the line indicates the
median (50th percentile), and whiskers denote the minimum and maxi-
mum values, with individual data points displayed. Statistical outliers
wereidentified by applying the ROUT method (Q =10%) in Prism10.3.1
(GraphPad Software). Sample sizes for each experiment were deter-
mined based on pilot studies, prior experience with the experimental
models, or literature precedent to ensure adequate statistical power.
Normality testing was performed using either the D’Agostino-Pearson
or Shapiro-Wilk test, depending on sample size.

Unpaired Student’s t-test was used to compare means between two
independent groups (for example, knockout versus control) when
data followed a normal distribution. If normality assumptions were
not met, a Mann-Whitney Utest was applied. All ¢-tests shown in the
manuscript were two-sided.

One-way ANOVA was applied for comparisons between more than two
groups when data followed a normal distribution, with Tukey’s, Sidak’s
or Dunnett’s multiple comparison correction. For non-parametric data,
aKruskal-Wallis test with Dunn’s multiple comparison test was used.

Ordinary two-way ANOVA was used for analysing tumour growth
curvesover time, incorporating both treatment effects and time points.
Sidak’s multiple comparisons test was applied when comparing two
groups at individual time points, while Tukey’s or Dunnett’s multi-
ple comparisons test was used for multiple group comparisons. If the
datawere not parametric or contained missing values (for example, if
a mouse had been euthanized), a mixed-effects model with the
Geisser-Greenhouse correction and Tukey’s multiple comparisons
test was performed.

Survival analysis. Kaplan-Meier survival analysis was conducted, with
significance assessed using the log-rank (Mantel-Cox) test.

Pvaluesarereportedin the figures and legends where appropriate.
Key in vitro and in vivo experiments were performed at least twice
independently with similar results.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The scRNA-seq data have been deposited at the Gene Expression Omni-
bus (GEO) under accession GSE250375. The bulk RNA-sequencing data
have beendeposited at the GEO under accession GSE291151. The micro-
array data of the patients with advanced solid tumours enrolled in the
clinical trial (ClinicalTrials.gov ID: NCT02608385") are available from
the corresponding author uponreasonable request. The human LUSC
genomic and clinical data were derived from the TCGA Research Net-
work (http://cancergenome.nih.gov) using the Xena platform (https://
xena.ucsc.edu/). Publicly available datasets used: mouse reference
genome (mm10-2020A): https://www.ncbi.nlm.nih.gov/grc/mouse,
Reactome: https://reactome.org/and Molecular Signature Database:
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp. All data sup-
porting the findings of this study are available within the Article and its
Supplementary Information. Source data are provided with this paper.

Code availability

The code used for the custom tissue specific Al-based cell segmenta-
tion modelis available on Github (https://github.com/apiffko/IF.mono.
quantif) and has been archived on Zenodo (https://doi.org/10.5281/
zen0do.14982759 (ref. 78)).
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Extended DataFig.1|Characterization of LLC lung metastasis model
reveals dose-dependent AREG secretion from tumour tissue following RT.
a, Top 20 RT-induced pathways correlated with distant metastasis progression
in patients (Ingenuity Pathway Analysis); pathways including AREG are
highlightedinred. b, Kaplan-Meier survival curves of The Cancer Genome Atlas
(TCGA) lung squamous cell carcinoma (LUSC) patients undergoing RT, stratified
by tumour AREG expression. Log-rank (Mantel-Cox) test. ¢, Experimental setup:
RTapplied toeither LLC flank tumours (1), or anon-tumour bearing (NTB)
hindlimb (2). Serum, lung, skin, tumour and muscle tissues were collected five
days post-RT for AREG quantification by ELISA. Created in BioRender (Piffko, A.
(2025) https://BioRender.com/t23f494).d, AREG concentrationin tumour
(left), serum (centre), and lung (right) of LLC tumour-bearing mice five days
post-RT, measured by ELISA, n=5mice per group. One-way ANOVA, Sidak’s
test.e, AREG concentration inserum (left), muscle (centre), and skin (right)

of non-tumour-bearing mice five days after RT of the hindlimb, measured by
ELISA, n=3mice per group. One-way ANOVA, Sidak’s test. f, Growth curve of
LLC flank tumours +20 Gy in Vavl*“*¢and Areg™"™* mice, n = 4 mice in Areg™/™,

n=>5inallothers.g, Number (left) of macroscopic metastases and weight of
lungs (right) in Vavi*¢ and Areg™/™ mice, n = 4 mice per group. One-way
ANOVA, Sidak’s test. h, Number of lung metastases (left), and mean size of the
fivelargest metastases per lungarea (right) on days 12,15, and 18 following
subcutaneousLLC tumour injection, n =4 mice per group.i, H&E staining.
Black arrows indicate metastatic lesions. j, Number of lung metastases (left),
and meansize of the five largest metastases per lung area (right) of day 8 RT
group, n=7 mice per group. Two-sided Mann-Whitney test. k, Number of lung
metastases (left), and mean size of the five largest metastases per lung area
(right) of day 20 RT group, n=8 micein LLCgroup, n=6in20 Gy group. Unpaired
two-sided t-test.l, H&E staining. Black arrows indicate metastatic lesions.

m, Serum AREG-concentration post-RT, measured by ELISA atindicated
timepoints, (fromlefttoright;n=5,n=6,n=7,n=7mice per group). One-way
ANOVA, Sidak’s test. n, Linear regression of serum AREG concentration (pg/mL)
five days post-RT vs. flank tumour size at RT.blue =d8 RT,red =d20RT.
Pearson’s R and Pvalues shown. Data are shown as mean + SEM; box plots show
median (Q2), Q1-Q3, and whiskers (min-max).
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Extended DataFig.2|See next page for caption.
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Extended DataFig. 2| Characterization of spontaneously metastatic
orthotopiclungLLC and subcutaneous EO771-LMB models. a, Areg
upregulationin LLC** and LLC** cells after 4 Gy RT invitro, measured by RT-
qPCR3 hpost-RT.One-way ANOVA, Sidak’s test. n=3 technical repeats. b, AREG
concentrationin flank tumour lysate + 20 Gy RT, measured by ELISA 5 days
post-RT, n=5micein AR+groups, n=4in AR- groups. One-way ANOVA, Sidak’s
test.c, Serum AREG concentrationin tumour-bearingmice + 20 Gy RT,

measured by ELISA. Blood draw timepoints post-RT asindicated, ctrl-n=3non-

tumour bearing mice, n=5micein other groups. Two-way ANOVA, Tukey’s test.
d, CT-images of orthotopic LLC** and LLC** tumours ondays 8,11, and 14 post-
injection. White asterisks/red highlights indicate tumours. e, Growth curves of
LLC** and LLC** orthotopiclung tumours 8 or12 Gy CT-guided RT.n= 6 mice
pergroup. Two-way ANOVA, Sidik’s test. f, Serum AREG concentration of
LLC** and LLC** orthotopic lung tumour-bearing mice five days after S or

