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This single-arm, multicenter, phase 2 trial (NCT04106180) investigated the

B Check for updates triple combination of sintilimab (anti-PD1 antibody), stereotactic body radio-
therapy (SBRT) and granulocyte-macrophage colony-stimulating factor (GM-
CSF) in metastatic non-small cell lung cancer (NSCLC). With a median follow-
up of 32.1 months, 18 (36.7%, 90% Cl 25.3%-49.5%) of the 49 evaluable patients
had an objective response, meeting the primary endpoint. Secondary end-
points included out-of-field (abscopal) response rate (ASR), progression-free
survival (PFS), overall survival (OS), and treatment-related adverse events
(TRAEs). The ASR was 30.6% (95% CI 18.3%-45.4%). The median PFS and OS
were 5.9 (95% Cl 2.5-9.3) and 18.4 (95% CI 9.7-27.1) months, respectively. Any
grade and grade 3 TRAEs occurred in 44 (86.3%) and 6 (11.8%) patients, without
grade 4-5 TRAEs. Moreover, in pre-specified biomarker analyses, SBRT-
induced increase of follicular helper T cells (Tfh) in unirradiated tumor lesions
and patient’s blood, as well as of circulating IL-21 levels, was found associated
with improved prognosis. Taken together, the triple combination therapy was
well tolerated with promising efficacy and Tfh may play a critical role in SBRT-
triggered anti-tumor immunity in metastatic NSCLC.

Immunotherapy targeting programmed cell death protein 1 (PD-1) against advanced NSCLC>®. However, primary and acquired
or its ligand (PD-L1), has changed the treatment paradigm of non-  resistance to PD-1/PD-L1 inhibitors frequently occurs, highlighting
small cell lung cancer (NSCLC)'. PD-1/PD-L1 inhibitors, including an urgent need to develop novel therapeutic combinations for
Sintilimab and others, have demonstrated treatment efficacy advanced NSCLC*.
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Potential synergistic effects of PD-1/PD-L1 inhibitors and radio-
therapy have been shown in NSCLC. Particularly, stereotactic body
radiotherapy (SBRT), with the advantages of higher radiation dose per
fraction and shorter duration, could release more tumor-associated
antigens, cytokines, and T cell-attracting chemokines to enhance anti-
tumor immunity’. Several prospective clinical trials have demon-
strated promising results of combination therapy consisting of SBRT
and PD-1/PD-L1 inhibitors, with an increase in overall response rate
(ORR) and prolonged survival in advanced NSCLC®’. Nevertheless, the
treatment efficacy from these studies is still unsatisfactory, demanding
novel therapeutic agents targeting non-redundant immune mod-
ulatory pathways.

Granulocyte-macrophage colony-stimulating factor (GM-CSF)
promotes the differentiation, maturation, and expansion of dendritic
cells (DCs) and triggers DCs to recognize process, and present tumor
antigens to T cells, which further enhances the anti-tumor immunity
triggered by radiotherapy?®. In a proof-of-principle trial, a combination
of GM-CSF and radiotherapy resulted in abscopal response in 4 of the
11 NSCLC patients, including 2 complete abscopal responses’. Addi-
tionally, preclinical and clinical studies showed enhanced anti-tumor
response by the treatment of PD-1 inhibitors and GM-CSF via pro-
moting T cell infiltration'®".

The SWORD trial was launched to investigate the efficacy and
safety of the triple combination therapy in metastatic NSCLC. The
safety run-in phase found that it was well tolerated with manageable
treatment-related adverse events (TRAEs)". Here we report the effi-
cacy and final safety profile of the triple combination therapy, as well as
results from translational investigations.

Results

Patient characteristics

Fifty-five patients were enrolled in this trial from six academic centers
and of them 51 patients received at least one cycle of the assigned
treatment (Fig. 1, supplementary Table 1). The trial was closed early
due to slow accrual. The baseline demographics and clinical char-
acteristics of patients in the full safety population were summarized in
Supplementary Table 2. Of note, 37 (72.5%) patients had more than 3
metastatic organs and 42 (90.2%) had more than 5 metastatic lesions at
baseline. The tumor sites irradiated by SBRT during the current study
included the lung (n =20, 39.2%), regional lymph node (n =16, 31.4%),
pleural nodule (n =35, 9.8%), vertebra (n =3, 5.9%), distant lymph node
(n=3,5.9%), liver (n=2,3.9%), and others (n =2, 3.9%) (Supplementary
Table 3).

