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Abstract

Radiation therapy (RT) in combination with immune checkpoint inhibitor (ICI) represents a
promising regimen for non-small cell lung cancer (NSCLC), however, the underlying mechanisms
are poorly characterized. We identified a specific dose of RT that conferred tumor regression

and improved survival in NSCLC models when combined with ICI. The immune-modulating
functions of RT was ascribed to activated lung-resident Scghlal+ club cells. Importantly, mice
with club cell-specific knockout of synaptosome-associated protein 23 failed to benefit from

the combination treatment, indicating a pivotal role of club cell secretome. We identified 8

club cells secretory proteins, which inhibited immunosuppressive myeloid cells, reduced pro-
tumor inflammation, and enhanced anti-tumor immunity. Notably, CC10, a member of club cell
secretome was increased in plasma of NSCLC patients responding to the combination therapy. By
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revealing an immune-regulatory role of club cells, our studies have the potential to guide future
clinical trials of ICI in NSCLC.
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Non-small-cell lung cancer (NSCLC); immune checkpoint inhibitor (ICl); radiation therapy (RT);
club cell; secretome

Despite advances in surgery, radiotherapy, and molecular targeted therapies, mortality in
non-small cell lung cancer (NSCLC) remains high!:2. Immune checkpoint inhibitors (ICI)
targeting the programmed cell death protein ligand 1 (PD-L1)/programmed cell death
protein 1 (PD-1) axis promote tumor cell killing by invigorating cytotoxic T cell activity3.
Although these inhibitors have been approved for the treatment of advanced NSCLC, the
majority of patients experience little clinical benefit due to a variety of immunosuppressive
barriers in the tumor microenvironment (TME)*®. Therefore, efforts are urgently needed
to identify immunomodulatory agents that may overcome these barriers and increase the
efficacy of ICIS.

Radiation therapy (RT) has potential immunomodulatory properties, as it can trigger
immunogenic cell death and activate antigen-presenting cells that cross-prime tumor-specific
T cells, not only to limit primary tumor growth, but also to produce systemic effects that
target distant (abscopal) non-irradiated metastatic lesions’~%. Unfortunately, the optimal RT
dose and the underlying molecular mechanisms are cancer type-dependent!®.11 and little
has been elucidated for NSCLC, including the sequencing and dose/fractionation schemes
that elicit optimal immune modulation. Emerging evidence supports the therapeutic potential
of combining ICI with RT for various tumor types!?-16 including NSCLC17-19, A phase

I trial demonstrated that NSCLC patients previously treated with radiotherapy exhibited
longer progression-free survival with ICI than patients without previous radiotherapy2°.
However, due to the lack of molecular mechanisms identified in previous trials, current
clinical trials testing such combinations are guided by empirical choices that may not be
optimal. Here, we provide mechanistic insights that may accelerate the development of RT
and ICI combination in NSCLC.

A specific dose of RT enhances the efficacy of PD-1 blockade.

We employed the mutant HKP1 (Kras®228p537/=) orthotropic mouse model of lung cancer,
which develops adenocarcinoma with histopathological similarities to human NSCLC in
immunocompetent C57/BL6 mice?L. We have reported that HKP1 mice treated with a-
PD-1 antibody exhibit a significant albeit short-term survival benefit?2, which provides an
opportunity to investigate the impact of RT on the efficacy of ICI.

Various doses of hypofractionated RT have been reported in ongoing investigations in
human23 and mouse?4 tumors, and the critical importance of the dose and fractionation

has been suggested?®. Therefore, we first optimized an pCT-guided RT regimen in HKP1-
bearing lungs that could enhance the therapeutic efficacy of PD-1 inhibition. We tested both
an RT regimen previously reported to have immunomodulatory activities in breast cancer
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models: 8 Gray (Gy) for 3 consecutive days (8Gyx3)24, and two lower dosing regimens,
4Gyx3 and 0.5Gyx3 (Fig. 1a). Remarkably, 4Gyx3 (4Gy-RT) in combination with a-PD-1
antibody elicited significant tumor control (Fig. 1b, 1c) and improved survival (Fig. 1d).
Importantly, 40% of mice exhibited tumor-free survival, in contrast to 10% in the cohort
treated with a-PD-1 antibody alone. The other doses of 0.5Gyx3 and 8Gyx3 combined

with PD-1 inhibition did not confer significant tumor control or improve survival over PD-1
inhibition alone (Fig. 1e, 1f). These results suggest that 4Gy-RT elicit an effective anti-tumor
immune response, which enhanced the efficacy of PD-1 inhibition in the HKP1 model.

Durable T cell activities conferred by combination therapy.

To elucidate the differential impacts of various RT doses, we examined T cell infiltration and
cytokine production one day after the last dose of RT (Day 4 post-RT initiation). Amongst
all the cohorts examined, 4Gy-RT showed the highest number of infiltrating CD8* T cells

in tumor islets (Fig. 2a, Extended Data Fig. 1a), and the highest number of IFNy*/TNFa*/
CD4* T cells and GzmB*/CD8* T cells in the HKP1 lungs (Fig. 2b, 2c, Extended Data

Fig. 1b). These 4Gy-RT-induced T cell activities are consistent with its synergistic effects of
PD-1 inhibition.

T cells that were increasingly recruited to HKP-1 lungs gradually acquired dysfunctional
phenotypes as evidenced by decreased expression of effector cytokines by CD4* T cells,
such as IFNy and TNFa (Extended Data Fig. 2a—b). To determine if 4Gy-RT enhanced the
functionality of pre-existing T cells, we treated the HKP1 mice with FTY720, an inhibitor
of S1P receptor, which blocks egress of activated T cells from the lymph nodes28 (Extended
Data Fig. 2c). As expected, FTY720 treatment by reducing circulating T cells (Extended
Data Fig. 2d), confined the effect of 4Gy-RT to pre-existing T cells in lungs. FTY720
abrogated the ability of 4Gy-RT to increase IFNy*/TNFa*/CD4* T cells and GzmB*/CD8*
T cells, when compared to controls (Extended Data Fig. 2e). Consequently, the efficacy of
4Gy-RT and a-PD1 combination therapy was abrogated in FTY720-treated mice (Extended
Data Fig. 2f). These findings suggest that 4Gy-RT does not re-invigorate dysfunctional T
cells pre-existing in TME.

Despite mounting T cell responses, 4Gy-RT as a single modality did not significantly
control tumor growth (Fig. 1b, 1c). Further analyses revealed that 4Gy-RT increased PD-1
expression on GzmB*/CD8* T cells and IFNy*/TNFa*/CD4* T cells (Fig. 2c and Extended
data Fig. 3a). We posited that PD-1 checkpoint engagement may have compromised the
durability of 4Gy-RT-induced immune responses. Indeed, analyses at a later time point
(Day 7 after the last RT), which showed a significant decrease in T cell infiltration and
cytokine production in contrast to Day 1 (Fig. 2d). Addition of a-PD-1 antibody to 4Gy-RT
significantly increased proliferation of GzmB*/CD8* T cells and IFNy*/TNFa*/CD4* T
cells compared to controls (Fig. 2e). Moreover, sustained T cell infiltration and effector
cytokine production were observed at Day 7 in the combination treatment arm, but not in
the single modality arms (Fig. 2f, Extended data Fig. 3b—c). Proliferation of active T cells

is essential for the generation of central memory T cells (Tcm; CD62L*/CD44*/CCRT7™),
which mediate durable anti-tumor responses?’. A marked expansion of Tcm was observed
in secondary lymphoid tissues in the combination cohort, but not in single treatment cohorts
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(Extended Data Fig. 3d). Together, these findings demonstrate that 4Gy-RT combined with
PD-1 blockade elicited durable anti-tumor immune responses.

4Gy-RT activates lung-resident club cells in TME.