12 Gy RT, measured by ELISA, n =4 micein all groups. One-way ANOVA, Sidak’s
test.g, Number of contralateral lung metastases (left) and meansize of the five
largest metastases per contralateral lungarea (right) from LLC*® and LLCA®
orthotopictumours (n=4inLLC**, n=5in LLC**", n= 6 micein others). One-
way ANOVA, Sidak’s test. h, H&E staining of LLC*** and LLC** orthotopic lung

tumours. Black arrows indicate contralateral intrapulmonary metastatic
lesions, white asterisks = orthotopic tumours, LN =extrapulmonary,
intrathoraciclymphnode metastasis. i, AREGMFlin LMB and LLC tumour cells
post4 Gy and 8 Gy RTin vitro, determined by flow cytometry. n=2technical
repeatsin LLC +8 Gy, n=3inall other groups.j, Growth curves of LMB flank
tumours +RT withindicated doses, n =4 miceinall groups, two independent
experiments. Two-way ANOVA, Tukey’s test. k, Number of LMB lung metastases
(left) and mean size of the five largest lung metastases per lung area (right),
n=5miceinLMBandS5 Gy groups,n=4in10 Gy and 20 Gy groups. One-way
ANOVA, Dunnett’s test. I, H&E staining. Black arrows indicate metastatic
lesions. RT doses asindicated.m, Areg upregulationin LMB**" and LMB** cells
after 4 Gy RTinvitro post-RT, RT-qPCR. One-way ANOVA, Sidak’stest.n=3
technical repeats. n, Growth curves of LMB** and LMB** flank tumours + 5 Gy;
n=4miceinLMB** +5Gygroup, n=5miceinall others. 0o, Number of lung
metastases (left), and meansize of five largest metastases per lung area (right),
n=4micein AR+groups,n=5inAR-groups. One-way ANOVA, Sidak’s test.

p, H&E staining. Black arrows indicate metastatic lesions. Dataare shown as
mean + SEM; box plots show median (Q2), Q1-Q3, and whiskers (min-max).
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Extended DataFig. 3 | Proliferative, migratory, and clonogenic behaviour
of AR+and AR-LLCand LMB cells withand withoutRT. a, Invitro
proliferation of tumour cells treated with recombinant AREG. Proliferation
measured as percent of confluency, analysed by live cellimaging over 72 h,
n=3wells per conditionand cellline. b, In vitro horizontal migration after
scratch-wound assay of tumour cells treated with recombinant AREG.
Migration measured as percent of confluency of wound area, analysed by live
cellimaging over 48 h.n=3 wells per condition and cell line. ¢, In vitro
proliferation of tumour cells treated with RT. Proliferation measured as
percent of confluency, analysed by live cellimaging over 72 h. Cells were
irradiatedwith 0,2, 4, or 6 Gy 24 hbefore start of proliferation assay. n =3 wells
per conditionand cellline.d, In vitro migration of tumour cells measured by
transwell assay.1x10° cells were plated in serum-free media in inserts (8.0 pm
poresize) overnight. Cellsin the mesh were counted as migrating cells (left),

images of migrated cells inmesh (right), n =3 wells per cell line. e, In vitro
migration of tumour cells post-RT measured by transwell assay. Tumour cells
wereirradiatedwith 0,2, 4, or 6 Gy. The next day 1x10° cells were platedin
serum-freemediaininserts (8.0 pm poresize) overnight, n =4 wells per
conditionand cellline. f, Microscopy images of migrated cells post-RT in mesh.
g, Invitro colony formation of tumour cells treated with RT.100 cells were
seeded/well, allowed to attach overnight and thenirradiated with 0,2, 4, 6, or
8 Gy. Colonies containing >50 cells were counted 10 days after seeding, n=3
wells per condition and cellline. h, In vitro colony formation of AR+and AR-
tumour cells treated with recombinant AREG. Colonies containing >50 cells
were counted 10 days after seeding, n =3 wells per condition and cell line.
Panelsa-e, g-hrepresentative of atleast two independent experiment with
similar results. Dataare shown as mean + SEM for a-e and mean for g-h.
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Extended DataFig.4 |Recombinant AREG mimics tumour cell-derived
AREG phenotypeinvivo.a, H&E staining of lungs 7 days post i.v. injection of
1x10°LLC***and LLC*® tumour cells. Black arrows indicate metastatic lesions.
b, Number of lung metastases (left), and mean size of five largest metastases
perlungarea (right), n =4 mice per group. Unpaired two-sided t-test. ¢, H&E
staining of lungs 14 days post i.v. injection of 1x 10° LLC** and LLC** tumour
cells. Black arrows indicate metastatic lesions. d, Number of lung metastases
(left), and meanssize of five largest metastases per lung area (right), n =4 mice
pergroup. Unpaired two-sided t-test.e, Number of metastases per lung (left)
and meansize of largest metastases per lung area after intravenous (i.v.)
recombinant AREG (rAR) treatment (right), n=5in LLC** + rARgroup, n=4
miceinall other groups. One-way ANOVA, Sidik’s test. f, Growth curve of LLC
flank tumours +20 Gy RT or complete surgical resection of the flank tumour
onday11,14,and 18, n=4micein20 Gy, n=5in all other groups. g, AREG
concentrationinserumof tumour-bearing mice five days after 20 Gy RT or
complete surgical resection of the flank tumour, measured by ELISA, n =3 mice
in20 Gy,n=5inall other groups. One-way ANOVA, Sidak’s test. h, Number

of lung metastases (left - One-way ANOVA, Sidak’s test), and mean size of the
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fivelargest metastases per lung area (right - unpaired two-sided t-test), n=4
micein20 Gy, n=>5inall other groups. i, H&E staining. Black arrows indicate
metastaticlesions.j, Dot plot of Gene Set Enrichment Analysis (GSEA)
comparing upregulated Hallmark pathways in RNA-seq of LLC*** + 4 Gy.

k, Volcano plot of up- and downregulated genes in LLC** cells + 4 Gy RT.
Significantly upregulated differentially-expressed genes (DEGs) involved
intype-I-IFN pathway are colouredinred. DEGs determined by Wald test,
Benjamini-Hochberg FDR correction (DESeq2). 1, Relative expression of
AreginLLC** cells after interferon B (IFNB) treatment, measured by RT-qPCR.
One-way ANOVA, Dunnett’stest.n=3technical repeats.m, AREG concentration
inLLC*® cells after IFNB treatment, measured by ELISA. Kruskal-Wallis, Dunn’s
test.n=3technical repeats. n, Relative expression of Aregin LLC cells post-RT
andsiSTAT2 treatment, measured by RT-qPCR. One-way ANOVA, Sidak’s test.
n=3technical repeats. 0, AREG concentrationin LLC*** cells after 4 Gy RT and
siSTAT2 treatment, measured by ELISA. One-way ANOVA, Sidak’stest.n=3
technicalrepeats. Dataare shown as mean + SEM; box plots show median (Q2),
Q1-Q3, and whiskers (min-max).
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Extended DataFig. 5| Extended informationabouthuman PBMCand
immune cell populationsin LLC** and LLC** lungs + RT. a, Spectral flow
cytometry and unsupervised t-SNE clustering of 800,000 live CD45" PBMCs
of n=30matched samples (n =15 patients), pre-and post SBRT. Expression
intensity of selected extracellular markers. b, Unsupervised cluster
assignment of 25 PBMC clusters (k-nearest neighbours & FlowSOM).