By the time of data cut-off, treatment had been discontinued in 49
patients and the rest 2 patients were still on Sintilimab treatment
(Fig. 1). The median duration of GM-CSF and Sintilimab treatment was
14 (IQR 7-14) days and 5.7 (IQR 2.7-10.2) months, respectively.

Treatment efficacy

With a median follow-up of 32.1 (IQR 6.6-36.4) months, 49 (96.1%) of
the 51 patients were evaluable, and confirmed partial response (PR)
was observed in 18 patients, without complete response (CR), con-
tributing to an ORR of 36.7% (90% CI 25.3%-49.5%, 95% CI
23.4%-51.7%). Since the lower boundary of the ORR exceeded 20%, the
current trial met the primary endpoint (Fig. 2A). Stable disease (SD)
was documented in 15 patients with a disease control rate (DCR) of
67.3% (95% Cl 52.5%-80.1%). Meanwhile, abscopal CR and PR occurred
in 5 (10.2%) and 10 (20.4%) patients, respectively (Fig. 2B), leading to an
out-of-field (abscopal) response rate (ASR) of 30.6% (95% CI
18.3%-45.4%).

By the date of data cut-off, 40 patients had disease progression
and the median progression-free survival (PFS) was 5.9 (95% CI 2.5-9.3)
months. Of note, 5 of the 49 patients completed 2 years of Sintilimab
treatment, 2 of whom were still free of progressive disease (Fig. 2C).
The 6-month, 12-month, and 18-month PFS rates were 48.8% (95% ClI

41.4%-56.2%), 31.7% (95% Cl 24.6%-38.8%), and 23.8% (95% CI
17.2%-30.4%), respectively (Fig. 2D).

Additionally, 29 patients had died and the median overall survival
(0S) was 18.4 (95% Cl1 9.7-27.1) months. The 12-month, 24-month, and
36-month OS rates were 75.5% (95% Cl 69.4%-81.6%), 56.1% (95% ClI
48.9%-63.3%), and 43.7% (95% Cl 36.2%-51.2%), respectively (Fig. 2E).
Meanwhile, 46 (93.9%) of the 49 evaluable patients had baseline PD-L1
expression data and treatment efficacy in these 46 patients stratified
by baseline PD-L1 expression levels were summarized in Supplemen-
tary Table 4.

Safety

Among the 51 patients in the full safety population, 44 (86.3%)
experienced any grade TRAEs (Supplementary Table 5), the most fre-
quent of which included fatigue (37.3%), fever (29.4%), ostealgia
(17.6%), and rash (11.8%). Grade 3 TRAEs occurred in 6 (11.8%) patients,
including ALT elevation (3.9%), AST elevation (3.9%), leucopenia
(3.9%), neutropenia (3.9%), creatinine increase (2.0%), pneumonitis
(2.0%), and acute heart failure (2.0%). No grade 4-5 TRAE occurred.
Severe adverse events (grade 3 pneumonitis and hepatitis) developed
in 1 (2.0%) patient without previous history of relevant pulmonary or
hepatic disease after the third cycle of Sintilimab treatment, resulting
in admission to the hospital. The patient gradually recovered after
treatment with corticosteroids and Sintilimab was permanently
discontinued.

Any grade and grade 3 immune-related AEs occurred in 32 (62.8%)
and 3 (5.9%) patients, respectively. TRAEs led to the discontinuation of
Sintilimab treatment in 5 patients (pneumonitis =4, myocarditis =1)
and GM-CSF in 3 patients (acute heart failure =2, white blood cell
increase = 1). Notably, GM-CSF-induced acute heart failure occurred in
2 patients enrolled for the safety run-in phase, which was transient and
resolved within 7 days after diuretic treatment™.

