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Abstract

Tumor-induced CD45 Ter119*CD71* erythroid progenitor cells (EPCs), termed “Ter-cells,”
promote tumor progression by secreting artemin, a neurotrophic peptide that activates REarranged
during Transfection (RET) signaling. We demonstrate that both local tumor ionizing radiation
(IR) and anti-Programmed death ligand 1 (PD-L1) treatment decreased tumor-induced Ter-cell
abundance in mouse spleen and artemin secretion outside the irradiation field in an interferon-
(IFN) and CD8" T cell-dependent manner. Recombinant erythropoietin (EPO) promoted resistance
to radiotherapy or anti-PD-L1 therapies by restoring Ter-cell numbers and serum artemin
concentration. Blockade of artemin or potential artemin signaling partners, or depletion of Ter-
cells augmented the anti-tumor effects of both IR and anti-PD-L1 therapies in mice. Analysis

of samples from patients who received radio-immunotherapy demonstrated that IR-mediated
reduction of Ter-cells, artemin, and GFRa.3, an artemin signaling partner, were each associated
with tumor regression. Patients with melanoma who received immunotherapy exhibited favorable
outcomes associated with decreased expression of GFRa.3. These findings demonstrate an
out-of-field, or “abscopal,” effect mediated by adaptive immunity, which is induced during

local tumor irradiation. This effect, in turn, governs the therapeutic effects of radiation and
immunotherapy. Therefore, our results identify multiple targets to potentially improve outcomes
following radiotherapy and immunotherapy.

One Sentence Summary:

Radiation and immunotherapy reduce tumor-induced erythroid progenitor cells, revealing possible
targets for potentiating cancer therapies.

Introduction

Increasing interest has recently focused on cancer neuroscience and neurotrophic ligands
that support malignant progression (1-5). Artemin (ARTN), a neurotrophic factor, promotes
tumor progression and is secreted by a population of erythroid lineage cells marked by
CD45~ Ter119*CD71%, termed “Ter-cells,” which represents the majority of splenocytes

in animals with advanced solid tumors (6-8). ARTN belongs to the glial cell line—

derived neurotrophic factor (GDNF) family of ligands (GFL) whose other members
include: glial cell line-derived neurotrophic factor (GDNF) (9), neurturin (NRTN) (10),
and persephin (PSPN) (11, 12). These GFLs share some overlapping functions and
signaling pathways through the GDNF family receptor alpha (GFRa1-4) receptors (3,

12). The ARTN homodimer binds to the GFRa.3-receptor as its exclusive ligand (7,

13-15). However, in some tissues, a highly promiscuous GFRa1 receptor, which mainly
associates with GDNF, is also activated by ARTN and NRTN (3, 7) (16). GFL-GFRa
complexes activate the downstream proto-oncogenic trans-membrane RET (REarranged
during Transfection) receptor tyrosine kinase by dimerization and phosphorylation (17-19).
Following phosphorylation, RET activates multiple signaling pathways including RAS/
Extracellular signal-regulated kinase (ERK1/2), Nerve growth factor (NGF)/Tropomyosin
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receptor kinase A (TRKA), and Phosphatidylinositol-3-kinases (PI3K)/Protein-serine-
threonine kinase (AKT), pathways that mediate survival, differentiation, and proliferation
of cancer cells (20-24). Under certain physiological conditions, however, RET-independent
ARTN signaling has also been reported, including via neural cell adhesion molecules
(NCAMS) (25) or integrins (3, 26, 27). Recent studies have supported artemin-induced
GFRa3-RET activation as a therapeutic target due to its role in promoting cell survival,
tumor proliferation, metastasis, and resistance to cytotoxic therapy (4, 6-8, 14) through
possible activation of B-cell lymphoma 2 (BCL2) and Twist-related protein 1 (Twistl)
pathways (28, 29).

Radiation therapy is widely used in the treatment of diverse types of cancers (30, 31).
Recent investigations have demonstrated the importance of the immune system in mediating
the anti-tumor effects of radiotherapy (31-34). lonizing radiation (IR) mediates anti-tumor
immunity through maturation of dendritic cells (DCs) and activation of T cells by enhancing
DNA-sensing mediated type I/11 interferon (IFN) production (35-37). Investigation of
immune checkpoint inhibitors, such as Programmed death-1 (PD-1) inhibitors, has primarily
focused on enhancing T cell function in part through increased production of the type
I11FEN, IFN+y (38, 39). The promise of immunotherapies and combined treatments with
radiotherapy warrant further research to understand the interactions between them and
tumor-promoting pathways.

Erythropoietin (EPO) has been used in clinical trials in patients with cancer receiving
radiotherapy to increase red cell mass to overcome hypoxia, which is a known treatment
limiting factor in radiotherapy. Local tumor control (radio-resistance) and survival rates
were not improved, and in some instances were worse than the control arm (not receiving
EPO) (40, 41). These trials reporting poor outcomes suggested that red blood cell precursor
proliferation might be involved, and therefore we investigated the interaction of Ter-cells,
tumors, and radiotherapy (40, 41). Here, we report that IR and anti-PD-L1 immunotherapy
decreased Ter-cell numbers and artemin concentrations in both pre-clinical tumor models
and patients. Conversely, Ter-cells, artemin, and EPO attenuated the efficacies of both
therapies. We further determined that targeting the Ter/artemin axis enhanced the efficacy of
IR and immunotherapy in model systems, and that Ter-cells, artemin, and the expression of
artemin signaling partners are associated with outcomes in patients receiving radiotherapy,
immunotherapy, or the combination.

Local irradiation decreases tumor-induced Ter-cell accumulation in the murine spleen

The observation that tumor-induced erythroid progenitor cells (EPCs) correlate with a poor
prognosis (8, 42) suggests that tumor progression might be inhibited by targeting EPCs or
their secretable products. We observed that Lewis Lung Carcinoma (LLC) tumor-bearing
mice developed splenomegaly and that spleen size normalized following irradiation of flank
tumors (Fig 1A). To determine whether radiotherapy affects tumor-induced EPCs, we treated
LLC tumors inoculated into the flanks of syngeneic mice with local ionizing radiation

(IR) while shielding the rest of the body, and quantified EPCs in various organs of both
control and tumor-bearing mice. Tumor-induced splenomegaly was dramatically decreased
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following IR (Fig 1A), with spleens returning to baseline size. The splenic weight and
number of splenocytes in tumor-bearing mice were decreased by IR (left: p=0.0014, right:
p=0.0011, Fig 1B). Han et al. (8) and Zhao et al. (42) independently characterized two
populations of EPCs in the spleen that increased in number in tumor-bearing mice and in
late-stage patients with cancer: notably, CD45~ and CD45* EPCs. We observed most EPCs
in mouse spleen were CD45™ (Ter-cells) (Fig. 1C, D) (8). Ter119*CD71* EPCs accounted
for the largest fraction of the splenocytes that were decreased by IR (left: p=0.0091, right:
p=0.0055, Fig. 1C, D). By contrast, the number of CD45* EPCs was unchanged following
IR (p=0.0948, fig. S1A). CD45* immune cells and CD45* EPCs were unchanged by IR
(p=0.4655, fig. S1B), suggesting that IR-induced reduction of spleen size was predominantly
due to a reduction in the number of Ter-cells following IR (Fig. 1C, D). Ter-cells were
previously reported to preferentially populate the spleen (8); however, in the LLC tumor
model, Ter-cells were also present in the liver of tumor-bearing mice, although the initial
ratio of Ter-cells in the liver was lower than in the spleen (28% vs. 58%, p=0.0451, fig.
S1C). IR decreased tumor-induced Ter-cells in the liver as well (p=0.0168, fig. S1C). In
addition, we detected similar Ter-cell reductions in other tumor models, such as MC38 colon
cancer (p=0.0006) and B16-SIY melanoma (p=0.0155), following IR (Fig. 1E, F), which
suggests that IR-induced reduction of Ter-cells was not tumor-type dependent.