To explore mechanisms by which 4Gy-RT elicits anti-tumor immune responses, we
examined RT-induced activation of dendritic cells (DCs)?8:29, 4Gy-RT neither elicited tumor
cell death (Extended data Fig. 4a) nor increased CD103* cross-presenting DCs in bronchial
lymph nodes (Extended data Fig. 4b). We next performed RNA-seq analyses of HKP1
lungs treated with RT (0Gy, 4Gy, or 8Gyx3) in combination with 1gG or a-PD-1 antibody.
Differentially expressed genes (P < 0.01, fold change = 2, and LSM = 5) were identified by
comparing 4Gy-RT to 0Gy (mock) and 8Gy-RT (ineffective dose) groups in the presence

or absence of a-PD-1 treatment. By overlapping the 4Gy-RT-upregulated genes in the IgG
cohort with the a-PD-1 cohort, we identified 144 genes specifically upregulated by this
effective radiation dose (Fig. 3a, Extended data Fig 5a). To identify the cellular source of
these 4Gy-RT signature genes, we performed single-cell RNA-seq (SCRNA-seq) analyses of
HKP1-bearing lungs that received 0Gy or 4Gy-RT. By projecting the 144 signature genes
to the ~SNE plot, we found that these genes were predominantly upregulated upon 4Gy-RT
in the airway epithelial/club cell cluster (Fig. 3b). Gene Set Enrichment Analysis (GSEA)
of the bulk RNA-seq data also revealed enrichment of airway epithelial/club cell-specific
genes3%31 in mice treated with 4Gy-RT, as compared to 0Gy and 8Gy-RT (Fig. 3c). These
findings suggest that 4Gy-RT may activate lung-resident club cells.

Among the 4Gy-RT signature genes were many well-characterized club cell genes32,
including Scgb1al(CC10/Uteroglobin) and Scgb3a2 (Uteroglobin-related protein 1,
UGRP1), Hp (Haptoglobin), Cyp2f2 (Cytochrome P450 2F2), and genes encoding surfactant
associated proteins (Sfipal, Sftb, and Sfipd) (Extended data Fig. 5b). Quantitative reverse
transcription PCR (qRT-PCR) analyses of discrete cellular populations confirmed that the
expression of Scgblal, Scgb3aZ, Scgblcl, Hp, and Cyp2f2was specifically upregulated
upon 4Gy-RT in the club cells (EpcamM9h/CD2419%)33 byt not in immune (CD45*), stromal
(CD45 EpCam”), or HKP1 tumor (mCherry™) cells (Extended data Fig. 5¢). Flow cytometry
analyses showed that 4Gy-RT resulted in the expansion and increased proliferation (Ki-67)
of club cells in both HKP1-bearing and tumor-naive lungs (Fig. 3d. Extended data Fig.
6a—c), indicating that such club cell expansion was RT-dependent, yet tumor-independent.
Moreover, microscopic analyses confirmed increased CC10* fluorescence intensities in the
bronchiolar epithelium region of lungs treated with 4Gy-RT, but not 8Gy-RT (Fig. 3e).
Together, these results suggest that 4Gy-RT selectively activates lung-resident club cells.

Club cell secretome contributes to the efficacy of the combination

treatment.

Club cells are non-ciliated exocrine epithelial cells lining the pulmonary bronchioles.
They protect the bronchiolar epithelium from xenobiotic agents343° by proliferating and
repairing damaged airway epithelia3®:37. We hypothesized that 4Gy-RT may have elicited
moderate damages to lung epithelia, and in turn elicited protective responses of club cells.
We employed both pharmacological and genetic approaches to selectively deplete club
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cells prior to RT. As a pharmacological approach, we used naphthalene (NP)38, which

is metabolized to a cytotoxic product by club cell-specific Cyp2f238:39 (Fig. 4a, upper).
HKP1-bearing mice treated with NP demonstrated specific yet efficient loss of club cells
(Fig. 4b, upper). As a genetic approach, Scgblal-CreERT/L SL-DTR mice were administered
with tamoxifen to drive the CRE-mediated expression of diphtheria toxin receptor (DTR)
specifically by club cells (Fig. 4a, lower), and subsequent treatment with diphtheria toxin
(DT) resulted in depletion of club cells (Fig. 4b, lower). Regardless of the depletion
approach, club cell loss blunted the immune responses to 4Gy-RT in HKP1-bearing lungs,
exemplified by significantly dampened T cell infiltration into tumor islets and reduced
effector cytokine production (IFNy/TNFa in CD4* and GzmB in CD8* T cells) (Fig. 4c,
Extended data Fig. 6d). Importantly, club cell deficiency abolished the therapeutic efficacy
of the combination treatment in HKP1-bearing mice (Fig. 4d).

To confirm the essential role of club cells in NSCLC, we employed another orthotopic
NSCLC model, CMT-1674041, Consistently, 4Gy-RT significantly improved the efficacy of
PD-1 blockade in CMT-167-bearing mice (Extended data Fig. 7a), in a club cell-dependent
fashion (Extended data Fig. 7b). To further investigate the necessity of lung-resident club
cells in mediating therapeutic efficacy, we administered combination therapy to HKP1
tumors grown subcutaneously in the flank (Extended data Fig. 7c). As expected, in the
absence of club cells in the flank region, 4Gy-RT failed to improve the efficacy of PD-1
blockade (Extended data Fig. 7c, 7d). Collectively, these findings suggest that RT-activated
club cells mediate the efficacy of the combination treatment.

Further characterization of club cells using electron microscopy showed increased number
of secretory vesicles in club cells sorted from 4Gy-RT treated lungs compared to controls
(Extended Data Fig. 8a, 8b). We posited that the secretome of post-RT club cells may

play a role in increasing efficacy of ICI. To address this, we blocked the release of

club cell secretory proteins into lung TME using the Scgblal-CreER ™/ Snap2310x/flox
transgenic mice (abbreviated as Scgb1a1c®/ Snap23Vf). The synaptosome-associated protein
23 (SNAP23) is a key component of the SNARE complex which mediates intracellular
vesicle fusion to membranes to regulate exocytosis*2. Tamoxifen treatment of Scgb1ai®"e/
Snap23Vf mice allowed conditional club cell-specific deletion of Snap23gene (Fig. 5a),
without any alteration in the integrity of bronchioles (Extended data Fig. 8c). Analyses

of the bronchoalveolar lavage fluid (BALF) confirmed a significant reduction of CC10, a
component of club cell secretome, in 4Gy-RT treated Scgbla1c™/Snap23f mice compared
to WT controls (Fig. 5b). Consistent with club cell ablation, SNAP23 deficiency abrogated
T cell infiltration and activation in response to 4Gy-RT in HKP1 lungs (Fig. 5¢, Extended
data Fig. 8d), and importantly, the combination therapy failed to control HKP1 tumor growth
in Scgb1a1°¢l Snap23 mice compared to controls (Fig. 5d). Collectively, these results
suggest that the efficacy of combination therapy relies on RT-enhanced secretory function of
club cells.

reduce tumor-promoting inflammation.

Club cells are integral in maintaining lung homeostasis and are believed to be the cell
of origin of lung adenocarcinoma®344, Club cell secretoglobins (CC10 and UGRP1)
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and surfactant-associated proteins (SP-A and SP-D) have been reported to confer anti-
inflammatory and immunomodulatory functions in conditions of allergy, asthma, and
COPD#5-48:49.50 However, the role of club cells in regulating immune responses to ICI
in NSCLC has not been elucidated.

To gain insights into immunomodulatory activities of club cells and their contribution to

the efficacy of combination therapy in NSCLC, we treated HKP1 mice with 4Gy-RT and
a-PD1 antibody in the presence or absence of club cells as described in Fig. 4a (lower).
HKP1 lungs were harvested 1 day after the last RT to eliminate the confounding effects of
tumor burden. CD45* cells were flow-sorted for sScRNA-seq to enable deep characterization
of the immune TME. Dimensionality reduction using Uniform Manifold Approximation
and Projection (UMAP) showed distinct immune populations including B cells, T cells,

NK cells, MDSCs, TAM, and other myeloid cells (Fig. 6a, Supplementary Table 1). The
myeloid cells represented one of the dominant immune populations with high mRNA levels
of inflammatory mediators (//1b, Ptgs2, Tnf, etc.) and immunosuppressive molecules (Arg,
ArgZ, Ca274, etc.) (Extended data Fig. 9). Indeed, autocrine TNFa and IL-1p signalings are
known to drive expansion and immunosuppressive function of myeloid-derived suppressor
cells®L.