¢, Heatmap of marker expressionacross PBMC clusters. Black box highlights
CD33" CD14" p-EGFR" monocytes (population4).d, Spectral flow cytometry
and t-SNE clustering 0of 230,000 live CD45" immune cells from lungs of
non-tumour-bearing (n=3) and tumour-bearing (n=5 per group) mice.
Expression intensity of selected extracellular markers. e, Unsupervised cluster
assignment of 16 murine lungimmune cell clusters (k-nearest neighbours &
FlowSOM). f, Heatmap of marker expression in murine lungimmune cell
clusters. Black box highlights Ly6C", F4/80", p-EGFR" monocyte-derived

Manual scoring

i log. regression
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—

Model application
enables accurate
detection of
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macrophages (population 3). g, t-SNE density plots from lung tissue of
non-tumour-bearing (NTB) vs. tumour-bearing mice, myeloid and adaptive
immune cell clusters are outlined. h, Heatmap of immune cell populations
identified by surface marker expression using conventional gating, after max
normalization of the fraction of live CD45" cells. Asterisk: highest fraction of
Ly6C*, F4/80" population. i, Quantification of CD8 and CD4" T cellsand CD19* B
cellsin the lung tissue of LLC** and LLC** +20 Gy tumour-bearing mice,
identified by surface marker expression using conventional gating, normalized
per mglungtissue, n=5mice per group. One-way ANOVA, Sidak’s test.
Jj,Schematic overview of workflow for Al-based cell segmentation model
followed by logistic regression classifier training. DAPI nuclear stain=blue,
Tyr992 p-EGFR = AF488 (green), Ly6C = PE/Dazzle 594 (red). k, Confusion
matrix showing the performance of the classification model. AUC =areaunder
the curve. Box plots inishow median (Q2), Q1-Q3, and whiskers (min-max).
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Extended DataFig. 6 | Extended information aboutimmune populations
identified by scRNA-seqin LLC*** and LLC*® lungs + 20 Gy. a, Unsupervised
uniform manifold approximation and projection (UMAP) of 32,690 live CD45*
cellsin the lungs of LLC***and LLC** tumour-bearing mice +20 Gy, n =4 mice
pergroup, annotated into 11 major cell lineages. Conv. type | DC = conventional
typeldendritic cells, Alv. Mac = alveolar macrophages, Treg =regulatory
Tcells, NK cell=natural killer cells, ILC2 =group 2 innate lymphoid cells.

b, UMAP of CD45" cells stratified by condition; monocytes, Bcells, T cells,

NK cells, and neutrophils are outlined. ¢, t-SNE projection of the global
transcriptomic profile from16 individually hashtagged mice across four
conditions. d, Bubble plot showing the top three marker differentially
expressed genes (DEGs) for 11 major cell lineages. DEGs identified by two-sided
Wilcoxonrank-sumtest. e, Volcano plot of DEGs in monocytes from LLCA® +

20 Gy.Selected genes are coloured by function. P-values of O are depicted at 1°°°

(log10). Two-sided Wilcoxon rank-sum test. f, Volcano plot of DEGs in
monocytes from LLC** +20 Gy. Selected genes are coloured by function. Two-
sided Wilcoxonrank-sumtest. g, UMAP of MNPs stratified by experimental
condition. Monocytes, conv.type I DCs, plasmacytoid DCs, migratory DCs, and
alveolar macrophages are outlined. Annotations assigned using Pegasus auto-
annotationand top DEGs. Alv_mac = alveolar macrophage, cDC1=conventional
type1DC, pDC=plasmacytoid DC. Cluster colours consistent with Fig. 3c.

h, Dot plotand bar graph showing the fraction of cellsin17 MNP subclusters
across conditions. Mono=monocyte, Alv_macro =alveolar macrophage,
Plasm_DC = plasmacytoid DC,Mo_DC=monocyte-derived DC, Int_macro =
interstitial macrophage, Migr_DC =migratory DC, Class_DC_1=classical typel
DC.i, Volcano plot of DEGs in population1(Mono_FnI).Selected genes are
coloured by function. P-values of 0 are depicted at 1°*° (log10). Two-sided
Wilcoxon rank-sum test.
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Extended DataFig.7|See next page for caption.



Extended DataFig.7 | Extended information about pseudotime and
trajectory analysis of monocytesidentified by scRNA-seq. a, UMAP of 4,095
MNPs from lungs of LLC** and LLC** tumour-bearing mice + 20 Gy, n =4 mice
per group. Clusters used for pseudotime analysis (2,600 monocytes) outlined.
Cluster colours and names consistent with Fig. 3c. b, Heatmap of top
differentially expressed genes (DEGs) of the seven monocyte populations used
for trajectory analysis. ¢, Violin plot of pseudotime values for 2,600 monocytes,
stratified by experimental condition. d, Violin plot of pseudotime values across
seven monocyte subpopulations. e, Frequency of cells from the four experimental
groupsin population1.f, Heatmap of Reactome pathways related to EGFR
signalling in population1vs. all other populations. g, Frequency of cells from
four experimental conditionsin Pop3Mono_S100a9 and Pop7 Mono_Adgre4.
h, Volcano plot of DEGs in populations 3and 7, selected genes coloured by
function. P-values of 0 are depicted at 1°° (log10). Two-sided Wilcoxon rank-

sumtest. i, Pie chart of totalmonocyte RNA splicing ratios detected by scVelo.
j,Barplotofsplicing ratios across seven monocyte populations. k, Phase
portraitsof unspliced vs. spliced RNA ratios for Thbs1 and Clec4e (first and last
geneinl).Right:inferred velocity and gene expression projected onto diffusion
map.l, Time-series heatmap of the top forty velocity-informed driver genes
visualized acrosstrajectory monocyte clusters, ordered by diffusion pseudotime.
m, Volcano plot of DEGsintrajectories1and 2, selected genes coloured by
function. P-values of 0 are depicted at 1°° (log10). Two-sided Wilcoxon rank-
sumtest.n, Expression of selected genesinvolvedin antigen processing and
presentation, phagolysosomal processes and immunosuppression, projected
onto the diffusion map. 0, Heatmap of Reactome pathway enrichmentin
trajectoriesland2related toantigen processing and presentation, inflammation,
and EGFRsignalling.
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Extended DataFig.8| AREGinduces T-cell suppressive monocyte phenotype,
but T cells do not determine lung metastasisinvivo. a, Heatmap of individual
genesand overall gene signature genes involved inimmunosuppressionin
monocyte cluster from Fig. 3a. b, Heatmap of individual genes and overall gene
signature of terminal T-cell exhaustion (Miller et al.>) in CD8* T cell cluster 2
fromFig. 3a. ¢, Experimental setup: BMDM from Egfr"™™/™ (EGFR +) and LysM*£&”
(EGFR-) mice were co-cultured with LLC*® or LLC** tumour cells followed

by fluorescence-activated cell sorting (FACS) of Ly6C' cells and RNA-seq
(n=3technicalreplicates). Created in BioRender. Piffko, A. (2025) https://
BioRender.com/s42t906.d, Dot plot of Gene Set Enrichment Analysis (GSEA)
showing upregulated Hallmark pathways in conditions 2 vs.1(LLC** + EGFR+
MNPs vs. LLC**" + EGFR+ MNPs). Wald test and Benjamini-Hochberg method.