To characterize the process by which IR modulates Ter-cell abundance in the spleen, we
assessed the kinetics of IR-mediated Ter-cell reduction and found that the number of
Ter-cells and spleen sizes began decreasing 7 days following IR (p=0.0048), reaching
complete normalization to baseline size at day 10 (p<0.0001, Fig. 1G, fig. S1D); this

effect persisted for at least 20 days (fig. S1E). To address whether the reduction in Ter-cell
number was dependent on a corresponding reduction of tumor burden by IR (fig. S1F),

we designed a dual MC38 tumor model, in which five groups of mice were investigated:

(1) no tumor, (2) two tumors - not irradiated, (3) two tumors - one irradiated, (4) one

tumor - not irradiated, and (5) one tumor - irradiated (Fig 1H). At day 10 following IR,

the total tumor volume of group 3 (two tumors - one irradiated) was comparable with that

of group 2 (two tumors - not irradiated), but the splenic Ter-cell abundance in group 3

was lower than that in group 2 (p<0.0001, Fig. 11). In addition, the total tumor volume

of group 4 (one tumor - not irradiated) was lower than that in groups 2 and 3, but the
number of Ter-cells was comparable with that in group 2, and higher than that in group 3
(p=0.0008, Fig. 11). These results demonstrated that the observed reduction of Ter-cell in the
spleen was due to the effects of radiation treatment, rather than reduction in tumor burden.
Previous studies have demonstrated that Ter-cells promote tumor progression by secreting
artemin (8), an oncogenic factor associated with chemo- and radio-resistance (7, 29, 43). We
examined artemin expression following IR and found that IR decreased both artemin mRNA
expression in the mouse spleen (p=0.0021) and protein in the serum (p=0.0078, Fig. 1J, K).
In addition, IR suppressed total artemin protein in the tumor microenvironment (p=0.0011,
Fig. 1L) despite IR induction of artemin mRNA in tumor cells (29) (fig. S1G). Real-time
PCR analysis of artemin gene expression in Ter-cells isolated from tumor-bearing mice

was approximately 20-fold higher as compared to tumor cells (fig. S1H). To distinguish

the sources of artemin made by tumor cells or other cells in tumor microenvironment,

we performed immunofluorescence staining of artemin and Ter-cells in spleen and tumor
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sections from MC38 tumor-bearing mice. The areas positive for artemin staining were
quantified by counting 5-7 fields of 100x magnification in three individual specimens, with
matched tumors and spleens. The results demonstrate that spleens from tumor-bearing mice
have a significantly greater (spleen versus tumor, 5500+668 um? versus 848+119 pum?)
artemin-positive area compared with that of tumor sections (fig. S11). We detected very

low, if any, in tumors (fig.S1K). Most artemin positive staining in spleens overlapped with
Ter-cell positive staining (fig. S1J, K). The ELISA and immunofluorescence results suggest
that tumoral and circulating artemin are both, in large part, derived from Ter-cells and not
tumor cells, and that local tumor irradiation decreases splenic Ter-cells via a remote effect to
reduce artemin secretion.

IFNs and T cells are required for the effect of irradiation on Ter-cells

We next investigated the mechanism by which local tumor irradiation decreased Ter-cell
accumulation in the mouse spleen. Although it has been reported that tumor-derived
transforming growth factor-p (TGF-f) mediates the generation of Ter-cells in the spleen

(8), we found that irradiation of local tumors did not decrease TGF-B concentrations in the
serum (LLC: p=0.3031, MC38: p=0.8801, fig. S2A). Irradiation triggers local and systemic
anti-tumor immunity via type | interferons (IFNs) and T cells (36, 37, 44-48). To determine
the potential role for type | IFNs in Ter-cell reduction, tumors were established in interferon
alpha/beta receptor knock-out mice (IFNAR KO). The results showed that the spleen size,
splenocyte number (p<0.0001), and Ter-cell number (p<0.0001) were deceased by IR in
wild-type mice (WT), but not in IFNAR KO mice (Fig 2A), which suggested that host type |
IFN signaling was required for the effect of IR on Ter-cells. To exclude any possible genetic
defect of transgenic mice that might confound the results, tumor-bearing WT mice were
treated with IR and IFNAR blocking antibody. The results showed that IR did not decrease
Ter-cells (p=0.1922, Fig. 2B) or spleen sizes (fig. S2B) in the presence of IFNAR antibody.
To further confirm the role of type I IFNs in reduction of Ter-cells by IR, tumors in WT
mice were treated with either local IR or exogenous IFNa. through intra-tumor injection
(i.t.). Results showed that both IR and IFNa reduced Ter-cell number (p<0.0001, Fig. 2C)
and spleen sizes (fig. S2C) of mice bearing LLC or B16-SIY tumors. Thus, type | IFNs are
required and sufficient for IR-mediated Ter-cell reduction.

Type | IFNs promote T cell responses by both enhancing the function of antigen presenting
cells (APCs) to process and present antigens (49), and promoting the survival of T cells
(50). Given that T cells are in part responsible for the systemic effects of IR (51) and are
abundant in the spleen, we examined the role of T cells in Ter-cell reduction. We found

that IR did not decrease Ter-cell abundance in recombination activating gene 1 knockout
(RAG KO) mice, in which T cells are deficient (p=0.729, Fig. 2D). This result suggested
that T cells are required for the IR-induced Ter-cell reduction we observed. To study which
T cell subsets are required, we depleted either CD4* or CD8* T cells using antibodies. The
results showed that depletion of CD8* T cells (p=0.3262), but not CD4* T cells (p<0.0001),
abrogated IR-induced Ter-cell reduction (Fig. 2E, F)

Having established that CD8" T cells play a role in the IR-induced reduction of Ter-cells, we
investigated factors produced by these CD8* T cells. We observed that IR increased IFNy
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production in CD8* T cells in the spleen (left: p=0.0115, right: p=0.004 Fig. 2G). Therefore,
we investigated the role for IFN+y in Ter-cell reduction following IR. By using IFNy KO
mice, we found that IFN-y was also required for IR-induced Ter-cell reduction (p=0.3618,
Fig. 2H). Since IFN-y mediates apoptosis of erythrocytes (52-54), we investigated the
fraction of Ter-cells undergoing apoptosis, which we found to be approximately 70%

in naive mice, and approximately 10% in tumor-bearing mice (Fig. 21). This finding is
consistent with previous reports that a large tumor burden increases Ter-cell number (8, 42).
Importantly, IR restored high apoptosis percentage of Ter-cells in tumor-bearing mice (Fig.
21) 7 days post-treatment, coincident with the reduction of Ter-cell numbers following IR
(Fig. 1G). In contrast, the apoptosis percentage of CD45* immune cells at baseline was
lower than that of CD45~ Ter-cells, and it remained unchanged by either tumor-bearing or
IR treatment (fig. S2D). Our results demonstrate that Ter-cell apoptosis in tumor-bearing
IFNy KO mice is not restored by IR (Fig. 2J); our results therefore suggest that IFNy

is required for IR-induced Ter-cell apoptosis. We next treated tumor-bearing mice with
exogenous IFNy through intra-splenic injection and found that IFN-y increased apoptosis
of Ter-cells 3 days after treatment (p=0.003, Fig 2K). By contrast, IFNy did not change
apoptosis percentage of immune cells, including myeloid derived suppressor cells (MDSCs)
and CD8* T cells (fig. S2E). Therefore, IFN+y was required and sufficient to induce Ter-cell
apoptosis. In addition, IFNy treatment increased the apoptosis of purified splenic Ter-cells
in vitro (fig. S2F), suggesting a cytotoxic effect of IFNy on Ter-cells. Taken together, our
data demonstrated that local irradiation reduces tumor-induced Ter-cell accumulation in the
mouse spleen in a type I/Il IFN and CD8* T cell-dependent manner.