Club cell-deficient (DT-treated) lungs showed an increased myeloid-to-lymphocyte ratio
(Mye/Lym, 0.96 and 1.34 in control and DT-treated mice respectively, Fig. 6a). Furthermore,
the myeloid cells in the club cell-deficient lungs showed increased expression of
inflammatory mediators, such as //1b6, Ptgs2, and Tnf(Fig. 6b), which have been reported to
suppress adaptive anti-tumor immunity51-53,

We posited that these club cell-mediated alterations in TME could have affected T cell
effector phenotypes. Using graph-based classification, T cells were binned into 9 clusters
(Fig. 6¢), and the functional status of each cluster was determined according to their feature
genes (Fig. 6¢, Supplementary Table 2). We observed that the effector T cell cluster (C5)
showed increased expression of cytokines, effector molecules (IFNy and TNF), and T cell
activation markers (Pdcdl and Ctla4); the proliferating T cell cluster (C9) showed Granzyme
and Ki67 expression; Treg cluster (C8) was marked with Foxp3 and I12ra expression

(Fig. 6¢). Importantly, club cell depletion (DT treatment) lowered the ratio of effector to
proliferating T cells to Tregs [(C5+C9)/C8], when compared to the control (2.63 and 1.96

in control and DT-treated, respectively). Together, these SCRNA-seq results suggest that the
presence of RT-activated club cells contributes to adaptive anti-tumor immunity, presumably
by restricting the myeloid-cell-mediated inflammation in HKP1 tumors.

ELISA of BALF samples showed that 4Gy-RT significantly decreased levels of IL-1p,
PGE2, and TNFa in the HKP1 TME compared to 0Gy controls (Fig. 6d); however, in

the absence of club cells (DT-treated Scgblal®™®/iDTR) or their secretome (Scgblal®™®/
Snap23VM), 4Gy-RT failed to reduce these inflammatory factors (Fig. 6d). To demonstrate
the clinical relevance of RT-induced club cell secretome, we evaluated the plasma of
NSCLC patients who received RT in combination with ICI (anti-PD-L1) in a phase Il
neoadjuvant clinical trial (NCT02904954)%4. Plasma was collected from individual patients
1 day before the first dose of SBRT and 1 day after the last dose of SBRT. Comparison
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of CC10 plasma concentrations from matched patients (pre- vs. post-RT) revealed that the
majority of patients who achieved pathological improvement had elevated levels of plasma
CC10 after RT (5/8), in contrast to patients who did not respond (0/9, £=0.0301) (Fig.
6e), indicating that club cell activation is associated with pathological response to the
combination treatment. Together, these findings suggest that RT-activated club cells thwart
pro-tumor inflammation in HKP1 lungs through their secretome, resulting in enhanced
adaptive anti-tumor immunity.

Club cell factors improve efficacy of PD-1 blockade.

Analysis of Scgb1a1°¢/ Snap23f mice suggested that the club cell secretome was essential
in mediating efficacy of the combination treatment. To directly demonstrate the role of club
cell secretory factors, we individually expressed 8 club cell secretory proteins that constitute
the most significantly upregulated club-cell specific genes in response to 4Gy-RT (£ <0.05,
Fold change > 2) (Extended data Fig. 10a). These included SP-A, SP-B, SP-D, Haptoglobin,
Secretoglobin family proteins (1A member 1, 3A member 1, 3A member 2, and 1C member
1)30:31, Expression of each protein was confirmed by immunoblotting against the common
Flag tag (Extended data Fig. 10b). These proteins were pooled to generate a “club cocktail”.

We first determined the effect of the club cocktail in overcoming immunosuppressive
activity of myeloid-derived suppressor cells (MDSCs) (Extended data Fig. 10c). Activations
of the Janus kinase/Signal transducer and activator of transcription (Jak1/Stat3) and
MAPK pathways induced by GM-CSF/IL-6 are known to contribute to MDSCs expansion
and immunosuppressive functions®:56, HKP1 supernatant maintained the activation of
Jak1/Stat3 and MAPK pathways in MDSCs (Fig. 7a). In contrast to controls, MDSCs
treated with club cocktail (4ng/ml/factor) exhibited significantly lower levels of phosphor-
Jakl, Stat3, and Erk, recapitulating treatment with BALF-derived from HKP1 lungs that
received 4Gy-RT (Fig. 7a). Importantly, the impeded Jak1/Stat3 and MAPK signaling was
associated with the concomitant decrease in expression of downstream inflammatory and
immunosuppressive mediators, including Ptgs2, I/1b, Tnf, CD274, Arg1/2, NosZ, and /16
(Fig. 7b). Consistently, immunofluorescence staining confirmed that the club cocktail had
reduced the expression of Argl and iNOS in MDSCs (Extended data Fig. 10d).

These /n vitrofindings led us to investigate whether the club cocktail could mirror the effects
of 4Gy-RT in improving PD-1 blockade /n vivo. We intranasally administered club cocktail
(20ng/protein/mouse) to HKP1 mice per day for 3 days (Day 11-13) in combination with a-
PD-1 antibody (Fig. 8a). Remarkably, club cocktail treatment in combination with a-PD-1
antibody elicited significant tumor control and improved survival of HKP1 mice compared
to mock controls (Fig. 8b—c). Similar to 4Gy-RT, BALF analyses showed lower levels

of TNFa, PGEZ2, and IL-1p in club cocktail-treated mice compared to the controls (Fig.

8d). Finally, to determine if combination treatment of club cocktail and a-PD-1 antibody
resulted in durable anti-tumor immunity, we performed a tumor re-challenge experiment.
Indeed, the surviving mice cleared the tumor cells in lungs within 3-5 days compared to
naive controls (Extended data Fig. 10e). Together, these findings suggest that club secretory
proteins improve efficacy of PD-1 blockade by inhibiting immunosuppressive MDSCs and
enhancing T cell functions.
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Discussion

Methods

Animals.

Our observations are consistent with the prevailing notion that RT in combination with

ICI elicits anti-tumor responses®’—39. Importantly, our study offers a mechanism by which
radiation induced secretome of lung resident Scgb1al+ club cells enhance the therapeutic
efficacy of ICIl in NSCLC. Growing evidence suggests that an immunosuppressive
microenvironment associated with tumor-promoting inflammation constitutes a major
barrier to the success of cancer immunotherapy6%-62, and targeting inflammation to improve
the efficacy of ICI has been proposed®3:64. Consistent with the reported anti-inflammatory
role of club cells in allergy, asthma, and COPD49:65, we show an intriguing role of RT-
activated club secretory proteins that counteract multiple immunosuppressive mediators in
NSCLC and enhance adaptive anti-tumor immunities.

Insights from our studies have marked potential for clinical translation. Currently, there

is a lack of a standard to translate RT dose from animal models to human and vice

versa, due to the species-specific radiation sensitivity, difference in target volumes, etc86:67,
However, our study suggests that future human NSCLC clinical trials should consider
optimizing RT dose that can effectively mediate activation of lung resident club cells.
Currently, there is a lack of pharmacological or genetic approaches to activate club cells
without compromising the integrity of lung epithelia. The demonstration that administration
of the club cocktail enhanced the efficacy of ICI has immense potential in developing

these factors as therapeutic modalities in NSCLC. Further development necessitates to
determine the optimal composition of the secretory factors that elicit robust therapeutic
benefit. Importantly, the finding that SBRT increased CC10 levels in NSCLC patients

who responded to neoadjuvant SBRT+ICI treatment suggests that RT-induced club cell
secreted factors in the plasma may have the potential to serve as non-invasive biomarkers
of response/no response to SBRT/ICI treatment. In summary, insights from our studies
have the potential to inform future clinical trials in maximizing the effectiveness of the
radiation-immunotherapy combination to increase pathological response rates and improve
survival in NSCLC.

All animal related work was conducted following protocols and ethical guidelines
approved by the Institutional Animal Care and Use Committee at Weill Cornell Medicine.
Wild type C57BL/6 mice, Scgblal-CreER™ (CC10-Cre, Stock# 016225), ROSA26iDTR
(Stock# 007900) were obtained from The Jackson Laboratory (Bar Harbor, Maine). The
Snap23flox/flox moyse was a kind gift from Dr. Jeffrey E. Pessin at Albert Einstein
College of Medicine, Bronx, New York, USA. Double transgenic mice were generated by
breeding specific strains. Genotyping for each transgenic line was performed following
the standardized protocols as described by the Jackson Laboratory. Genotyping for
Snap23f1ox/flox mouyse was performed as reported by Dr. Jeffrey E. Pessin®2. Experimental
cohorts were age- and sex-matched. Wild type controls (Scgbl&™1Snap23™) for Scgbld"®/
Snap23VT were littermates from the same breeding cages with wild type genotype for
Snap23 gene.
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HKP1 and CMT-167 cancer models.