e, Dot plot of GSEA showing upregulated Hallmark pathways in conditions 4 vs.
3 (LLC**" +EGFR- MNPs vs. LLC*® + EGFR- MNPs). Wald test and Benjamini-
Hochberg method. f, Heatmap of normalized counts of genes involvedin cell

killing (RNA-seq of Ly6C" MNPs; gene signatures in f-h adapted from Wang
etal.”). g, Heatmap of genes related to reactive oxygen species (ROS)
biosynthetic processesinLy6C* MNPs. h, Heatmap of phagocytosis-related
genesinLy6C"MNPs. i, Heatmap ofimmunosuppressive genesin Ly6C" MNPs.
j, Proliferation of CD8" T cells after co-culture withbone-marrow derived
myeloid cells (BMDM) pre-treated with rAR (left), and histogram of
proliferating CD8" T cell populations (right), n =3 technical replicates. One-way
ANOVA, Sidak’s test. k, Growth curves of LLC*** and LLC*® flank tumours + i.v.
CD8-antibody (aCD8), n=7 micein AR+groups, n=6inLLC**", n=8in LLC** +
o CD8. Two-way ANOVA, Tukey’s test.l, Number of metastases (left), and size of
fivelargest metastases per lung area post-aCD8 treatment (right), n = Smicein
AR+groups, n=4micein AR-groups. One-way ANOVA, Sidik’s test. m, H&E
staining. Black arrows indicate metastatic lesions. Datais shown as mean + SEM;
box plots show median (Q2), Q1-Q3, and whiskers (min-max).
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Extended DataFig.9|Anti-CCR2 antibody-mediated depletion of MNPs
determinesinvivo lung metastasis phenotype.a, Count of CD11b* Ly6C*
monocytes, CD11b* F4/80* macrophages, CD11c* MHCII* dendritic cells, CD11b*
Ly6G'granulocytes, and CD11b SiglecF"alveolar macrophages per pglung
tissuein LLC tumour-bearing mice treated with anti-CCR2 antibody (adCCR2),
n=5mice pergroup. Populationsidentified using conventional gating
strategy. Unpaired two-sided t-test. b, Number of lung metastases (left), and
meanssize of the five largest metastases per lung area (right) of LLC** + xCCR2,

n=7miceLLC**, n=6mice xCCR2. Unpaired two-sided t-test fornumber and
two-sided Mann-Whitney test for size. ¢, H&E staining. Black arrows indicate
metastaticlesions.d, Number of lung metastases (left), and mean size of the
five largest metastases per lungarea (right) of LLC** + xCCR2, n =8 mice
LLC**", n=7mice xCCR2. Unpaired two-sided t-test. e, H&E staining. Black
arrows indicate metastatic lesions. Box plots show median (Q2), Q1-Q3, and
whiskers (min-max).



Article

a
Cd47
Tumour cell BMDM B
1.
@
0 O
% 0.8 0.0001
5 4 0.
|5 0.6 ) \/d;@ a8
3 PY ] i b(o*
5044 ° o
g
0.2 Cd47
S
8 0.0
w
i
Tumour cell

&g&@i@
&g
100 pg/mL

Extended DataFig.10| AREG upregulates CD47 viaSTAT3 signalling to
suppress MNP phagocytosis. a, Schematic of live cellimaging co-culture
systemwith CellTracker Red tumour cellsand CellTracker Green bone-marrow
derived myeloid cells (BMDM) (top). Fraction of engulfed LLC**" and LLCA®
tumour cells after 4 h, n=10 technical replicates (bottom). Created in
BioRender, Piffk6 A,2025. https://biorender.com/t54k444.b, Live cellimaging
of co-culture system with CellTracker labelled tumour cellsand BMDMs.

¢, Cd47 expressionin LLC** (left) and LLC*" post-RT (right), measured by
RT-qPCR, n=2technical replicates. d, Histogram and quantification of CD47
mean fluorescenceintensity (MFI) on LLC** and LLC*® cells +4 Gy, n=2
technical repeats. e, MFl of p-STAT3 (Tyr705) in LLC cells, after 25 min of rAR
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treatment atindicated concentrations, n =3 technical replicates. One-way
ANOVA, Sidak’s test. f, Cd47 expression in LLC*** cells post-rAR treatment,
measured by RT-qPCR, n=2technical replicates. g, Cd47 expressionin LLC**
cells post-RT, rAR, and STAT3i (Stattic, 5 uM) treatment, measured by RT-qPCR,
n=2technicalreplicates. h, IF staining of Ly6C* MNPs co-cultured with LLC
tumour cells, stained for MyollA (AF488, green) and CD47 (BV421, blue).
Close-up of phagocytic synapse. i, IF staining of Ly6C" MNPs co-cultured with
LLCA®* (left) and LLC** (right). Stained for p-MyollA (AF488, green), Ly6C (PE/
Dazzle 594, red), and CD47 (BV421, blue). Data are shown as mean + SEM. One
representative experiment out oftwoindependent experimentsis shown.
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Extended DataFig.11| AREGblockade synergizes withanti-CD47 and
increases MNP phagocytosisin vivo. a, Kaplan-Meier plot of progression-free
survival stratified by AREG serum levels, measured by ELISA. n =42 samples
fromn =21patients (pre-SBRT and after three cycles of ICB + SBRT). Log-rank
(Mantel-Cox) test. b, Representative gating strategy for mouse lung tissue
identifying RFP+phagocytic MNP populations. ¢, Percentage of phagocytic
RFP “Ly6C*" monocytes (left), RFP " Ly6G* neutrophils, RFP*CD11c* MHCII*

RFP RFP RFP

dendritic cells,and RFP* CD11b"Siglec-F"alveolar macrophages shown as
percentage of the parent population. Cellsisolated from lungs of LLC*®*
tumour-bearing mice that were treated with 20 Gy RT or acombination with
anti-AREG- (aAR) and anti-CD47-antibody (aCD47).n=5in LLC** and 20 Gy
group, n=6inothergroups. One-way ANOVA, Sidak’s test. Box plots show
median (Q2), Q1-Q3, and whiskers (min-max).
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Extended DataFig.12|Tyr992 p-EGFR expression of Ly6C" MNPs from by unsupervised clustering (k-nearest neighbours & FlowSOM). e, Expression
lung tissue of LLC** tumour-bearing mice treated with20 Gy RT, cAR, intensity of Tyr992 p-EGFR projected onto t-SNE. f, Identification of two
and aCD47. a, Percentage of CD11b*Ly6C* MNPs, CD11b" SiglecF*alveolar clusters with the highest p-EGFR expression (Clusters 13 and 15). g, Heatmap of
macrophages and CD3"CD8" T cells, shown as percentage of live CD45" cells marker expression across 16 clusters. Black boxes highlight MNP populations
from lungs of LLC** tumour-bearing mice treated with 20 Gy RT, anti-AREG- with highexpression of Tyr992 p-EGFR (populations 13 and 15). h, Density plot
antibody (xAR), and anti-CD47-antibody (aCD47). n = 6 mice per group. of t-SNEstratified by experimental condition; p-EGFR* MNP populations
One-way ANOVA, Sidik’s test. b, t-SNE dimensionality reduction of250,0001live  outlined.i, Percentage of p-EGFR* MNP populations, shown as percentage
CD45"immune cells from lung tissue. ¢, Expressionintensity of extracellular oflive CD45" cells, n =5 mice per group. One-way ANOVA, Sidak’s test. Box plots