PD-L1 blockade reduces tumor-induced Ter-cell accumulation in a CD8" T cell- and IFNy-
dependent manner

Immunotherapies, including PD-L1 and PD-1 blockade, are promising treatments for many
cancers. PD-L1 blockade enhances the immune functions of CD8" T cells, including IFNvy
production and cytotoxic activity (55). We therefore hypothesized that PD-L1 blockade
might control tumor-induced splenic Ter-cell accumulation by a similar mechanism as
radiation, which is reported to induce T cell priming (56). We treated tumor-bearing mice
with either intraperitoneal (i.p.) administration of PD-L1 blocking antibody (aPD-L1) or
IR and found that each treatment decreased tumor-associated splenomegaly (Fig. 3A), and
the number of splenocytes (aPD-L1: p<0.0001, IR: p<0.0001, Fig. 3B). Flow cytometric
analysis showed that PD-L1 blockade reduced the ratio and number of Ter-cells in the
spleen of tumor-bearing mice (aPD-L1: p=0.0053, IR: p=0.0042, Fig. 3C, D). As expected,
PD-L1 blockade also decreased artemin expression in the spleen (p=0.0011, fig. S3A) and
artemin protein concentration in serum (p<0.0001, Fig. 3E). We next sought to determine
whether PD-L1 blockade regulated Ter-cell accumulation through type | IFNs, CD8* T
cells, and IFN-y, As shown in Fig 3F, PD-L1 blockade decreased the number of Ter-cells

in the spleen with and without IFNAR blocking antibody treatment. These results suggest
that type | IFN signaling is not required for the Ter-cell killing action of PD-L1 blockade.
In contrast, splenic Ter-cells were not decreased by PD-L1 blockade in RAG KO mice
(p=0.3643, Fig. 3G, fig. S3B-C). Depletion assays demonstrated that CD8" T cells were
required for anti-PD-L1-mediated Ter-cell reduction (Fig. 3H). By using IFNy KO mice
and IFN+y neutralizing antibody, we found that PD-L1 blockade decreased the number of
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Ter-cells in an IFN-y-dependent manner (p=0.6702, Fig 3l, fig. S3D). Consistent with the
results using PD-L1 blockade, the amount of tumor-induced splenic Ter-cells in PD-L1 KO
mice was lower than that in WT mice (p=0.0089, Fig. 3J). Thus, PD-L1 blockade decreased
tumor-induced Ter-cell accumulation as well as artemin production. These data suggested
that PD-L1 blockade bypasses type I IFN signaling and acts directly on T cells to control
tumor-induced Ter-cell abundance in the spleen. In contrast, type | IFN signaling played a
central role in the IR-induced systemic T cell response (fig. S3E-F) and was required for
Ter-cell elimination in tumor-bearing mice during IR (Fig. 2A).

Ter-cells and artemin impair the therapeutic effects of radio- and immunotherapy

We next investigated the impact of Ter-cells and artemin on the therapeutic effects of IR

and PD-L1 blockade. Using a colony formation assay, we found that co-culturing tumor
cells with Ter-cells or with artemin added to cell culture increased the radio-resistance of
mouse MC38 and B16 tumor cells (Fig. 4A, fig. S4A), which was consistent with the

role of artemin in human MDA-MB-231 and BT549 epithelial carcinoma cells (29). We
also found that Ter-cells and artemin impaired the CD8" T cell-mediated killing of tumor
cells (p<0.0001, Fig. 4B, fig. S4B). These data suggest that Ter-cells and artemin inhibit T
cell cytotoxic killing ability. Adoptive transfer of Ter-cells (p=0.0078) or administration of
exogenous artemin (p=0.0053) diminished the anti-tumor effects of IR and PD-L1 blockade
as shown by increased tumor burden in subcutaneous LLC model (Fig. 4C, D). We also
found that IR failed to control tumor growth in either IFNAR KO mice or IFNy KO mice

in which tumor-induced Ter-cells were not decreased by IR (fig. S4C). These data suggest
that Ter-cells and artemin impaired the effects of both IR and immunotherapy. These results,
considered alongside the reduction of Ter-cells and artemin by IR and anti-PD-L1, suggested
that the therapeutic effects of IR and immunotherapy partially depends on their suppressive
effects on Ter-cells. Recombinant human erythropoietin (rhEPO) has been used for the
treatment of anemia in patients with cancer during chemotherapy or radiotherapy. Several
clinical trials have reported on the detrimental effects of rhEPO on survival in patients

with cancer treated by radiotherapy (40, 57) via unknown mechanisms. To determine
whether EPO impairs the effect of radiotherapy indirectly by enhancing Ter-cell production
and artemin secretion, we first determined whether recombinant murine erythropoietin
(rmEPO) increased Ter-cells in mouse spleens. The results indicate that administration of
EPO through intravenous (i.v.) and subcutaneous routes increased spleen size and Ter-cell
accumulation in naive mice (fig. S4D). Additionally, rmEPQ diminished the effects of IR
(p=0.0043) and PD-L1 blockade (p=0.0023) on Ter-cell accumulation (Fig. 4E, F), as well
as the concentration of secreted artemin in the serum (IR: p=0.0012, anti-PD-L1: p<0.0001
Fig. 4G). Consistent with these findings, the administration of EPO inhibited the therapeutic
effects of both IR (p=0.019) and PD-L1 blockade (p=0.0082) as measured by increased
tumor burden in a subcutaneous LLC model (Fig. 4H, I). To rule out EPO’s direct effects on
tumor cells, we measured EPO receptor expression as well as artemin expression in tumor
cells in the presence of EPO. EPO does not induce artemin production in tumor cells and
the expression of EPO receptors in tumor cells are significantly lower than the expression

in spleens (fig. S4E, p<0.0001), suggesting that EPO is more likely acting on splenic cells
in mice. To further confirm that EPO inhibited the therapeutic effects of both IR and PD-L1
blockade by increasing Ter-cell production, we treated mice with Ter119 antibody, which
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resulted in depletion of tumor-induced Ter-cells (fig. S4E). The result showed that Ter119
depleting antibody in the context of EPO treatment restored the therapeutic effects of IR
(p<0.0001) and PD-L1 blockade (p=0.0017) as measured by control of tumor burden in a
subcutaneous LLC model (Fig. 4J, K). Thus, EPO was detrimental to the anti-tumor effects
elicited by both IR and PD-L1 blockade via its augmenting effect on Ter-cells.