HKP1 lung cancer cells expressing mCherry-Luciferase were derived from spontaneous
Krasl-SL-G12D/+. n53flox/flox (Kp) as described previously?!, and orthotopic tumors in the
lungs were generated via tail vein injection of 1.5 x10° HKP1 cells in 100 pL of sterile
PBS into 8-week-old female C57BL6/J mice. CMT-167 (Sigma Cat# 10032302, 8x10°
cells/mouse) cells expressing mCherry-Luciferase were used to generate orthotopic lung
tumors as described®. To generate flank tumor, 6x10° HKP1 cells in serum-free DMEM
media were injected subcutaneously to 8-week-old female C57BL6/J mice. The progression
of tumors in the lungs was monitored by bioluminescent imaging (BLI) every 4-5 days.
Briefly, mice were anesthetized with isoflurane and administered 75mg/kg D-luciferin
(Promega) retro-orbitally. Images were taken on the Xenogen IVIS system coupled with
analysis software (Living Image; Xenogen). For BLI plots, photon counts were calculated
for each mouse by using the same circular region of interest encompassing the thorax of the
mouse. The maximal tumour size is 2cm in diameter as permitted by ACUC committee at
WCM, which was not exceeded.

Animal treatments.

On day 6 post-administration of HKP1 cells, BLI data were collected and mice were
grouped such that each treatment cohort possessed similar mean tumor burdens. Cohorts

of mice were treated with anti-PD-1 (clone RMP1-14, BioXCell, Supp. Table 3) or 1gG2a
control (clone 2A3, BioXCell, Supp. Table 3) (250 pg/mouse, i.p.) antibodies at days 6,

10, 13, and 17. For radiation therapy (RT), mice were anaesthetized for the duration of
treatment. Before RT, CBCT using 60 kVp and 0.8 mA photons was performed on mouse
to visualize the lung. Mice were irradiated using a 55 mm collimator with three beams.
The setting for each beam were Couch at 90, 0, and 0 degree, Gantry at —26, 6 and

-174 degree, respectively. The Small Animal Radiation Research Platform (SARRP) Dose
Planning System (Xstrahl, USA) was used to precisely target the left lobe. RT with different
doses (0, 0.5, 4, or 8 Gy) for 3 consecutive days from day 10 to 12. Molecular analyses
following RT were performed at 24 to 48 hours after the last day of RT (described as Day1)
or 7 days after the last Day of RT (described as Day7). For depletion of the club cells, mice
were treated with naphthalene (200mg/kg in corn oil, 7.p.) one day before receiving RT, or
with 2 doses of diphtheria toxin (600ng/mouse, Zp.) at day 8 and 9. To induce Cre activity
in the Scgb1a1C¢/RosalPTR and Scgb1a1Cel Snap2Ff mice, Tamoxifen (2 mg/20g in corn
oil) was administrated via 7.p. for 5 days as indicated. Club cocktail containing 8 club
secretory proteins (20ng/protein) was prepared before treatment, and 25ul was administered
intranasally per day for 3 days (Day 11-13). Tumor growth was monitored by BLI every 4-5
days. The HKP1 tumor-bearing lungs were collected at different time points as indicated for
IF, flow cytometry, RNA-Seq, sc RNA-seq analyses.

Tissue processing, Immunofluorescence, and Microscopy.

Tissues were fixed in 4% paraformaldehyde overnight, followed by desiccation in 30%
sucrose for 2 days. Serial sections (10-20 um) were prepared from O.C.T. embedded blocks.
Immunofluorescent staining was performed following standard protocols. Antibodies were
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listed in the following table. Fluorescent images were obtained using a Zeiss fluorescent
microscope (Axiovert 200M) fitted with an apotome and an HRM camera.

Flow cytometry.

For T cell assays, tissues were grinded mechanically and stimulated with ionomycin and
PMA as described previously22. For club cell assays, lungs were minced and digested

in a collagenase IV (1 mg/mL), hyaluronidase (50 units/mL), and DNase | (0.1 mg/mL)

in Hank’s Balanced Salt Solution containing calcium (HBSS, Gibco) at 37°C for 20-30
minutes on a rotator. Tissue digestion was terminated by adding cold DMEM/F12 media
containing 10% FBS (1:10 dilution). Single cell suspension was prepared by passing through
a 70 um cell strainer, followed by a red blood cell lysis. Cells were then washed twice with
FACS buffer and stained with various antibodies (Supp Table 3) against surface markers on
ice for 45 minutes. For internal staining, cells were further fixed in fixation/permeabilization
buffer (eBioscience) at 4°C for 30 mins, followed by 2 washes with permeabilization buffer
(eBioscience) and incubation with internal antibody in permeabilization buffer for 30 min on
ice. Stained cells were washed once with permeabilization buffer and suspended in PBS for
analysis. Samples were analyzed via LSRII flow cytometer (BD Biosciences) and FlowJo 10
software (FlowJo, LLC).

Enzyme-linked immunosorbent assay (ELISA).

BALF samples from mice, patients’ sera and supernatants were collected and stored at —80
°C until analyses. Plasma samples were diluted with PBS (10x) prior to ELISA. ELISA was
performed according to the manufacturer’s instructions. Briefly, the plates were coated with
capture antibody at 4 °C overnight. The coated plate was then blocked with assay diluent for
1h at room temperature (RT), followed by sample incubation for 2 h, and detection antibody
for 2 h. Avidin-HRP and TMB substrate were employed for the detection of the signal.

The reaction was terminated with the Stop solution. The plates were read for absorbance at
450 nm with 570nm as the referring wavelength within 30 min. ELISA kits were purchased
from various merchants as listed below: mouse CC10/CC16 (MyBiosource.inc), Human
Uteroglobin DuoSet Elisa, mouse IL-1beta and mouse TNF-alpha (R&D system), mouse
PGE2 (Enzo Life Sciences).

RNA-sequencing analysis.

Total RNA extracted from the bulk lung tissue from animals with the RNeasy plus

Kit (Qiagen). RNA-Seq libraries were constructed and sequenced following protocols of
TruSeq Stranded mRNA Library Preparation (Poly-A selection and Stranded RNA-Seq,
Illumina) at the Genomics and Epigenetics Core Facility of WCM. RNA-seq data were
analyzed with customized Partek Flow software (Partek Inc). In brief, the RNA-seq data
were aligned to the mouse transcriptome reference (mm10) by STAR after pre-alignment
QA/QC control. Quantification of gene expression was performed with the annotation model
(PartekE/M), and normalized to counts per million (CPM). Differential gene expression was
performed with Gene Specific Analysis (GSA) algorithm, which applied multiple statistical
models to each individual gene to account for each gene’s varying response to different
experimental factors and different data distribution. Multiple test correction based on FDR
step-up was included in the algorithm. For heatmap visualizations, Z scores were calculated

Nat Cancer. Author manuscript; available in PMC 2022 March 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ban et al.

Page 11

based on normalized per-gene counts. Gene Set Enrichment Assay (GSEA) was performed
using software from http://www.broad.mit.edu/gsea with weighted enrichment statistic and
Signal2Noise method (Metric for ranking genes). The specific gene sets of lung cells were
obtained from LUNGENS (https://research.cchmc.org/pbge/lunggens/).

Single-cell RNA-sequencing (scRNA-seq) analysis.

Single-cell suspension was prepared following protocols from 10X Genomics. CD45~ and
CD45* cells were sorted by flow cytometry and cells with >70% viability were submitted
for sc-RNAseq. Single cell libraries were generated using 10X Genomics Chromium Single-
cell 3" Library RNA-Seq Assays protocols and ~6,000 cells from each fraction were
sequenced on the NovaSeq sequencer (Illumina). The scRNA-seq data were analyzed with
the custom Partek Flow software (Partek Inc), utilizing the Seurat R package®8. The raw
sequencing data were aligned to the mouse transcriptome reference (mmZ10) by STAR

after Triming the tag sequences. The deduplication of UMIs, filtering of noise signals, and
quantification of cell barcodes were performed to generate the single cell counts data of each
sample. Single-cell QA/QC was then controlled by the total number of genes (< ~6,000),
UMIs (< ~40,000), and the percentage of mitochondria genes (< 10%) according to each
sample. The top 10-15 principal components (PC) were used for tSNE/UMAP visualization.
The GSA and ANOVA analyses that were embedded in the Partek Flow software were used
for differential gene analysis, and cluster features gene identification.

Data availability.

Bulk RNA-sequencing and single-cell RNA-sequencing data that support the findings of
this study have been deposited in the Gene Expression Omnibus (GEO) under accession
code GSE157883. Source data have been provided as Source Data files. All other data
supporting the findings of this study are available from the corresponding author on
reasonable request.