markers projected onto t-SNE. d, Identification of 16 immune cell populations show median (Q2), Q1-Q3, and whiskers (min-max).
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Data collection  SpectroFlo Software (3.3.0) to collect the flow cytometry data; Excel (16.63.1) for tumour size measurements, CRi Panoramic SCAN 40x Whole
Slide Scanner to collect H&E and IHC data; NovaSeq6000 (lllumina) to collect scRNA-seq raw data; NovaSegX (lllumina) to collect RNA-seq raw
data; Incucyte Base software (v2019A) to collect live cell imaging data

Data analysis FlowJo (10.8.1) for flow cytometry analysis with FlowJo plugins Phenograph (2.4), ClusterExplorer (1.7.4), and FlowSOM (3.0.18). GraphPad
Prism (10.3.1) for statistical data analysis of in vivo tumor, flow and metastasis data; Qupath (0.3.0) and ImageJ (1.54g) for H&E and IF data,
Incucyte Base software (v2019A) for live cell imaging data. For scRNA-seq: Cellranger (7.1.0), Python Pegasus (1.8.1), scanpy (1.8.1), Seurat
(4.4.0), Slingshot (3.18), Velocyto (0.17.17), scVelo (0.3.2), R (4.3). For RNA-seq: STAR (2.7.10b, Subread (2.0.5) DESeq2 in Bioconductor
1.46.0, GSEA (4.3.2). A custom code has been developed for Al-assisted monocyte detection in IF stainings using the human-in-the-loop
pipeline of Cellpose (2.0) and has been deposited on Github (https://github.com/apiffko/IF.mono.quantif) and Zenodo (https://
doi.org/10.5281/zen0do0.14982759) - please see Code reporting summary for more details.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data generated or analyzed during this study are included in this published article (and its supplementary information files). Source data are provided with this
paper. The single-cell RNA sequencing data have been deposited at the Gene Expression Omnibus (GEO) repository with the accession number GSE250375. The
bulk-RNA sequencing data have been deposited at the GEO repository with the accession number GSE291151. The microarray data of the patients with advanced
solid tumors enrolled in the clinical trial (NCT02608385) are available from the corresponding author on reasonable request. The human LUSC genomic and clinical
data were derived from the TCGA Research Network (http://cancergenome.nih.gov) using the Xena platform (https://xena.ucsc.edu/). Mouse reference genome
(mm10-2020A): https://www.ncbi.nIm.nih.gov/grc/mouse. Molecular Signature Database: https://www.gsea-msigdb.org/gsea/msigdb/index.jsp. Reactome
datasets: https://reactome.org/.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Does not apply.

Reporting on race, ethnicity, or Does not apply.
other socially relevant
groupings

Population characteristics NCT02608385 is a phase I/I1 trial designed to evaluate the safety and efficacy of pembrolizumab with multisite stereotactic
body radiation therapy in patients with advanced solid tumors.
The COSINR study (NCT03223155) is a randomized phase I/I trial designed to evaluate the safety and efficacy of combination
immune checkpoint blockade (ICB) and stereotactic body radiotherapy (SBRT) as first-line treatment for patients with stage
IV NSCLC.

Recruitment Eligibility criteria for NCT02608385 are described in: Luke, J.J. et al. Safety and Clinical Activity of Pembrolizumab and
Multisite Stereotactic Body Radiotherapy in Patients with advanced solid tumors. JCO 36, 1611-1618 (2018).
Eligibility criteria for NCT03223155 are described in: Bestvina, C.M. et al. A Phase 1 Trial of Concurrent or Sequential
Ipilimumab, Nivolumab, and Stereotactic Body Radiotherapy in Patients With Stage IV NSCLC Study. JTO 17, 130-140 (2022).

Ethics oversight NCT02608385 was approved University of Chicago Biological Sciences Division IRB Committee (IRB15-1130)
NCT03223155 was approved by the University of Chicago Biological Sciences Division IRB Committee (IRB17-0547-CR003).
All patients treated on the trials provided written informed consent.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were chosen based on previous studies; Yang at al. 2022 (https://doi.org/10.1038/s41565-022-01225-x), and Wang et al. 2023
(https://doi.org/10.1016/j.ccell.2023.04.019). This estimate informed our power analysis and allowed us to choose a sample size balancing
statistical power with practical considerations such as time, cost and resource availability. Ethical considerations (3R) played a role in
determining sample size for in vivo experiments, by aiming to use the smallest number of subjects necessary to achieve reliable results.

Data exclusions  For in vivo experiments, individual mice were removed from the study either prior to treatment, if found to be an engraftment outlier or from
the final analysis if, at end point, the mouse was found to be a significant outlier with regards to tumor growth. These exclusion criteria were
established prior to tumor engraftment. All outlier calculations for in vivo experiments were performed using the GraphPad Outlier Calculator
(https://www.graphpad.com/quickcalcs/Grubbs1.cfm).

Replication The murine experiments were performed independently for two or three times as indicated in respective figure legends. The human PBMC
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Replication and biopsy gene array analysis, as well as the scRNA-seq were performed as single experiments. Number of biological / technical replicates is
indicated in the figure legends.

Randomization | Mice were allocated to treatment or control groups based on the average tumor size to achieve similar tumor burden between groups at the
time of treatment initiation. Age- and sex matched mice were used within an experiment, and age- and sex-matched littermate controls were
used for studies involving conditional KO mice. For all other experiments, samples were randomly allocated.