Disrupting the Ter-cell-artemin axis promotes the therapeutic effects of both RT and
immunotherapy

Ter-cells impair the therapeutic effects of IR and PD-L1 blockade through artemin secretion
(Fig 4C, D). However, neither IR nor PD-L1 blockade completely abrogated elevated
artemin concentration in the serum of tumor-bearing mice (Fig. 3E), although these
treatments reduced Ter-cells numbers to the numbers similar to non-tumor bearing mice
(Fig. 3C, D). We examined whether the therapeutic effects of IR and PD-L1 blockade could
be improved by targeting the Ter-cell-artemin axis. We measured artemin concentrations
following splenectomy and found that splenectomy greatly reduced the concentration of
artemin in the serum. (p<0.0001, fig. S5A) This confirms that the spleen is a major
contributor of serum artemin; splenectomy abrogated 70% of the artemin concentration

in the serum, with the remaining 30% of artemin production clearly coming from non-
splenic sources. Splenectomy also enhanced the effects of both IR and PD-L1 blockade

in further reducing serum artemin concentration. Furthermore, splenectomy enhanced

the anti-tumor effects of IR (fig. S5B) and PD-L1 blockade (fig. S5C) on controlling

tumor burden in a subcutaneous LLC model. In addition, we found that neither IR nor
splenectomy alone affected the spontaneous metastasis of LLC tumor, but the combination
treatment decreased pulmonary metastases (fig. S5D). Consistent with these findings, the
combination treatment of PD-L1 blockade and splenectomy also decreased pulmonary
metastases (p=0.0035, fig. S5E). By using anti-Ter119, we found that depleting Ter-cells
also promoted the effect of IR (p=0.0001, Fig. 5A) and PD-L1 blockade (p=0.0042, Fig.
5B). Next, we investigated whether blocking artemin enhances the anti-tumor treatment
response. Intratumoral administration of artemin neutralizing antibody (¢ ARTN) promoted
the effects of IR and PD-L1 blockade (IR: p=0.0015, anti-PD-L1: p=0.0036, Fig. 5C).

To identify the role of artemin signaling in cancer treatments, we knocked down (KD)
GFRa3 in MC38 tumor cells (fig. S5F) and observed improved tumor control by either IR
or anti-PD-L1 treatment (IR: p=0.003, anti-PD-L1: p=0.0064, Fig. 5D) as compared with
WT tumors. We utilized CRISPR/Cas9 genome editing to knock out RET, a co-signaling
partner for artemin (58), in MC38 tumor cell lines (fig. S5G). RET knockout tumors showed
enhanced therapeutic effects in response to IR and PD-L1 blockade treatments as measured
by control of tumor burden in vivo (IR: p=0.0017, anti-PD-L1: p=0.0026, Fig. 5E), which
suggested that artemin signaling in tumor cells played a critical role in the anti-tumor
efficacies of radio- and immunotherapy. To confirm the role of GFRa3 and RET on artemin
signaling in our model, we determined signaling activation of artemin in WT, GFRa.3 KD,
and RET KO tumor cells and found that the absence of GFRa.3 and RET led to deficient
artemin signaling, including the reduced phosphorylation of AKT and ERK (fig. S5H). This
finding also suggested that RET might be a potential target to enhance both radiotherapy and
immunotherapy.
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To test this hypothesis, we treated tumor-bearing mice with either IR or anti-PD-L1

and LOX0-292, a RET selective inhibitor (59), and found that LOX0-292 enhanced

the effects of IR (p=0.0023) and PD-L1 blockade (p=0.0094) by reducing tumor burden

in a subcutaneous LLC model (Fig. 5F, G). In vitro treatment of tumor cells with
LOX0-292 also inhibited, although did not completely abrogate, artemin-induced activation
of downstream signaling (fig. S51). These results confirm that artemin signals through RET
in our tumor model. RET inhibition augmented the effects of both IR and PD-L1 blockade
on spontaneous lung metastasis (fig. S5J, K). LOX0-292 also restored the therapeutic
effects of IR (p=0.0017) and PD-L1 blockade (p=0.0013) that were initially impaired by
EPO (Fig. 5H, 1), which suggests that the adverse effect of EPO on cancer therapy occurs
though artemin-induced RET signaling. Thus Ter-cell depletion, artemin neutralization, and
inhibition of some of the artemin signaling partners all promoted the therapeutic effects of
IR and PD-L1 blockade.

Radiation and immunotherapy responders exhibit treatment-induced Ter-cell reduction

Since artemin-secreting splenic Ter-cells are enriched in some patients with cancer (8),

and artemin concentrations correlated with poor prognosis in several different types of
patients with cancer (6, 8, 28), we investigated whether differential responses to oncologic
therapies were related to Ter-cell and artemin concentrations in patients with cancer.
Expression of one of the artemin signaling partners, GFRa3, was previously shown

to be induced by artemin and correlated with serum artemin concentrations in patients
with cancer (8). Therefore, we examined the expression of GFRa.3 in a variety of

human cancers from The Cancer Genome Atlas (TCGA) and found GFRa3 was highly
expressed in non-small cell lung cancer (NSCLC), colorectal cancer, and melanoma

(Fig. 6A). In patients with NSCLC treated with chemoradiation therapy, we found the
concentration of post-treatment circulating artemin protein decreased in those patients
with no evidence of disease recurrence following treatment (p=0.009), whereas artemin
concentrations were not significantly decreased (p=0.137) in those patients who developed
disease recurrence (Fig. 6B). In the context of immunotherapy, analysis of two clinical
cohorts of patients with metastatic melanoma treated with anti-PD-1 with or without
cytotoxic T-lymphocyte-associated protein 4 (CTLA4) blockade demonstrated that high
pretreatment GFRa.3 expression was associated with a reduced probability of treatment
response (complete or partial response vs. disease progression) compared with low GFRa3
expression (60, 61) (p=0.012, Fig. 6C). In addition, in a clinical trial conducted at our
institution, we examined patients treated with radiotherapy followed by pembrolizumab
(anti-PD-1) immunotherapy (NCT02608385). We determined that circulating Ter-cell
abundance decreased post-radiotherapy in patients with complete or partial responses to
treatment (p=0.030) but was unchanged in patients with disease progression in the response
to radiotherapy and immunotherapy (p=0.238, Fig. 6D). In this cohort, tumor GFRa3
expression decreased post-radiotherapy in treatment responders (p=0.040, Fig. 6E and F).
By contrast, GFRa3 expression increased in patients who progressed following treatment
(p=0.019, Fig. 6E and F). Additionally, decreased expression of tumor GFRa.3 in response
to radiotherapy was associated with increased expression of perforin 1 (PRF1), a marker of
intratumoral cytolytic response (p=0.039, Fig. 6G). Further, in a murine tumor model, we
found that IR and PD-L1 blockade immunotherapy decreased the expression of GFRa.3 on
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CD45™ cells (p<0.0001, fig. S6A), and GFRa.3 knockdown tumors responded better to IR
and PD-L1 blockade treatments compared with WT tumors (Fig. 5D), consistent with the
results we found in studies of human GFRa3. These data suggested that radiotherapy and
immunotherapy responses in patients are associated with decreases in Ter-cell and artemin
concentrations.

Discussion

We report that radiotherapy and PD-L1 blockade reduced tumor-induced Ter-cells and
artemin (fig S6B). Blocking the Ter-cell-artemin axis promoted the therapeutic effects of
both IR and anti-PD-L1 treatments. Increasing evidence demonstrates that radiation induces
innate and adaptive immune responses mediated by IFNs, DCs, and CD8* T cell responses,
which are required for the therapeutic effects of IR (35-38). Here we describe an “abscopal,”
or out-of-field, effects of local tumor IR that suppresses Ter-cell accumulation in the spleen
in a type I/11 IFN- and CD8™" T cell-dependent manner. We also found that PD-L1 blockade
inhibited the production of Ter-cells in LLC tumor-bearing mice through the actions of
CD8* T cells and IFN+y. Our finding that adoptive transfer of Ter-cells or administration of
exogenous artemin or erythropoietin diminished the effects of both IR and PD-L1 blockade
indicates that the reduction in the number of splenic Ter-cells contributed to restoration of
the anti-tumor efficacy of IR and PD-L1 blockade.