Club cell cocktail.

Expression constructs ()CMV6-entry vector) containing Sfipal, Sfipb, Sfipd, Hp, Scgblal,
Scgb3al, Scgb3a2, Scgblcl, and control empty vector were obtained from ORIGENE.
HEK?293T cells were transfected with the individual plasmids using calcium phosphate
transfection method. 12hr post-transfection, HEK293T cells were gently washed with
warm PBS, and then kept in serum-free, phenol red-free DMEM media with 2mM
L-glutamine. Supernatants of transfected HEK293T cells were collected at 48hr and

72hr after transfection. The supernatants from 2 time points were combined and filtered
through 0.45uM pore-sized membrane (VWR). To remove the non-target proteins with
high molecular weights and non-target molecules with low molecular weights, the
supernatants were further subject to centrifugation-filtration through cellulose membrane
with molecular weight cut-off of 50KD and 3KD sequentially (Ultracel-50 and Ultrcel-3.
Millipore Sigma). Western blots against Flag (the common tag of expressed secretory club
proteins) were performed to evaluate the expression and concentration of each protein

in the post-centrifugation supernatants (Extended data Fig. 10b). ELISA was performed
to determine the concentration of CC10. The concentrations of the other proteins were
calculated by comparing intensities of their western bands with CC10 band on the same
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western membrane (ImageJ). Supernatant collected from HEK293T cells transfected with an
empty pCMV6-entry vector was also collected and subjected to same processes applied to
supernatants containing club secretory proteins.

MDSC generation from bone marrow cells.

Bone marrow aspirates from C57B/6 mice were processed for RBC lysis and single cell
suspension. 1.5x108 cells were plated into 10 cm petri dishes with recombinant mouse
GM-CSF (40ng/mL) and mouse IL-6 (40ng/mL) in DMEM with 10% FBS for 5 days
(Extended data Fig. 10c)%°. The generation of MDSCs was confirmed by flow cytometry
analysis of CD11b and Grl markers. For downstream assays, MDSCs were re-plated at
1.5x10°/well, followed by treatments as indicated.

Western blot analysis.

For expressed club secretory proteins, 1L of each concentrated supernatant was mixed

with 10uL western lysis buffer. Antibodies used in the experiment are listed in Supp

Table 3. For evaluating signaling transduction in MDSCs, 24hrs after treatments as
indicated, MDSCs was washed with ice-old PBS and immediately lysed with western lysis
buffer containing phosphatase-inhibitors (Pierce phosphatase inhibitor tablet, ThermoFisher
Scientific). Western samples were boiled for 5min and loaded to 4-15% gradient SDS-PAGE
gel. Standard Western blotting was subsequently performed.

RT-PCR analysis:

Total RNA was extracted using the RNeasy plus Kit (Qiagen) and converted to cDNA using
gScriptTM_cDNA_SuperMix (Quanta Biosciences). PCR was performed with primers and
iQTM SYBER Green master mix on a CFX96 System (Bio-Rad) by a standardized protocol.

Primers used for specific genes are listed in Supp Table 4.

Patient samples.

Patient samples from the neoadjuvant clinical trial (NCT02904954) of SBRT and ICI were
obtained using Thoracic Surgery Biobank Protocol (#1008011221) under the Institutional
Review Board approval at WMC. Patient identity remained anonymous in this study. Whole
blood was drawn both before and 1 day after the last dose of RT. Plasma was collected via
Ficoll gradient centrifugation and stored at —80°C until analysis.

Statistics and Reproducibility.

For experiments, no statistical method was used to predetermine sample size. The
Investigators were not blinded to allocation during experiments and outcome assessment,

or otherwise stated. The statistics analyses were performed by using the GraphPad Prism.
Pvalues of less than 0.05 were considered significant. In Fig. 6e, a fold change of 1.00736
was identified as an optimal separator of responders and non-responders with the minimized
average adjustment being only 0.033039. The fold-change separator was calculated through
an optimization scheme (modified support vector machine). The objective was to minimize
the total lateral adjustment needed for the original fold changes to fall into their designated
halves.
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Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Extended Data

a CD8 E-Cadherin CD8/E-Cadherin/DAPI
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e

SSC
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Extended Data Fig. 1. Representative tiled immunofluor escent images of HK P1 lungs.
1a, Stitched microscopy images (10x) showing impact of 4Gy-RT on the infiltration of

CD8* T cells in tumor islets 1 day after last dose of RT. Tiled images (1.6mm x 1.6mm)

are shown. CD8 (Green) and E-cadherin (Red) were stained. Tumor (T) and Adjacent lung
tissue (A) are separated by dashed lines. n=9 sections from 4 mice/treatment were evaluated.
1b. Example of gating strategy of flow cytometric analyses of T cells. Flow plots were
sequentially gated as cells, single cells, CD3™" cells, CD4* or CD8; in CD4" or CD8*
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sub-gate, cytokine* cells were gated based on unstained controls, followed by applying same
gates to all the samples. This gating strategy was employed for Fig.2b—2f, Fig.4c (middle
and right panels), Fig.5¢ (middle and right panels), Extended Data Fig.2e, Extended Data
Fig.3c, Extended Data Fig.6d and Extended Data Fig.8d.
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Extended Data Fig. 2. FTY 720 abrogated immune-activating responses induced by 4Gy-RT.
a, Histogram plots (right) and quantitation (left) showing an increase in % CD3* T cells in

HKP1-bearing lungs in comparison to naive lungs. Representative of n=3 individual mice
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b, Cytokine production (IFNy and TNFa) by CD4* T cells in TME at Day 7,13, and 21
after tumor implantation. Representative of n=3 lungs. ¢, Treatment and analysis scheme

for HKP1 mice. d, Quantification of circulating T cells. Blood samples were obtained via
submandibular bleeding, and lymph nodes collected from same mice served as controls. Cell
counts/100,000 single flow events. Representative of n=3 mice. Unpaired two-tailed Student
ttest, **** < 0.0001. e, Flow cytometric analyses of cytokine productions by T cells.

Right, representative flow cytometric plots/histogram. Left, quantitation of % cytokine+

T cells in the HKP1 lungs. Representative of n=3 lungs. One-way ANOVA with Sidak
multicomparison, **** A< 0.0001. f, Tumor growth curves of mouse cohorts treated with
PBS or FTY720 as indicated. All the mice (n=5) in f were also received 4 Gy-RT and
a-PD-1 antibody. Two-way ANOVA with Sidak’s post-hoc test. **** /A< 0.0001.
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Extended Data Fig. 3. Sustained effector phenotypesof T cellsafter combination treatment.
a, Histograms of PD-1 expression by cytokine™ vs. cytokine™ T cells (left: CD4* and right:

CD8*) in HKP1-bearing lungs.

Representative of n=5 mice. b, Representative Immunofluorescent images of HKP1 lungs
showing infiltration of CD8* T cells into tumor islets at Day7 post-RT in combination with
IgG or a-PD1 antibody. CD8 (Green) and Ecadherin (Red) were stained. Tumor (T) and
Adjacent lung tissue (A) are separated by dashed lines. Scale bar: 20uM. n=9 sections from
3 mice/treatment.
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c, Flow cytometry plots showing the production of IFNy and TNFa by CD4* T cells (left)
and GzmB expression by CD8* T cells (right) in HKP1 lungs in response to therapies at
Day7 post-RT. Representative of n=5 mice. d, Flow cytometry analysis of central memory
T cells in lymphoid tissues. Spleen and tumor-draining lymph nodes were collected from
mice treated with mock, 4Gy-RT or 4Gy-RT in combination with a-PD1 antibody. Cells
were stained with a-CD44, a-CD62L and a-CCR7 antibodies for central memory T cells.
Upper:Flow events were gated sequentially as cells, single cells, CD3*, CD44*/CD62L*,

and CCR7*. Lower: Data presented as cell counts/100,000 single flow events.

Represetative of n=4 mice. **P=0.0039, ****P<0.0001. Two-way ANOVA with Tukey’s

post-hoc test.