Blinding Drug administration and tumor measurements were performed by two different groups of investigators. Data analysis (flow cytometry / H&E)

was independently assessed in a blinded manner by a second investigator. Blinding was not fully implemented for in vitro assays because
treatment conditions required adjustments during handling, such as media changes and incubation times.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
[]|X Antibodies [] chip-seq

|:| |Z Eukaryotic cell lines |:| |Z Flow cytometry
|Z |:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging
|Z |:| Animals and other organisms

|:| |Z Clinical data

|Z |:| Dual use research of concern
X|[] Plants

Antibodies
Antibodies used Antibodies used for IF stainings:

pEGFR, Tyr 992, #44786G, Invitrogen, 1:100

Ly6C-PE/Dazzle 594, HK1.4, #128044, Biolegend, 1:100

CD47, BV421, miap301 #127527, Biolegend, 1:100

SIRPa, AF647, P84, #144028, Biolegend, 1:100

Phospho-Myosin Light Chain 2 (Ser19), #3671, Cell Signaling, 1:100
Myosin lla Antibody, #3403, Cell Signaling, 1:100

Anti-Rabbit 1gG (H+L), AF488, #A32731, Invitrogen, 1:500

Hashtag antibodies for scRNA-seq:

B0301 Hashtag 1, M1/42, 155831, Biolegend, 1:200
B0302 Hashtag 2, M1/42 155833, Biolegend, 1:200
B0303 Hashtag 3, M1/42 155835, Biolegend 1:200

B0304 Hashtag 4, M1/42 155837, Biolegend 1:200

Antibodies used in vivo

CD47, BE0270, BioXcell, IAP, 200 ug x 4

AREG, AF989, R&D Systems 1.5ug/ml blood volume, x 4
Rat IgG2a BEOO89 BioXcell 2A3 200 ug x 4

Goat IgG BEO130 BioXcell200 ug x 4

Murine antibodies used for flow cytometry:

CD16/32 BEQ307 BioXcell 2.4G2 unconjugated 1:100

CD11b 101241 Biolegend M1/70 BV711 1:200

CD11c 117329 BiolLegend N418 BV421 1:200

CD3 100249 BioLegend 17A2 BV750 1:200

CD4 100410 BioLegend GK1.5 PE-Cy5 1:200

CD45 58-0451-82 invitrogen 30-F11 AF532 1:200

CD8a 100759 Biolegend 53-6.7 BV711 1:200

CD8a 53-6.7, 563786, BD, BUV395, 1:200

CD8a 100714 BiolLegend 53-6.7 APC-Cy7 1:200

CD8a 563786 BD Biosciences 53-6.7 BUV395 1:200

F4/80 123110 BioLegend BM8 PE 1:200

F4/80 123141 BioLegend BM8 BV785 1:200

F4/80 749282 BD Biosciences T45-2342 BUV805 1:200
LIVE/DEAD™ Fixable Yellow Dead Cell Stain L34959 invitrogen 1:2000
Zombie NIR Fixable Viability Kit Biolegend 423105 1:2000
Ly-6C 128012 BiolLegend HK1.4 PerCP-Cy5.5 1:200

Ly-6G 560601 BD Biosciences 1A8 PE-Cy7 1:200

MHCII (I-A/I-E) 107622 BioLegend M5/114.15.2 AF700 1:200




Validation

NK-1.1 741233 BD Biosciences PK136 BUV563 1:200

NK-1.1 108748 BioLegend PK136 PE-CF594 1:200

PD-1 135225 Biolegend 29F.1A12 BV785 1:200

phospho-EGFR (Tyr992) polyclonal antibody (44-786G), 1:200 - conjugated with LYNX rapid antibody conjugation kit (LNK082C,
BioRad)

AREG, AF989, R&D Systems, 1:200 - conjugated with LYNX rapid antibdoy conjugation kit (LNK142PERCPCYS5.5, BioRad)
FoxP3 126419 BioLegend MF14 BV421 1:200

PD-L1 124336, BioLegend 10F9G2 BV650 1:200

CD206 141734, BioLegend CO68C2 AF700 1:200

CCR7 120123, BioLegend 4B12 PE/Cy7 1:200

CD19 566167, BD, 6D5, BV480, 1:200

Tyr705 STAT3 Phospho, BioLegend 651004, 13A3-1, PE, 1:200

CD47, BV421, miap301 #127527, Biolegend, 1:200

CD47, APC, miap301 #127514, Biolegend, 1:200

Human antibodies used for flow cytometry:

FoxP3 (236A/E7), 14-4777-82, Invitrogen, PE/Cy7 1:200
CD20 (2H7), 14-0209-82, Invitrogen, SB436 1:200

CD16 (eBioCB16), 16-0168-85, Invitrogen, eFluor450 1:200
CD4 (SK3) 344602, Biolegend, BV750 1:200,

CCR7 (G043H7), 353207, Biolegend, BV421 1:200

PD-1 (EH12.2H7), 329950, Biolegend, BV650 1:200

PD-L1 (B7-H1), 329706, Biolegend, PE, 1:200

HLA-DR (L243), 980412, Biolegend, APC/Fire 750, 1:200
CD11c (3.9), 301636, Biolegend, BV605, 1:200

CD303 (BDCA-2), 354234, Biolegend, BV711, 1:200

CD304 (12C2) 354540, Biolegend, APC/Fire810 1:200
CD56 (NCAM16.2), 612928, BD, BUV563, 1:200

CD141 (1A4) 746604, BD, BV480, 1:200

CD45 (HI30), 612891, BD, BUV805, 1:200

CD3 (UCHT1), 58-0038-42, ThermoFisher, AF532, 1:200
CD33 (WM53), BDB740293, Fisher Scientific, BUV395, 1:200
CD8a (SK1), 46-0087-42, ThermoFisher, PerCP-eFluor 710, 1:200
CD1c (L161), 331544, Biolegend, BV785,1:200

CD71 (CY1G4), 334120, Biolegend, PE-Dazzle 594, 1:200
CD45RA (H1100), 304120, Biolegend, AlexaFluor 700, 1:200

All antibodies used are commercially available and validated by the manufacturers. Additional information can be found on the
manufacturers websites.

Antibodies used for IF stainings:

PEGFR, Tyr 992, #44786G, Invitrogen https://www.thermofisher.com/antibody/product/Phospho-EGFR-Tyr992-Antibody-
Polyclonal/44-786G

Ly6C-PE/Dazzle 594, HK1.4, #128044, Biolegend https://www.biolegend.com/nl-be/products/pe-dazzle-594-anti-mouse-ly-6¢-
antibody-12513

CD47, BV421, miap301 #127527, Biolegend https://www.biolegend.com/fr-ch/products/brilliant-violet-421-anti-mouse-cd47-
antibody-15866

SIRPa, AF647, P84, #144028, Biolegend https://www.biolegend.com/fr-lu/products/alexa-fluor-647-anti-mouse-cd172a-sirpalpha-
antibody-15378

Phospho-Myosin Light Chain 2 (Ser19), #3671, Cell Signaling https://www.cellsignal.com/products/primary-antibodies/myosin-iia-
antibody/3403?srsltid=AfmBOorTUaCD5y787N6ly33hn4zagENIQGUOMHCmMOYt4xHePp4M96Khp

Myosin lla Antibody, #3403, Cell Signaling https://www.cellsignal.com/products/primary-antibodies/myosin-iia-antibody/3403?
srsltid=AfmBOopTnkWSRJIKug-k23v7eW9cfl8 HNgCQD11Ufo9Hr7n_vXSpXJFF

Anti-Rabbit IgG (H+L), AF488, #A32731, Invitrogen, https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-1gG-H-L-
Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A32731

Hashtag antibodies for scRNA-seq:

B0301 Hashtag 1, M1/42, 155831, Biolegend https://www.biolegend.com/fr-ch/products/totalseq-b0301-anti-mouse-hashtag-1-
antibody-17771

B0302 Hashtag 2, M1/42, 155833, Biolegend https://www.biolegend.com/fr-ch/products/totalseq-b0302-anti-mouse-hashtag-2-
antibody-17772