Our results demonstrate that IFNy is a necessary and sufficient factor mediating Ter-cell
death for the following reasons: 1) IR induced higher IFN-y expression in splenic T cells;
2) IR did not induce high apoptosis of Ter-cells in IFNy deficient mice compared with
WT mice; and 3) intra-splenic injection of IFN-y led to increased apoptosis of Ter-cells

in the spleen of WT LLC tumor-bearing mice. However, the full effect of IFN-y on
Ter-cells warrants further investigation, since the direct killing efficacy of IFN-y on Ter-
cells in vitro is much less than what was observed in vivo. Zhao et al. (42) described
increased reactive oxygen species (ROS) activity in CD45*Ter119*CD71*EPCs compared
with CD45~Ter119*CD71" Ter-cells, and reported that only the CD45* EPCs exhibit
overexpression of genes in the ROS pathway. In comparison, CD45™ Ter-cells have very
low ROS activity; therefore, it is unlikely that ROS mediate Ter-cell apoptosis in our studies.

Although we found that in mouse models using LLC, B16, and MC38 tumors that the
spleen was the major (but not the exclusive) organ contributing to tumor-induced Ter-cell
accumulation, we concede that the spleen is not a primary hematopoietic organ in humans
except in certain disease states or stress conditions. For example, in mice we found that
tumors increased Ter-cells in the liver, which decreased in response to IR and PD-L1
blockade, whereas bone marrow-derived Ter-cells showed no change in response to tumor
inoculation or treatments. Further investigation in humans is required to determine the
origin(s) of artemin-secreting Ter-cells during cancer development. Our analysis of clinical
trial samples indicated that Ter-cells in the peripheral blood of NSCLC patients decreased
after radiotherapy treatment. The intratumoral expression of GFRa.3, an artemin signaling
partners, decreased in patients who responded to radiotherapy or PD-1 immunotherapy,
but was unchanged in patients with poor responses to treatments. Concerning the main
contributor of artemin in tumor and blood, our findings mirrored those of Han et al. (8) in
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that artemin concentrations in the serum were reduced after splenectomy in tumor-bearing
mice. Han et al. (8) also found that in mice bearing artemin-knock-out tumors, splenic
Ter-cell induction, serum artemin, and hepatocellular carcinoma growth were unchanged,

as compared with WT tumor controls. These results suggest tumor cells, which do express
artemin, are not the main source of artemin in the serum. When tumors were irradiated

or treated with anti-PD-L1, artemin concentrations in serum and total tumor homogenates
decreased dramatically along with a reduction of Ter-cells, despite an increase in artemin
RNA in tumor cells. Relative mMRNA expression of artemin in Ter-cells from spleen is
20-fold higher than that of tumor cells in our model. Overall artemin immunofluorescence
staining in tumor and spleen tissues also indicated that tumor cells produce less artemin.
These results indicate that artemin from the Ter-cells in spleens contributes to about

70% of artemin concentration in the serum and is a main contributor to artemin in

tumor microenvironment of tumor-bearing mice. The 30% of artemin in the serum after
splenectomy may have originated from Ter-cells in liver, bone marrow, or tumor cells. While
these other sources of artemin production in mouse models is of great scientific interest, our
study focuses on the source of the majority of artemin produced by splenic Ter-cells.

Our findings also have immediate clinical relevance. Here, we report that EPO
administration increased Ter-cells in the spleen and liver of naive mice and abrogated IR-
and anti-PD-L1-mediated reduction of Ter-cells and artemin, thereby blocking anti-tumor
responses. Depletion of Ter-cells abrogated the adverse effects of EPO on the therapeutic
efficacy of both IR and anti-PD-L1. Taken in the context of our other results, these
findings suggest that unfavorable clinical outcomes following the administration of EPO
and radiotherapy may have been related to increases in Ter-cell abundance in patients with
cancer. Furthermore, EPO may exert indirect effects on T cell functions via Ter-cells and
Ter-cell-produced artemin, such as diminished tumor cell killing capacity by T cells. These
findings implicate an indirect effect of EPO on cancer treatment outcomes, which differs
from previous studies that focused on the direct action of EPO on tumor cells (62).

A limitation of our study is that we could not rule out the possibility that tumor cells

under hypoxic conditions secrete EPO and contribute partially to the accumulation of Ter-
cells in the spleen. Our study has additional limitations. As indicated above, the location
and developmental origin of Ter-cells in humans in a broad variety of tumors remains
undefined, as does a complete understanding of the mechanisms of tumor induction of
Ter-cells in target organs by various tumors. Also it is unclear whether the best strategies for
radio-immunotherapy are receptor blockade or downstream blockade of RET, as the artemin
signaling pathway is promiscuous. We demonstrated that artemin can induce downstream
activation of AKT and ERK through GFRa3 and downstream RET in the murine tumor

cell lines we used. We cannot rule out the possibility that other binding partners of artemin,
such as NCAM, may also play a role in transducing artemin signal. Whether other partners
of artemin also play a role in tumor progression and radio-immunotherapy warrant further
investigation.

Our results identify multiple strategies for targeting the Ter-cell-artemin axis to potentially
improve the efficacy of both radiotherapy and immunotherapy, including Ter-cell depletion,
artemin neutralization, and RET inhibition. An immediate potential translation is the use of
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selective RET inhibitors, including LOX0-292 and BLU-677, that have produced improved
outcomes for patients with RET fusion-positive cancers (59). We found that LOXO-292
promoted the effects of IR and PD-L1 blockade on both local tumor and spontaneous
metastasis in a murine LLC model. Therefore, RET inhibitors might work as sensitizers

to improve the efficacy of radiotherapy and immunotherapy by inhibiting RET tyrosine
kinase activity driven by either gain-of-function mutations or a ligand of artemin secreted
by tumor-induced Ter-cells. Taken together, our study demonstrates the mutually opposing
regulatory effects between radiotherapy or immunotherapy and tumor-induced splenic Ter-
cells mediated by Ter-cell-produced artemin. Our study reveals the inhibitory role of Ter-
cells and artemin in cancer therapies and provides multiple possible targets for improving
radiotherapy and immunotherapy.

Materials and Methods

Study Design

The objective of this study was to identify if ionizing radiation and PD-L1 blockade reduce
tumor-induced Ter-cell and artemin production through type I and Il IFNs and CD8 T

cells. Blockade of the Ter-cell-artemin axis augmented efficacy of IR and immunotherapy.
The effect of IR or immunotherapy on Ter-cell abundance and artemin expression were
assessed in LLC-tumor-bearing mice (WT, IFNAR KO, IFNy KO, RAG KO, and PD-L1
KO). Sample size for flow analysis, protein and gene expression analysis (n = 3-5, repeated
2-5 times), tumor monitoring (n=4-7, repeated 3 times), as well as the choices of time points
analysis were based on previous experiments (35, 37, 63) as well as consultation with the
Biostatistics Laboratory at The University of Chicago to ensure sufficient statistical power
to compare the differences. Investigators were blinded when performing and analyzing

the data. For the efficacy of disrupting the Ter-cell-artemin axis in enhancing IR and
immunotherapy, tumor growth was the main readout. Age-matched mice were assigned

to experimental cohorts based on matching tumor volumes, and data presented include all
outliers. Investigators were not blinded when monitoring tumor burden. Biological replicates
are indicated in the figure legends by n. Three or more independent trials were performed.
All animal studies were approved by the Institute of Animal Care and Use Committee of
The University of Chicago.