0Gy 0.5Gy-RT

Cleaved caspase-3

Epcam

(x1000) FEE
& 109 |
o 2
< Q 8-
o ns
38
©2 6- I -
53 -
e = i
S3 |
o
55 27 0
© O ..1 ﬂﬁﬂﬁ
& 0 T | T
& & & &
RV S

Gated at Epcam/CD3/CD8a*/MHCII*

4Gy-RT

n 177

0Gy
» ] 172
e
=
" i ¥ 1. =2
: . ' ‘O_ * 4 - A\gl’
| e ] S~ & -
A 1 =~ 3 / O .4
e e e o ¥ =gy "¥‘<
[ » o » '
CD83 =iy MHCI e cD11C

Extended Data Fig. 4. 4Gy-RT elicited neither extensive tumor cell death nor increased cross-

presenting DCsin bronchial lymph nodes.
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a. Representative tiled immunofluorescent images of radiated HKP-1 lungs showing the
impact of various doses of RT on tumor cell death. Cleaved caspase-3 (white) and E-
cadherin* tumor islets (red) were stained. Scale Bar: 100uM. Right panel: quantification of
total fluorescence arear of cleaved caspase3. (n = 6 lung sections from 3 mice/treatment.
Data are mean £ SEM. ns: non-significant, **** P< 0.0001. One-way ANOVA with Sidak’s
post-hoc test.

b. Representative flow-cytometric plots showing the impact of 4Gy-RT on CD103* DCs

in bronchial lymph nodes (BrLNs). BrLNs were collected, processed to single cell
suspension, and stained with antibodies as indicated. Flow events were gated as cells, single
cells, Epcam~/CD3~, CD8a*, and MHCII*. Flow contour plots were representative of 2
independent experiments. Data are pooled sample from 3 mice/treatment.
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a. Merged 4Gy-RT signature genes (144 genes)
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Extended Data Fig. 5. Differential gene expression in the HKP1 lungs receiving various doses of
RT with or without a.-PD1 antibody.

a. 144 genes specifically upregulated by 4Gy-RT. b. Volcano plots showing genes
upregulated by 4Gy-RT when compared to 0Gy and 8Gy-RT in both the 1gG (left) and
a-PD1 antibody cohort (right) (A<0.01, Fold change=2, LSMean=5). c. RT-PCR analyses of
club cell feature genes. Different cellular compartments, immune (CD45%), tumor (cherry™),
club (EpcamM9"CD24!°W) and other stromal (CD45~Epcam™) cells were sorted by flow
cytometry. Expression of club cell feature genes (Scgblal, Scgb3al, Cyp2f2, Hp and
Scgb3a2) were analyzed by RT-PCR. CD45* cells served as control and was set as 1. Data
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are mean + SEM. n=4 mice.0Gy vs. 4Gy-RT (Relative expression in club cells): *~=0.0102
(Scgblal); **P=0.0036 (Scgblcl); *P=0.0328 (Cyp212); *P= 0.0492 (Hp); *P= 0.0156
(Scgb3a2).two-way ANOVA with Sidak’s post-hoc test.
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Extended Data Fig. 6. 4Gy-RT activates club cellsto mediate immune activation.
a, Flow cytometry analysis of club cells (CD45~/EpcamM/CC10*) in naive lungs after

different doses of RT. Flow events were gated sequentially as cells and single cells first as
described in Extended data Fig.1b. Representative of n = 5 mice. b, Club cell counts/100,000
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single cell events. n=5 mice, ****F< 0.0001, one-way ANOVA with Tukey’s post-hoc test.
c, Representative histograms showing the increased proliferation rate (Ki67%) of club cells

after 4Gy-RT.

Representative of n = 5 mice. d. Cytokine production by T cells in response to 4 Gy-RT
relied on club cells. Representative flow cytometry plots showing the IFNy*/TNFa*/CD4*
T cells and GzmB*/CD8* T cells upon 4Gy-RT in HKP1-bearing lungs of mice that were
pharmacologically (naphthalene) or genetically (DT) depleted of club cells. Representative
of n =4 mice. 0Gy- and vehicle-treated mice served as controls.
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Extended Data Fig. 7. 4Gy-RT enhances efficacy of PD-1 inhibition by activating club cells.
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a, Upper: schematic depicting treatment strategy. CMT-167bearing mice were treated

with IgG or a-PD1 antibody (0.1 mg/mouse, /7.p.) at day 11, 14, and 17. Mice also

received mock RT or 4Gy-RT at day 11,12 and 13. Lower: tumor growth curves of
CMT-167 mice described in upper panel. n=5 mice. 19G vs.4Gy-RT+ a-PD1: P=0.019;

1gG vs.a-PD1: NS; IgG v5.4Gy-RT: NS. two-way ANOVA with Tukey’s post-hoc test.

b, Upper: schematic depicting treatment strategy. CMT-167bearing mice were treated with
naphthalene (200mg/kg, i.p.) at Day 10 to deplete club cells before radiation. From Day11,
mice were treated as described in a. lower: tumor growth curves of CMT-167 mice described
in upper panel. Vehicle (n=5 mice) vs. naphthalene (n=4 mice): **/P=0.0031. Two way
ANOVA with Holm-Sidak’s multiple comparisons test.

c. Upper: schematic depicting treatment strategy. Mice bearing HKP1 subcutaneous tumor
were treated with IgG or aPD1 antibody (0.2 mg/mouse, 7p.) at day 14, 17, and 21. Mice
also received mock RT or 4Gy-RT at day 14,15 and 16. Lower: tumor growth curves of
HKP-1 mice described in upper panel. Data are mean + SEM. n=5 mice. a-PD1 vs5.4Gy-
RT+ a-PD1: P=0.99, ns, non-significant. Two-way ANOVA with Tukey’s post-hoc test.

d, HKP1 subcutaneous tumor weights. HKP1 subcutaneous tumors were dissected at Day30.
Data are mean + SEM. 1gG and 4Gy-RT: n=4; a-PD1 and 4Gy-RT+a-PD1: n=5 mice. a-
PD1 vs.4Gy-RT+a-PD1: P=0.99(ns). One way ANOVA with Sidak’s multiple comparison
test.
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Extended Data Fig. 8. Analyses of radiationactivated club cellsand therole of their secretion.
a, Flow cytometry sorting strategy of club cells. Single cell suspensions were prepared

from HKP1-bearing lungs of animals treated with or without 4Gy-RT. Flow events were
gated sequentially as cells and single cells as described in Extended data Fig. 1b. Club cells
(EpcamMigh/CD241oW) were sorted by flow cytometry.

b, Representative electron microscopy images of club cells, n= 29 cells. Significant increase
of secreting vesicles were observed in 4Gy-RT treated-club cells when compared to 0Gy
control. Scale bar, 2uM.

¢, Lung sections stained for Ecadherin (red) and CC10 (yellow), or Haemotoxylin and Eosin
(H&E). Representative images of n=10 sections from 3 mice/treatment.

d. Cytokine production by T cells in response to 4Gy-RT relies on the secretory function

of club cells. Representative flow cytometry plots showing IFNy*/TNFa*/CD4* T cells and
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GzmB*/CD8* T cells in 0Gy- or 4Gy-RT-treated HKP1 lungs of Snap23-wtand Snap23-fl/fl
mice. Representative of n = 6 mice.
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Extended Data Fig. 9. The t-SNE plots of sScRNA-seq of HK P1-bearing lungs.
The mean expression values of the genes encoding inflammatory and immunosuppressive

mediators are highlighted in various cell clusters. (data are pooled samples from 4 mice).
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Extended Data Fig. 10. Expression of club secretory proteinsand evaluation of their
immunomodulatory functions.

a. RNA-seq heatmap showing the top 8 candidate genes. RNAseq analyses of HKP1 lungs
treated with RT or RT combined with a-PD1 antibody (each sample pooled from 3 mice,
5-6 samples/RT dose).Top genes upregulated specifically by 4Gy-RT (compared to 0Gy
and 8Gy-RT) and encoding club secretory proteins were showed in the heatmap (two-sided
adjusted P value <0.05, Fold change = 2).

b. Western blot analyses of 8 secretory club proteins. HEK293T cells were transfected
individually with pCMV6 plasmid containing cDNA of Sfipad, Sfipal, Sfipb, Hp, Scgblal,
Scgb3al, Scgb3az, and Scgblcl. 2uL of concentrated supernatant were subject to
immunoblotting against their common Flag tag. Representative of n = 3 independent
experiment.
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¢. Schematic depicting MDSC culture and treatment strategies.

d. Suppression of secretory club proteins on expression of Argl and iNOS in MDSCs.
Representative IF images of Argl (left) and iNOS (right) of MDSCs treated with GM-CSF/
IL-6 (positive control), PBS (negative control) or HKP1 supernatant with mock or club
cocktail. n=3 field of 2 independent experiments, Scale Bar: 50uM.