B0303 Hashtag 3, M1/42, 155835, Biolegend https://www.biolegend.com/fr-ch/products/totalseq-b0303-anti-mouse-hashtag-3-
antibody-17773

B0304 Hashtag 4, M1/42, 155837, Biolegend https://www.biolegend.com/fr-ch/products/totalseq-b0304-anti-mouse-hashtag-4-
antibody-17774

Antibodies used in vivo (Target molecule, catalog number, supplier, webpage)

CD47, BEO270, BioXcell https://bioxcell.com/invivomab-anti-mouse-cd47-iap-be0270

AREG, AF989, R&D Systems https://www.rndsystems.com/products/mouse-amphiregulin-antibody_af989
Rat IgG2a BEO089 BioXcell https://bxcell.com/product/rat-igg2a-isotype-control/

goat IgG BEO130 BioXcell https://bioxcell.com/invivomab-polyclonal-goat-igg-be0130

Antibodies used iin murine flow cytometry (Target molecule, catalog number, supplier, webpage)

CD16/32 BE0O307 BioXcell 2.4G2 https://bioxcell.com/invivomab-anti-mouse-cd16-cd32-be0307

CD11b 101241 BiolLegend https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-mouse-human-cd11b-antibody-7927
CD11c 117329 BiolLegend https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-cd11c-antibody-7149

CD3 100249 BioLegend https://www.biolegend.com/en-us/products/brilliant-violet-750-anti-mouse-cd3-antibody-15755
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CD4 100410 BioLegend https://www.biolegend.com/en-us/products/pe-cyanine5-anti-mouse-cd4-antibody-251

CD45 58-0451-82 invitrogen https://www.thermofisher.com/antibody/product/CD45-Antibody-clone-30-F11-
Monoclonal/58-0451-82

CD8a 100759 BioLegend https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-mouse-cd8a-antibody-7926

CD8a 563786 BD Biosciences https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/buv395-rat-anti-mouse-cd8a.563786

CD8a 100714 BioLegend https://www.biolegend.com/en-us/products/apc-cyanine7-anti-mouse-cd8a-antibody-2269

F4/80 123110 BioLegend https://www.biolegend.com/en-us/products/pe-anti-mouse-f4-80-antibody-4068

F4/80 123141 BioLegend https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-mouse-f4-80-antibody-9919
F4/80 749282 BD Biosciences https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/buv805-rat-anti-mouse-f4-80.749282

LIVE/DEAD™ Fixable Yellow Dead Cell Stain L34959 invitrogen https://www.thermofisher.com/order/catalog/product/L34959?
SID=srch-srp-L34959

Zombie NIR™ Fixable Viability Kit 423105 Biolegend https://www.biolegend.com/fr-lu/products/zombie-nir-fixable-viability-kit-8657
Ly-6C 128012 BiolLegend https://www.biolegend.com/fr-lu/products/percp-cyanine5-5-anti-mouse-ly-6¢-antibody-5967

Ly-6G 560601 BD Biosciences https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/pe-cy-7-rat-anti-mouse-ly-6g.560601

MHCII(I-A/I-E) 107622 BioLegend https://www.biolegend.com/fr-lu/products/alexa-fluor-700-anti-mouse-i-a-i-e-antibody-3413
NK-1.1 741233 BD Biosciences https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/buv563-mouse-anti-mouse-nk-1-1.741233

NK1.1 108748 Biolegend PK136 https://www.biolegend.com/en-us/products/pe-dazzle-594-anti-mouse-nk-1-1-antibody-10320
PD-1 135225 BiolLegend https://www.biolegend.com/fr-lu/products/brilliant-violet-785-anti-mouse-cd279-pd-1-antibody-9874
FoxP3 126419 BioLegend BV421 1:200 https://www.biolegend.com/nl-be/products/brilliant-violet-421-anti-mouse-foxp3-
antibody-12143?GrouplD=BLG5706

PD-L1 124336, BioLegend BV650 1:500 https://www.biolegend.com/ja-jp/products/brilliant-violet-650-anti-mouse-cd274-b7-h1-pd-
|1-antibody-16055

CD206 141734, BioLegend AF700 1:500 https://www.biolegend.com/en-gb/products/alexa-fluor-700-anti-mouse-cd206-mmr-
antibody-13456?GrouplD=BLG9506

CCR7 120123, BioLegend PE/Cy7 1:500 https://www.biolegend.com/en-gb/products/pe-cyanine7-anti-mouse-cd197-ccr7-
antibody-13133?GrouplD=BLG4001

CD19 566167, BD, BV480, 1:500 https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/bv480-rat-anti-mouse-cd19.566167?tab=product_details

AREG AF989, R&D Systems https://www.rndsystems.com/products/mouse-amphiregulin-antibody_af989

Tyr705 STAT3 Phospho, 651004, Biolegend, 13A3-1 https://www.biolegend.com/en-us/products/pe-anti-stat3-phospho-tyr705-
antibody-12914

CD47, BV421, miap301 #127527, Biolegend, 1:200 https://www.biolegend.com/en-us/products/brilliant-violet-42 1-anti-mouse-
cd47-antibody-15866

CD47, APC, miap301 #127514, Biolegend, 1:200 https://www.biolegend.com/en-us/products/apc-anti-mouse-cd47-antibody-9119

Antibodies used in human flow cytometry:

FoxP3 (236A/E7), 14-4777-82, Invitrogen, PE/Cy7 1:500 https://www.thermofisher.com/antibody/product/FOXP3-Antibody-
clone-236A-E7-Monoclonal/25-4777-42

CD20 (2H7), 14-0209-82, Invitrogen, SB436 1:500 https://www.thermofisher.com/antibody/product/CD20-Antibody-clone-2H7-
Monoclonal/14-0209-82

CD16 (eBioCB16), 16-0168-85, Invitrogen, eFluor450 1:500 https://www.thermofisher.com/antibody/product/CD16-Antibody-clone-
eBioCB16-CB16-Monoclonal/16-0168-\85

CD4 (SK3) 344602, Biolegend, BV750 1:500, https://www.biolegend.com/de-at/products/purified-anti-human-cd4-antibody-6205
CCR7 (GO43H7), 353207, Biolegend, BV421 1:500 https://www.biolegend.com/en-ie/products/brilliant-violet-42 1-anti-human-cd197-
ccr7-antibody-7497?GrouplD=BLG9610

PD-1 (EH12.2H7), 329950, Biolegend, BV650 1:500 https://www.biolegend.com/fr-ch/products/brilliant-violet-650-anti-human-
cd279-pd-1-antibody-12364

PD-L1 (B7-H1), 329706, Biolegend, PE, 1:500 https://www.biolegend.com/en-gb/products/pe-anti-human-cd274-b7-h1-pd-11-
antibody-4375?GrouplD=BLG5402

HLA-DR (L243), 980412, Biolegend, APC/Fire 750, 1:500 https://www.biolegend.com/de-de/products/apc-fire-750-anti-human-hla-
dr-antibody-13051