Patient data analysis: GFRA3 expression across The Cancer Genome Atlas (TCGA) was
examined using publicly available data at www.cbioportal.org. For artemin concentration in
serum, disease progression following radiotherapy was assessed by CT or PET/CT imaging.
Patients were defined as "non-progressors" if they had no evidence of disease on most
recent follow up imaging and “progressors" if they were found to have any local, regional
or distant disease recurrence on follow up imaging as assessed and reported by the reading
attending radiologist. The Riaz dataset (61) was downloaded from NCBI Sequence Read
Archive (SRA): SRP094781. Analysis was limited to patients with cutaneous melanoma.
The Gide dataset (60) was downloaded from the European Nucleotide Archive (ENA) under
accession number PRJEB23709. Analysis included all melanoma patients. Patient samples
were obtained from patients treated on the University of Chicago IRB protocol 16093
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(serum analysis) and from the trial NCT02608385 (64) (gene expression and Ter-cell PBMC
flow).

C57BL/6J wild type (WT), /fnarl knockout (IFNAR KO), Rag! knockout (RAG KO),
Ifng knockout (IFN-y KO), and /fngr1 knockout (IFNGR KO) mice were purchased from
Jackson Laboratory. PD-L1 KO mice were kindly provided by L. Chen of Yale University.
All experimental groups included randomly chosen littermates approximately 8 weeks old
and of the same strain. All mice were maintained and used in accordance with guidelines
established by the Institute of Animal Care and Use Committee of The University of
Chicago.

Cells and reagents

MC38 and B16-SIY tumor cell lines were kindly provided by Dr. Xuanming Yang of

The University of Chicago and grown in Dulbecco's modified Eagle's medium (DMEM)
medium containing 10% fetal bovine serum (FBS) at 37°C and 5% CO,. LLC cells

were obtained from ATCC (CRL-1642). CRISPR/Cas9 was used to generate RET stable
knockout MC38 cell lines, and a retrovirus overexpression system was used to generate

the OTI1-zsGreen expressing MC38 cell line. Recombinant mouse artemin (1085-AR),

EPO (959-ME), and mouse artemin antibody (AF1085) were purchased from R&D
Systems. Recombinant mouse IFN-y (315-05) was purchased from Peprotech. Depleting or
blocking antibodies against PD-L1 (BE0101), CD8a. (BE0004-1), IFNAR-1 (BE0241), CD4
(BP0003-1), Ter119 (BE0183), and IFN-y (BE0O055) were purchased from BioXcell. Anti-
artemin was purchased from R&D (AF1085). Pacific blue-anti-CD45 (103126), FITC-anti-
CD45 (103108), PE/CY7-anti-CD71 (113812), PE-anti-CD71 (113808), APC-anti-Ter119
(116212), PE-anti-H-2KP (116507), PE-anti-CD4 (116005), APC/CY 7-anti-CD8a (100714),
Pacific blue-anti-human CD45 (368540), PE/CY 7-anti-human CD71 (334112), and APC-
anti-human CD235a (349114) were purchased from BioLegend. Alexa Fluor 488-anti-
GFRa3 (SC-398618 AF488) was purchased from SantaCruz. LOX0O-292 (C-1911) was
purchased from Chemgood. CD8 T cell selection kit (18953) was purchased from Stemcell,
CD45 selection kit (8802-6865-74) was purchased from Thermo Fisher Scientific, and the
magnetic enrichment studies were conducted per manufacturer’s instructions.

Tumor models and treatments

1 x 108 MC38, LLC, or B16-SIY tumor cells were subcutaneously injected into the flank of
mice. On day 10 after tumor inoculation, tumors were either irradiated with one dose of 20
Gy using RS-2000 Irradiator (Rad Source Technologies) or sham treatment. For anti-PD-L1
treatment experiments, 200 pg anti-PD-L1 (10F.9G2) or isotype control was given by i.p.
injection every three days for a total of four times starting on day 10 after tumor inoculation.
For type I IFN blockade experiments, 200 ug anti-IFNAR1 was intratumorally injected on
days 0 and 2 after irradiation. For CD4* or CD8* T cell depletion experiments, 200 pg
anti-CD4 or anti-CD8 mAb was delivered four times by i.p. injection every 3 days starting 1
day before therapies. Artemin-neutralizing antibody was delivered i.t. at 1 pg/mouse starting
on day of irradiation, every 2 days for 7 doses. For Ter-cell depletion, anti-ter119 was
injected i.p. at 20 pg/mouse every 2 days for 4 doses. For Ter-cell or artemin treatment
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groups, mice were administered 1x107 purified Ter-cells i.v. every other day for a total of
three doses, or mice were treated with 0.5 pg/mouse artemin i.t. every other day starting

on day 0 of therapies throughout the studies. For EPO treatment groups, mice were treated
with 20 U/mouse EPO i.v. every other day throughout the studies, starting on day 0 of

the therapies. IFN-y was administered through intrasplenic injection on day 15 post tumor
implantation at 2 pg/mouse for 1 dose. LOX0O-292 was administered by oral gavaging at
100 pg/mouse/day throughout the entire study, starting on day 0 of treatment. Spleens were
harvested on day 20 or at indicated times post-inoculation for analysis of spleen size or
splenic cells. Tumor size was monitored and calculated with the formula for area in mm?
(length x width) with a caliper.

Flow Cytometry

ELISA

Tumor and lung tissues were cut into small pieces and digested by 1 mg/ml collagenase

IV (Sigma) and 0.2 mg/ml DNase | (Sigma) for 1 hour at 37°C. Spleens, lymph nodes,
and bone marrow were ground prior to analysis. Single cell suspensions were blocked with
anti-FcR (2.4G2, BioXcell) and then stained with 200-fold diluted fluorescence-labeled
antibodies at 4 °C in dark for 30 minutes. Human PBMC were prepared by Human
Immunologic Monitoring facility of University of Chicago, following published methods
(65). Briefly, fresh patient blood was overlayed on top of Ficoll-Paque PLUS (GE, Cat#
17-1440-02) and centrifuged at 760g for 20 min with brakes off. The middle layer was
collected, washed and frozen in FBS with 10% DMSO. Frozen PBMC were thawed at
37°C and immediately washed in FACS buffer and subjected into staining. Flow cytometry
was performed on BD LSR Fortessa (BD Biosciences) and Aurora (Cytek Biosciences) at
The University of Chicago core facility and data were analyzed with FlowJo software (BD
Biosciences). The apoptosis of Ter-cells and tumor cells was analyzed with PE Annexin V
Apoptosis Detection Kit | (559763, BD Biosciences) and the staining was conducted per
manufacturer’s instruction.

Tumor tissues were homogenized in phosphate buffered saline (PBS) with 1x Protease
Inhibitor Cocktail (78429, Thermo Fisher Scientific) followed by the addition of Triton
X-100. Serum was collected on day 20 post-tumor inoculation or at indicated times. Human
serum were collected from fresh patient or healthy donor blood after allowing blood to
coagulate. Serum were collect from top phase after centrifugation at 2000g for 10 min. The
concentration of artemin or TGF-p was measured with an artemin ELISA Kit (E03A0032
for mouse and E01A0032 for human, BlueGene Biotechnology), or a TGF-B1 Mouse
ELISA Kit (BMS608-4, Invitrogen) per manufacturer’s instructions.

Western Blot Analysis

Whole-cell protein was extracted with Triton-X100 buffer (150 mM sodium chloride, 50
mM Tris, 1% Triton-X100; pH 8.0) with 1x Protease Inhibitor Cocktail (78429, Thermo
Fisher Scientific). Immunoblotting analyses were performed as previously described (37).
The amount of loaded protein was normalized to GAPDH (60004-1-1g, Proteintech Group)
or actin (8226, Abcam).
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Real-time PCR assay

mRNA from tumor cells or splenocytes was isolated using TRIzol according to the
manufacturer’s instructions (Invitrogen). cDNA was synthesized from pd(N)6-primed
MRNA reverse transcription using Moloney Murine Leukemia Virus superscript reverse
transcriptase. Real-time PCR kits (SYBR Premix Ex TagTM, DRR041A) were purchased
from Takara Bio Inc. PCR was performed using a CFX96 (Bio-Rad). mRNA specific for the
housekeeping gene GAPDH was measured and used as an internal control. The primers for
artemin were 5 - TAC TGC ATT GTC CCA CTG CCT CC -3 for the upstream primer
(UP)and 5°- TCG CAG GGT TCT TTC GCT GCA CA -3 for the downstream primer
(DP); GAPDH: 5" - AGA CCA GCC TGA GCA AAA GA -3  forUP and 5" - CTA GGC
TGG AGT GCA GTG GT -3 for DP.