e. Tumor growth curves of mice which had survived HKP1 tumor upon the combination
therapy of club cocktail and aPD1 antibody. Naive mice served as controls. n=3 mice.
*xk p().0001. Two-way ANOVA Sidak’s multiple comparisons test.
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Figure 1. A specific dose of RT enhances efficacy of PD-1 inhibition in HKP1 NSCL C model.
a, Schematic depicting treatment strategy of HKP1 mice. HKP1-bearing mice were treated

with either IgG or a-PD1 antibody (0.25 mg/mouse, 7p.) at day 6, 10, 13, and 17. Mice also
received different hypofractionated doses of RT (0, 0.5, 4 or 8Gy) for 3 consecutive days

(day 10-12).

b, Representative bioluminescent images (BLIs) of HKP1 mice (n=10) treated with O or
4Gy-RT in combination with IgG or a-PD1 antibody.,
¢, Tumor growth curves of HKP1 mice (n=10) treated with indicated regimens., 19G vs.4Gy-
RT, P=0.95, non-significant (ns); 1gG vs.a-PD1, *P=0.0173; a-PD1 vs. a-PD1+4Gy-RT;
*P=0.048, two-way ANOVA with Tukey’s post-hoc test.
d, Kaplan-Meier survival curves of HKP1 mice (n=10) receiving treatments as indicated.
19G vs.4Gy-RT: P=0.0936, non-significant (ns); 19G vs.a-PD1: **P=0.0027; IgG vs.a-
PD1+4Gy-RT: ****P < (0.0001, Two-tailed logrank test with Bonferroni method.

e, Tumor growth curves of HKP1 mice (n=10) treated with indicated regimens. Data are
mean + SEM. 0 vs. 0.5 or 8Gy-RT in IgG cohort, 2>0.34; in a-PD1 cohort, £~>0.88. ns,
non-significant. Two-way ANOVA with Tukey’s post-hoc test.
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f, Kaplan-Meier survival curves of HKP1 mice (n=10) receiving treatments described in e.
0vs 0.5 or 8Gy-RT in IgG cohort, 2>0.15; in a-PD1 cohort, 2>0.87, ns, non-significant.
Two-tailed logrank test with Bonferroni method.
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Figure 2. 4Gy-RT increases T cell infiltration and activation in HK P1-bearing lungs.
a, Representative immunofluorescent images of HKP1-bearing lungs (n=9 tissue sections

from 4 mice) showing the impact of various doses of RT alone on the infiltration of CD8* T
cells (Green) into E-cadherin™ tumor islets (Red) Tumor (T) and adjacent lung tissue (A) are
separated by a dotted line. Right panel: quantification of CD8* T cells in tumor islets. Cell
counts/field were evaluated. Scale Bar: 20uM. Data are mean £ SEM. 0Gy vs. 0.5Gy-RT,
P=0.9781; 0Gy vs. 4Gy-RT, ****p<0.0001; 0Gy vs. 8Gy-RT, £=0.8443. One-way ANOVA
with Tukey’s post-hoc test.
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b, Flow cytometry analysis of IFNy and TNFa expression by CD4* T cells in HKP1-
bearing lungs after treatment with various doses of RT. Right panel: quantification of
IFNy*/TNFa*/CD4* T cells. n=5 tumor-bearing lungs. 0Gy vs. 0.5Gy-RT, P=0.5539; 0Gy
vs. 4Gy-RT, ****p<0.0001; 0Gy vs. 8Gy-RT, P=0.9978.

¢, Flow cytometry analysis of GzmB and PD1 expression by CD8* T cells in HKP1-bearing
lungs after treatment with various doses of RT. Right panel, quantification of GzmB*/
CD8* T cells. n=5 tumor-bearing lungs. 0Gy vs. 0.5Gy-RT, P=0.6599; 0Gy vs. 4Gy-RT,
**%%P<0.0001; 0Gy vs. 8Gy-RT, #*P=0.0239.

d, Quantification of the infiltrated CD8" T cells (left, Dayl 4Gy-RT:n=9 lung sections

and Day7 4Gy-RT:n=10 lung sections, ****/<0.0001), IFNy*/TNFa*/CD4* (middle, n=5
tumor-bearing lungs, ****P<0.0001), and GzmB*/CD8* T cells (right, n=5 tumor-bearing
lungs, ****P<0.0001) in HKP1 lungs at Day 1 and Day 7 after OGy or 4Gy-RT.

e, Ki67 mean fluorescence intensity (MFI) of cytokine™ T cells in HKP1 lungs treated with
1gG, 1gG+4Gy-RT, a-PD1 or a-PD1+4Gy-RT at Day 7 post-RT. n= 6 tumor-bearing lungs.
***x Pc().0001. One-way ANOVA with Tukey’s post-hoc test.

f, Quantification of infiltrated CD8" T cells (left, Dayl 4Gy-RT:n=10 lung sections and
Day7 4Gy-RT:n=11 lung sections, ****/<0.0001), IFNy*/TNFa*/CD4* T cells (middle,
n=7 tumor-bearing lungs, ****P<0.0001), and GzmB*/CD8* T cells (right, n=7 tumor-
bearing lungs, ****P<0.0001) in HKP1 lungs treated with 1gG, 1gG+4Gy-RT, a-PD1 or
a-PD1+4Gy-RT at Day 7 post-RT.

2b-d and 2f: Quantification were performed using cytokine™ T cell % of total single cells of
HKP1-bearing lung, Data are mean + SEM. One-way ANOVA with Tukey’s post-hoc test.
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Figure 3. 4Gy-RT activates club cellsin the lung microenvironment.
a, RNA-seq analyses HKP1 lungs treated with RT or RT in combination with a-PD1

antibody (each sample pooled from 3 individual mice, 5 samples for 0Gy and 4Gy-RT

0 4 8 (Qy)

group, 6 samples for 8Gy-RT group). Genes upregulated specifically by 4Gy-RT (compared
to 0Gy and 8Gy-RT) were identified in the 1gG or a-PD1 cohort (two-sided adjusted P value

<0.01, Fold change = 2, LSMean = 5). The overlapped 144 upregulated genes from two
cohorts are highlighted in the heatmap (lower panel).

b, The £SNE plot of sScRNA-seq of 0Gy- and 4Gy-RT-treated HKP1 mice (lung samples
pooled from 4 mice/group). The mean expression values of the 144 signature genes are
highlighted in various cell clusters.

¢, GSEA showing enrichment of club cell signature genes in the 4Gy-RT as compared to

the O0Gy and 8Gy-RT groups (n was same as described in 3a). The Nominal P value is not

adjusted for gene set size or multiple hypothesis testing.

d, Flow cytometry analysis of club cells (CD45~/mCherry~/CC10*/Epcamf) in HKP1-lungs

treated with 4Gy-RT. Percentages of club cells and their proliferation rates (Ki67* cells)
shown (n=4 mice).

are

e, Representative Immunofluorescent images of n= 6 lung sections from 3 mice treated by
different doses of RT as indicated. Club cells were stained with Ecadherin (Ecad) and CC10.

Quantification was performed with mean fluorescence intensity (MFI). Scale Bar: 20uM
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right panel, data are mean + SEM. ****/<0.0001, One-way ANOVA with Tukey’s post-hoc
test.
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Figure 4. Club cells contribute to the efficacy of the combination treatment.
a, Schematic depicting club cell depletion strategies. As a pharmacological approach

(Upper), HKP1 mice were treated with naphthalene (NP, 200mg/kg, i.p) at Day 9 post-tumor
implantation. As a genetic approach (Lower), Scgb1a1C"/iDTR mice with HKP1 tumors
were treated with Tamoxifen (Tam, 2mg/mouse, i.p.) for 5 consecutive days (Day 3-7),
followed by 2 doses of Diphtheria toxin (DT, day 8-9). Animals also received 4Gy-RT with
or without a-PD1 antibody treatment as illustrated.

b, Representative immunofluorescent images (20x) of n=10 lung sections from 3 mice pre-
vs. post- club cell depletion. CC10* cells are shown at 24hr and 48hr post-treatment.. Scale
Bar: 20 uM.