CD11c (3.9), 301636, Biolegend, BV605, 1:500 https://www.biolegend.com/fr-ch/products/brilliant-violet-605-anti-human-cd11c-
antibody-8603

CD303 (BDCA-2), 354234, Biolegend, BV711, 1:500 https://www.biolegend.com/ja-jp/products/brilliant-violet-711-anti-human-
cd303-bdca-2-antibody-16057

CD304 (12C2) 354540, Biolegend, APC/Fire810 1:500 https://www.biolegend.com/fr-ch/products/apc-fire-810-anti-human-cd304-
neuropilin-1-antibody-22109

CD56 (NCAM16.2), 612928, BD, BUV563, 1:500 https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/buv563-mouse-anti-human-cd56.612928?tab=product_details

CD141 (1A4) 746604, BD, BV480, 1:500 https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/bv480-mouse-anti-human-cd141.746604?tab=product_details

CD45 (HI30), 612891, BD, BUV805, 1:500 https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/buv805-mouse-anti-human-cd45.612891?tab=product_details

CD3 (UCHT1), 58-0038-42, ThermoFisher, AF532, 1:500 https://www.thermofisher.com/antibody/product/CD3-Antibody-clone-
UCHT1-Monoclonal/58-0038-42

CD33 (WM53), BDB740293, Fisher Scientific, BUV395, 1:500 https://www.fishersci.com/shop/products/mouse-anti-human-cd33-
buv395-clone-wm53-also-known-as-wm-53-bd-optibuild/BDB740293

CD8a (SK1), 46-0087-42, ThermoFisher, PerCP-eFluor 710, 1:500 https://www.thermofisher.com/antibody/product/CD8a-Antibody-
clone-SK1-Monoclonal/46-0087-42

CD1c, 331544, Biolegend, BV785,1:500, https://www.biolegend.com/nl-nl/products/brilliant-violet-785-anti-human-cdlc-
antibody-17375

CD71 334120, Biolegend, PE-Dazzle 594, 1: 500 https://www.biolegend.com/fr-lu/products/pe-dazzle-594-anti-human-cd71-
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antibody-15988
CD45RA, 304120, Biolegend, AlexaFluor 700, 1:500 https://www.biolegend.com/de-at/products/alexa-fluor-700-anti-human-cd45ra-
antibody-3421

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Cell lines: LLC (CRL-1642) and EO771-LMB (CRL-3405) cells were purchased from ATCC (Manassas, VA) and were maintained
according to the method of characterization used by ATCC. To enhance metastatic homing to the lungs, both LLC and EO771-
LMB cell lines underwent two consecutive rounds of in vivo passaging via spontaneous lung metastases. For each passage, 1
x 1076 cells were injected subcutaneously into the flanks of WT mice. After 28 days, spontaneous lung metastases were
dissected, and metastatic tumour cells were isolated and re-cultured. CRISPR-Cas9 mediated Areg-depletion was conducted
using amphiregulin CRISPR KO plasmid from Santa Cruz (sc-419185). sc-419185: amphiregulin CRISPR/Cas9 KO Plasmid {m) is
a pool of 3 different gRNA plasmids:A:GCCAGAAGGCATTTCGCTTA. B: AGGGGACTACGACTACTCAG, C:
TGCCGATGCCAATAGCTGCG. The cell lines were authenticated by flow cytometry, RT-qPCR and murine AREG-ELISA of
conditioned cell culture media and tumour cell lysates.

Authentication Cell lines were not independently authenticated beyond the identity provided from the ATCC. AR+ and AR- cell lines were
authenticated by flow cytometry, RT-qPCR and murine AREG-ELISA of conditioned cell culture media and tumour cell lysates.

Mycoplasma contamination All cell lines were mycoplasma negative. All cell lines were checked for pathogen contamination via Charles River Research
Animal Diagnostic Services before use.

Commonly misidentified lines  No commonly misidentified cell lines were used
(See ICLAC register)

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration = NCT02608385 & NCT03223155

Study protocol The full trial protocol of NCT02608385 is described in: Luke, J.J. et al. Safety and Clinical Activity of Pembrolizumab and Multisite
Stereotactic Body Radiotherapy in Patients with advanced solid tumors. JCO 36, 1611-1618 (2018).

The full COSINR trial protocol (NCT03223155) is described in: Bestvina, C.M. et al. A Phase 1 Trial of Concurrent or Sequential
Ipilimumab, Nivolumab, and Stereotactic Body Radiotherapy in Patients With Stage IV NSCLC Study. JTO 17, 130-140 (2022).

Data collection 11 patients were analyzed from NCT02608385 and 15 and 21 patients from NCT03223155 for flow cytometry and serum ELISA,
respectively. All clinical data were obtained and stored at the University of Chicago Medical Center.

Outcomes Clinical evaluation of patients was performed during radiotherapy and with every immunotherapy treatment. Radiographic
evaluation was performed using CT scans every 12 weeks, or earlier if clinically warranted. a modified version of RECIST version 1.1
was used to assess overall response, allowing for the incusion of both irradiated and nonirradiated metastases as target and
nontarget metastases. The rest of the RECIST principles were applied. Tumor control was defined as any response other than
progressive disease. The Kaplan-Meier method was used to estimate progression-free survival (PFS) and overall survival (OS), defined
as the time from SBRT planning to either progression per RECIST criteria or death from any cause.

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Lungs were minced and digested with 1 mg/mL collagenase IV (#C4-22-1G, Sigma-Aldrich) and 200 pg/mL DNase |
(#04536282001, Millipore Sigma) at 37°C for 45-60 min on a shaker at 150 rpm/min. For some experiments, cells were then
pelleted by centrifugation at 400 x g for 10 min and further purified with 40 and 70% Percoll (GE) solutions by centrifuging at
800 x g (no brake) for 20 min at room temperature. Non-tumor cells were collected from the interface. Red blood cells were
lysed using ACK lysis buffer (#A1049201, Gibco). The resulting cell suspensions were filtered through 70 um cell strainers.
Samples were then washed with PBS and incubated with Zombie NIR (BioLegend, 423105) or LIVE/DEADTM yellow (L34959,
Invitrogen) fixable viability dye (1:2000) for 10 min at 4°C. Fc blocking was performed using anti-FcR (2.4G2, #CP025, BioXcell,
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1:100). For extracellular staining, surface marker antibodies were added in staining buffer (PBS with 2% FBS and 0.5 mM
EDTA (#324506, Millipore-Sigma)) at a 1:200 dilution. For intracellular staining, cells were fixed and permeabilized using the
BD Cytofix/Cytoperm solution (#554722, Fisher Scientific) for 60 minutes at 4°C and maintained in BD Perm/Wash buffer
(#BDB554723, Fisher Scientific) per the manufacturer’s instructions, followed by incubation with intracellular antibodies
(1:100 dilution, 30 min, 4°C).

Instrument Cytek Aurora (5-laser)

Software SpectroFlo Software (3.3.) and FlowJo (10.8.1).

Cell population abundance After antibody staining of single cells, FSC - SSC gating was used to determine pure live cell population to be analyzed.
Gating strategy Gating was performed using fluorescence intensity which is distinct from negative control cells (no-staining).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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