Colony forming assay

MC38 or B16 tumor cells were seeded in corresponding plates at specific densities.
Approximately 15 hours post-seeding, cells were exposed to increasing doses of IR (0

to 3Gy). For clonogenic assays, cells were grown until sufficiently large colonies with at
least 50 cells were visible (about 12 days after IR). Cells were washed in 0.85% NaCl
and simultaneously fixed and stained in a solution containing methanol and crystal violet
(C0775, Sigma Aldrich). Colonies with at least 50 cells were counted and the surviving
fraction was calculated.

Immunofluorescence staining

Tumors and spleens were embedded in optimal cutting temperature compound and frozen in
a dry-ice and 4-methyl-butane bath. Blocks were cut to 5um sections using a microtome
(Microm HM560, Thermo Scientific). Sections were thawed and fixed using ice-cold
acetone for 10 min. The sections were subjected to blocking using 5% bovine serum
albumin in PBS for 30 min. and followed by staining using rabbit anti-artemin (1:200;
abcam ab178434) and Ter-119-FITC (1:200; BioLegend) for 1 hour at room temperature.
After washing 3 times in PBS, goat anti-rabbit Alexa Fluor 647 secondary antibody (1:500;
Thermo Fisher Scientific) and DAPI (Lug/ml, Sigma Aldrich) were added to the tissues and
incubated for 30 min. Slides were then washed and mounted using ProLong gold anti-fade
mountant (Thermo Fisher, Cat #P36934). Imaging was performed at the University of
Chicago Integrated Light Microscope Facility using Zeiss Axiovert 200M inverted widefield
microscope (Carl Zeiss Microscopy) with a Hamamatsu Flash 4.0 camera (Hamamatsu
Photonics) for fluorescence imaging run by SlideBook 6.0 software (Intelligent Imaging
Innovations). Image analysis was performed using ImageJ. (66)

Statistical analysis

Analyses were performed using GraphPad Prism software 6. Data were analyzed by one-
way ANOVA or two-way ANOVA with Multiple Comparison Test or Student’s t-test.
Kolmogorov-Smirnov test was used to test for normality. Data were presented as means

+ SD. We indicated significance corresponding to the following: *p < 0.05, **P < 0.01, and
***pP < 0.001; NS, no significant difference.
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Figure 1. Local irradiation decreases tumor-induced Ter-cell accumulation in mouse spleen.
(A-H) C57BL/6 mice were inoculated subcutaneously with LLC cells (A, B, C, D and

G), MC38 (E) or B16-SIY cells (F) on day 0. On day 10, tumors received one dose of
20-Gy ionizing radiation (IR) and on day 20 or at indicated times (G), the spleens were
harvested. (A) The size and H&E staining of spleen. Scale bars represent 1cm in the upper
panel and 2mm in the lower panel. (B) Spleen weight and total number of splenocytes
were measured. (C) The expression of CD45, CD71 and Ter119 on Ter-cells was analyzed
by flow cytometry. (D-F) The percentage (D) and number of Ter-cells in spleen of mice
inoculated with LLC (D), MC38 (E) or B16-SIY (F). (G) The number of Ter-cells in spleen
of LLC-bearing mice at indicated times post-IR. (H) Schematic of dual tumor models. (1)
MC38 tumors were inoculated as indicated in (H) and, on day 10, tumors on the right flank
were irradiated with 20 Gy. On day 10 post-IR, the humber of Ter-cells in the spleen was
analyzed. (J) Fold changes of artemin (ARTN) mRNA expression in spleen of LLC-bearing
mice was analyzed by real-time PCR on day 10 post-IR. The expression of ARTN mRNA
was normalized to GAPDH mRNA. (K-L) Artemin protein concentrations in serum (K)

or tumor tissue (L) of LLC-bearing mice were analyzed by ELISA on day 10 post-IR.
Representative data are shown from two or three experiments conducted with 3-5 mice per
group. Data are represented as mean + SD. (L) was analyzed with unpaired Student’s t

test. All other data in this figure were calculated with one-way ANOVA with Bonferroni’s
multiple comparison tests. *p < 0.05, **p < 0.01 and ***p < 0.001. NS, not significant.
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Figure2. IFN and T cellsarerequired for the effect of irradiation on Ter-cells.
(A-J) C57BL/6 mice were inoculated with LLC cells. On day 10 post-inoculation, tumors

received one dose of 20-Gy IR, and on day 20 or at indicated times (1,), the spleens were
harvested. (A) The size of spleen derived from WT and IFNAR KO mice is shown in the
left panel, and the number of splenocytes is shown in the center panel. The number of
Ter-cells in the spleen (right panel) was analyzed by flow cytometry. (B) Tumor-bearing
mice were treated with IR, IFNAR blocking antibody (aIFNAR), or a combination. The
number of Ter-cells in the spleen was analyzed by flow cytometry. (C) Tumor-bearing mice
were treated with IR or IFNa.. The number of Ter-cells in the spleen was analyzed by

flow cytometry. (D) The number of Ter-cells in the spleen derived from WT and RAG

KO mice was analyzed by flow cytometry. (E-F) Tumor-bearing mice were treated with

IR and/or depleting antibodies against CD8 (a.CD8, E) or CD4 (a.CD4, F). The number

of Ter-cells in the spleen was analyzed by flow cytometry. (G) IFN+y expression in splenic
CD8™ T cells was analyzed by intracellular staining and flow cytometry. (H) The number
of Ter-cells in the spleen derived from WT and IFNy KO mice was analyzed by flow
cytometry. (1) Apoptosis of splenic Ter-cells, measured by expression of Annexin V (Annex
V) and 7-Aminoactinomycin D (7-AAD), was analyzed by flow cytometry at indicated times
post-IR. (J) Apoptosis of splenic Ter-cells of WT and IFNy KO mice was analyzed by

flow cytometry on day 10 post-IR. (K) C57BL/6 mice were inoculated with LLC on day 0O
and recombinant mouse IFNy was administered through intrasplenic injection on day 15.
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Apoptosis of splenic Ter-cells was analyzed by flow cytometry at indicated times post IFN-y
injection. Representative data are shown from two or three experiments conducted with 3-5
mice per group. Data are represented as mean + SD. All data in this figure were calculated
with one-way ANOVA with Bonferroni’s multiple comparison tests. *p < 0.05, **p < 0.01
and ***p < 0.001. NS, not significant.
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Figure 3. PD-L 1 blockade reduces tumor-induced Ter-cell accumulation in a CD8' T cell- and
| FNy-dependent manner.