¢, Quantification of the infiltrated CD8" T cells (left, n=6 sections from 3 mice/treatment),
IFNy*/TNFa*/CD4* T cells (middle, n=4 tumor-bearing lungs) and GzmB* CD8* T cells
(right, n=4 tumor-bearing lungs) in HKP1 lungs with or without club cells at 1 day after
4Gy-RT. middle and right: Cytokine* T cell % of total single cells of HKP1-bearing lungs.
Data are mean £ SEM. ****p<(0.0001, One—-way ANOVA with Tukey’s post-hoc test; ns,
non-significant.
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d, Tumor growth curves showing responses to the combination therapy in mice with or
without club cells. (Upper: pharmacological depletion; lower: genetic depletion). Cont
vs.NP, n=5 mice, **P=0.0055; Cont v5.DT, n=5 mice, ****/£<0.0001, two-way ANOVA
with Sidak’s test.
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Figure5. Club cell secretome contributesto the efficacy of the combination treatment.
a, Experimental schema for timely and selective knockout of Snap23 gene in club cells.

HKP1 mice Scgbla1C"®/Snap23M mice were treated with tamoxifen (Tam, 2mg/mouse,
i.p.) for 5 consecutive (Day 5-9) days. All animals in d also received 4Gy-RT + a-PD1
antibody treatment. Scgb1a1C"/Snap23™t littermates served as controls.

b, ELISA of CC10 in BALF collected at 1 day after 4 Gy-RT from Scgb1a1C"¢/ Snap23™t
and Scgb1a1c"®/ Snap23T mice. Naive and HKP1-bearing C57BL/6 mice with or without
4Gy-RT served as controls. Naive, n=5 mice; HKP1, n=8 mice, Scgblal‘"¢/Snap23~tor /il
n=6 mice. ****pP<0.0001; ns, non-significant, £~>0.99. one-way ANOVA with Tukey’s post-
hoc test.

¢, Quantification of the infiltrated CD8* T cells, IFNg*/TNFa* CD4* and GzmB*/CD8* T
cells in HKP1 lungs of Scgb1aIC"/ Snap23"t (wt control) or Scgb1a1c"e/ Snap23T mice at
1 day after 4Gy-RT or mock treatment (0Gy). Data are mean £ SEM. n=6 tumor-bearing
lungs, ****P<0.0001, ns, non-significant, 7>0.94. one-way ANOVA with Tukey’s post-hoc
test.
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d, BLIs and tumor growth curves showing the impact of club secretome deficiency
on responses to the combination therapy. Scgb1a1C"/Snap23't :n=6 mice; Scgblal®"®/
Snap23M :n=7 mice *P=0.0408. Two-way ANOVA with Sidak’s post-hoc test.
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Figure 6. Club cells contribute to the immune landscape in HKP1 mice treated with combination
therapy.
a, Left, UMAP depicting discrete clusters of CD45* cells from PBS-(Cont) or diphtheria

toxin (DT)- treated Scgb2aI°"¢/iDTR HKP1 mice. Both groups received the combination
therapy. Subpopulations of myeloid-derived suppressor cells (MDSCs), Tumor-associated
macrophages (TAMs) and other myeloid cells, T cells (T), B cells (B), Natural Killer cells
(NK) are indicated. Each sample was pooled from 4 mice/group. Right, Quantification of

Nat Cancer. Author manuscript; available in PMC 2022 March 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ban et al.

Page 42

the myeloid- and lymphoid-lineage cells as percentage of the total CD45" cells. Numbers
indicate the ratio of Mye/Lymph.

b, Upper, UMAP of the myeloid cell populations from mice described in a. Lower, the
differential expression of inflammation-related genes (//16, Ptgs2, Tnf, and Cd274) in the
myeloid compartment (n=2396 cells for cont, and n=3124 cells for DT treated sample).
Center lines of box plots denote median values. Top whiskers denote 90% percentile; bottom
whiskers denote 10% percentile. A< 0.0001, unpaired two-tailed Student #test.

¢, Upper, £SNE plots showing the graph-based classification of T cells from mice described
in a. Lower, Heatmap showing feature genes of each T clusters. Of note, C5 (Teff)
predominantly expresses the effector cytokines and T cell activation markers; C8 (Treg)
shows high expression of Treg markers; and C9 (Tpro) expresses effector cytokines and
Ki67. Differentially-expressed genes in each T cluster are highlighted in black boxes.

d, ELISA of inflammatory factors (IL-1p, PGE2 and TNFa) in the BALF. BALF were
collected at Day 14 after tumor implantation from mice with or without 4Gy-RT and

with or without functional club cells as indicated. Naive: n=5 mice; HKP1-bearing: n=9
mice; Scgblal®®/[iDTR: n=4 mice; Scgb1aI®™®/ Snap23+ o f. n=9 mice for IL-1p and
TNFa, n=12 mice for PGE2. HKP1-bearing 0Gy vs. 4Gy-RT: ***£=0.0001 (IL-1p),
**P=0.0023 (PGE2) and *P=0.0206 (TNFa); Scgb1a1®®/iDTR Cont vs. DT, *~=0.0166
(IL-1B), *P=0.0159 (PGE2) and *P=0.0363 (TNFa); Scgblal®"®/Snap23" vs.Scgblal®"®/
Snap23 | *#++p=0,0008(IL-1pB), ***P=0.0001 (PGE2) and *P=0.0264 (TNFa). One-way
ANOVA with Sidak’s post-hoc test.

e, ELISA of CC10 in patients’ plasma. NSCLC patient’s blood was collected pre- and 1

day post-radiation. CC10 concentrations in plasma from the same patient were compared
and correlated with pathological responses. Patients’plasma showing significant increases
are highlighted in red, significant decreases are highlighted in blue. The paired fold changes,
non-responders vs. responders, £=0.0301, unpaired two-tailed Student #test. Non-responder:
n=9 plasma samples. Responder: n=8 plasma samples.
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Figure 7. Club secretory proteinsreduce immunosuppressive functions of MDSCs.
a. Western blot analyses of Jak-Stat and Ras/MAPK signaling in MDSCs in response to

club secretory proteins. BM-derived MDSCs were treated with GM-CSF/IL-6 (positive
control), PBS (negative control), HKP1 supernatant with and without Club cocktail, or
BALF collected from 0Gy- or 4Gy-RT-treated HKP1 lungs. a representative blot of n = 2
independent repeats with similar results.
b. RT-PCR analyses of MDSC immunosuppressive and inflammatory mediators. MDSCs
were treated as described in a. n=3 independent experiments. Data are mean + SEM.
one-way ANOVA with Sidak’s post-hoc test. For 0Gy vs. 4Gy-RT comparison: **P=0.0055
(/11b); ***P < 0.0001 (Ptgs2); ***P=0.0008 (7nf); ***P=0.0004 (Cd274); P=0.47 (Argl);
***p=0.0002 (Arg2); ***P=0.0007 (Nos2); P=0.44 (/16). For cont vs. club cocktail
comparison: ***£=0.0003 (//1b); **P=0.0026 (Ptgs2); **P= 0.0045 ( 7Tnf); *P= 0.031
(Cd274); ***P=0.0002 (Argl); ***P=0.0008 (Arg2); **P=0.0014 (Nos2); ***P=0.0007
(Nos2); **P=0.0069 (//6).
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Figure 8. Intranasal administration of club cocktail improves therapeutic efficacy of a-PD-1
antibody in vivo.

a. Schematic depicting treatment strategies. HKP1-bearing mice were treated with a-PD1
antibody (0.25mg/mouse, 7.p.) at day 6, 10, 14, and 17. Mice also intranasally received a
mock control or the club cocktail at day 11, 12 and 13, 20ng/protein/mouse.

b, Reduced tumor burden in mice receiving club cocktail. Left : Bioluminescent images
(BLIs) of HKP1 mice treated with a-PD-1+Cont (n=9 mice) or a-PD-1+ Club Cocktail
(n=10 mice). Right: tumor growth curves of HKP1 mice described in the left panel, **P
= 0.0053, two-way ANOVA with Sidak’s post-hoc test. This experiment was repeated, and
similar trends were observed.

¢, Kaplan-Meier survival curves of HKP1 mice receiving a-PD-1 together with a mock
control (n=9 mice) or the club cocktail (n=10 mice), *~= 0.0175, Two-tailed logrank test
with Bonferroni method.

d. ELISA of inflammatory factors (IL-18, PGE2, and TNFa) in the BALF. BALF were
collected at Day 14 from mice intranasally treated with the mock control or club cocktail
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atday 11, 12, and 13, 20ng/protein/mouse. n=5 BALF samples from 5 mice, unpaired
two-tailed Student’s ¢test. PGE2: *P=0.0118; IL-1p: P=0.1218; TNFa: *P=0.037.
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