(A-J) C57BL/6 mice were inoculated with LLC cells. On day 10 post-inoculation, tumor-
bearing mice were treated with either one dose of 20-Gy IR, or 200 ug anti-PD-L1
(aPD-L1, 10F.9G2) by i.p. injection every other day for a total of four doses. On day
20 post-inoculation, spleens were harvested. (A) Whole images and H&E staining of spleens
following indicated treatments. Scale bars represent 1cm in upper panel and 2mm in lower
panel. (B) Spleen weight and total number of splenocytes were recorded for each treatment.
(C) The percentage of Ter-cells in the spleen was analyzed by flow cytometry. (D) The total
number of Ter-cells in the spleen was quantified. (E) Artemin (ARTN) concentrations in the
serum of mice were analyzed by ELISA on day 10 post-IR or anti-PD-L1 treatment. (F)

The number of Ter-cells in spleen derived from WT and IFNAR KO mice was analyzed by
flow cytometry. (G) The number of Ter-cells in spleen derived from WT and RAG KO mice
was analyzed by flow cytometry. (H) Tumor-bearing mice were treated with either IR or
anti-PD-L1, with or without the addition of CD8-depleting antibody (aCD8). The humber
of Ter-cells in the spleen was analyzed by flow cytometry. (1) The number of Ter-cells in
spleens derived from WT and IFNy KO mice was analyzed by flow cytometry. (J) The
number of Ter-cells in spleens derived from WT and PD-L1 KO mice was analyzed by flow
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cytometry. Representative data are shown from two or three experiments conducted with 3-7
mice per group. Data are represented as mean + SD. All data in this figure were calculated
with one-way ANOVA with Bonferroni’s multiple comparison tests. *p < 0.05, **p < 0.01
and ***p < 0.001. NS, not significant.
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Figure 4. Ter-cellsand artemin curtail the therapeutic effects of both RT and immunother apy.
(A) Colony formation assay of MC38 cells treated with 0, 1, or 3 Gy irradiation. MC38 cells

were either co-cultured with 2x10° Ter-cells sorted from spleens of tumor-bearing mice or
treated with 100 ng/ml artemin. (B) 1x10°MC38-OTI-zsGreen cells were co-cultured with
2x10° CD8* T cells purified from OTI mice in a 96-well U bottomed plate. Tumor cells
were either co-cultured with 2x10° Ter-cells sorted from spleens of tumor-bearing mice

or treated with 100 ng/ml artemin for 6 hours as indicated. Apoptosis of MC38 cells was
analyzed by flow cytometry. (C) C57BL/6 mice were inoculated with LLC cells. On day
10 post-inoculation, tumor-bearing mice were treated with IR or anti-PD-L1. Mice were
transferred i.v. with 1x107 purified Ter-cells every other day for a total of three times.
Tumor growth was monitored. (D) C57BL/6 mice were inoculated with LLC cells. On day
10 post-inoculation, tumor-bearing mice were treated with IR or anti-PD-L1. Mice were
treated via intratumoral (i.t.) injection with 0.5 artemin pg/mouse every other day. Tumor
growth was monitored. (E-F) C57BL/6 mice were inoculated with LLC cells. On day 10
post-inoculation, tumor-bearing mice were treated with IR (E), or anti-PD-L1 (F). Mice
were treated i.v. with 20 U EPO/mouse every other day. The number of Ter-cells in spleen
was analyzed by flow cytometry. (G) C57BL/6 mice were inoculated with LLC cells. On
day 10 post-inoculation, tumor-bearing mice were treated with IR or anti-PD-L1. Mice
were treated i.v. with 20 U EPO/mouse every other day. The artemin concentrations in
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serum were determined by ELISA on day 10 post-treatment. (H-1) Tumor growth of LLC
tumor-bearing mice treated with EPO and either IR (H) or anti-PD-L1 (I). (J) C57BL/6

mice were inoculated with LLC cells and treated with IR, EPO, and/or anti-Ter119. Tumor
growth was monitored. (K) C57BL/6 mice were inoculated with LLC cells and treated with
anti-PD-L1, EPO, and/or anti-Ter119. Tumor growth was monitored. Representative data are
shown from three experiments. Data are represented as mean = SD. All data in this figure
were calculated with one-way ANOVA with Bonferroni’s multiple comparison tests. *p <
0.05, **p < 0.01, and ***p < 0.001. NS, not significant.
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Figure5. Disrupting the Ter-artemin axis restored the efficacy of both radiotherapy and anti-
PD-L 1 therapy.

(A-B) Tumor growth of LLC tumor-bearing mice treated with Ter119-depleting antibody
and either IR (A), or anti-PD-L1 (B). (C) Tumor growth of LLC tumor-bearing mice treated
with artemin-neutralizing antibody i.t. and either IR or anti-PD-L1. (D) WT or GFRa.3 KD
MC38 cells were inoculated in C57BL/6 mice, and tumor growth was monitored following
treatment with either IR or anti-PD-L1. (E) WT or RET KO MC38 cells were inoculated

in C57BL/6 mice, and tumor growth was monitored following treatment with either IR or
anti-PD-L1. (F-G) Tumor growth of LLC tumor-bearing mice treated with the RET inhibitor
LOXO0-292 and either IR (F) or anti-PD-L1 (G). (H) C57BL/6 mice were inoculated with
LLC cells and treated with either IR or EPO alone or in combination with LOXO-292.
Tumor growth was monitored. (1) C57BL/6 mice were inoculated with LLC cells and
treated with either anti-PD-L1 or EPO, and/or LOXO-292. Tumor growth was monitored.
Representative data are shown from two or three experiments. Data are represented as mean
+ SD. All data in this figure were calculated with one-way ANOVA with Bonferroni’s

multiple comparison tests. **p < 0.01 and ***p < 0.001.
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Figure 6. Suppression of the Ter/artemin axisis associated with responseto RT and immune
checkpoint blockadein patients with cancer.

(A) Analysis of GFRa3 expression across TCGA cancers demonstrates high expression

in non-small cell lung adenocarcinoma (adeno) and squamous cell carcinoma (squ). (B)
Artemin concentrations in the serum of patients with lung cancer prior to and immediately
following definitive chemoradiation therapy as determined by ELISA are plotted. Response
was defined by imaging at time of follow up with “non-progressors” having no evidence

of disease at most recent follow up examination and “progressors” having progression

of disease on post-treatment imaging. P-values were determined using two-tailed paired
Student’s t-test. (C) Pre-treatment tumor GFRa3 expression in two cohorts of patients

with metastatic melanoma treated with immune checkpoint blockade (60, 61). Median
pre-treatment GFRa3 expression was used to split patients into low and high expressing
groups. The median cutoff values for GFRA3 (log2) were —2.48 and —1.75 for Riaz

and Gide datasets. CR/PR, complete response or partial response characterized by >30%
shrinkage; PD, progressive disease characterized by >20% growth. P-value was determined
using Pearson Chi-Square test. Comparisons of immunotherapy response rates by GFRa.3
expression are shown. (D) The proportion of CD45-CD71*CD235a* Ter-cell abundance

in the peripheral blood of patients with cancer prior to (pre-RT) and following (post-RT)
radiotherapy treatment as determined by flow cytometry is shown. Patients were treated with
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ablative radiotherapy followed by pembrolizumab immunotherapy on the NCT02608385
clinical trial. Response was measured using RECISTv1.1 criteria. Responders include partial
or complete responses, whereas non-responders exhibited disease progression following
treatment. P-values were determined using two-tailed paired Student’s t-test. (E) The
relationship between change in tumor size and change in tumor GFRa.3 expression in

the response to radiotherapy for patients treated on the NCT02608385 clinical trial is
shown. (F) Change in tumor GFRa3 expression as a function of clinical response to
radiotherapy and pembrolizumab based on RECISTv1.1 criteria (NCT02608385 trial).

CR, complete response. PR, partial response (>30% shrinkage). SD, stable disease. PD,
progressive disease (>20% growth). (G) Change in intratumoral perforin (PRF1) expression
as a function of change in tumor GFRa.3 expression following radiotherapy is shown
(NCT02608385 trial). Data represent mean + SD. (E) to (G) were analyzed with two-tailed
unpaired Student’s t-test.
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