Biomarker analyses

Biomarker analyses using serially collected tissue and blood samples
were pre-specified exploratory endpoints. In fact, paired blood
samples were available from 37 patients, and paired tissue samples
were successfully obtained in 21 of the 37 patients. RNA sequencing
was performed using the 42 tissue samples and 244 differentially
expressed genes (DEGs) were identified (Supplementary Fig. 1A).
Kyoto Encyclopedia of Genes and Genomes (KEGG) (Supplementary
Fig. 1B) and Gene Ontology (GO) (Supplementary Fig. 1C) enrich-
ment analyses revealed significant enrichment of DEGs in
several signaling pathways, including those related to immune
regulation.

Subsequently, the relative abundance of 22 infiltrating immune
cells in the pre-SBRT and post-SBRT tissue samples were enumerated
using CIBERSORT (Fig. 3). A significant SBRT-induced increase of fol-
licular helper T cells (Tfh) and activated natural killer (NK) cells was
found. The median frequencies of Tfh and activated NK cells in the
unirradiated tumor lesions increased from 2.54% (IQR 0.35%-3.57%) to
3.86% (IQR 2.84%-5.51%) (p=0.026), and from 2.06% (IQR
0.11%-4.33%) to 3.52% (IQR 0.15%-6.98%) (p=0.014), respectively.
Moreover, a higher frequency of Tfh, as well as activated NK cells in the
post-SBRT tissue samples (Fig. 4B), but not in the pre-SBRT tissue
samples (Fig. 4A), was associated with improved OS. Additionally, a
higher frequency of Tfh in the post-SBRT tissue samples was asso-
ciated with a longer PFS (Fig. 4B). No other significant association was
found between the relative abundance of infiltrating immune cells in
the tissue samples and survival outcomes.

To investigate the functional state of different stromal cells, the
relative abundance of 71 transcriptionally-defined cell states in the pre-
SBRT and post-SBRT tissue samples were enumerated using EcoTyper
(Fig. 5). Several significantly deregulated cell states, including CD4 T
cell (S03), endothelial cell (S05), fibroblast cell (S02), mast cell (SO1),
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Fig. 1| Patient enrollment flowchart. AE adverse events.
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monocytes/macrophages (S05), and plasma cell (SO1), were found.
Specifically, the median frequency of CD4 T cell (SO3) in the uni-
rradiated tumor lesions increased from 0.37% (IQR 0.00%-2.26%) to
0.46% (IQR 0.00%-13.46%) (p = 0.049). Of note, one of the top 5 genes
coding the specific cell surface proteins for this cell state is /TGAI
(encoding CD49a), which was repeatedly found to be involved in the
regulation of T cell function**. Moreover, a higher frequency of CD4 T
cell (S0O3), as well as B cell (S03), in the post-SBRT tissue samples
(Fig. 6B), but not in the pre-SBRT samples (Fig. 6A), was significantly
associated with improved PFS and OS. No other significant association
was found between the relative abundance of cell states in the tissue
samples and survival outcomes.

Enzyme-linked immunosorbent assay (ELISA) was performed
using the 74 blood samples, and the levels of interleukin (IL)-2, IL-5, IL-
10, IL-12, IL-17, interferon (IFN)-a, and IFN- were under the lower limit
in most of the samples, thus excluded from further analyses. The
concentrations of circulating IL-2 receptor (IL-2R) and IL-21 were sig-
nificantly elevated after SBRT (Fig. 7A). Moreover, a higher level of
circulating IL-2R, as well as IL-21, in the post-SBRT plasma samples
(Fig. 7C), but not in the pre-SBRT plasma samples (Fig. 7B), was sig-
nificantly associated with improved PFS and OS. Meanwhile, a higher
level of circulating IL-8, as well as a lower level of exosomal PD-L1, in
the pre-SBRT and post-SBRT blood samples, was associated with the
improved PFS and OS, although the association between circulating IL-
8 in the pre-SBRT blood samples and OS did not reach statistical sig-
nificance (Supplementary Fig. 2). No other significant association was
found between the concentration of circulating cytokines and survival
outcomes.

Taken together, Tfh/IL-21 signaling may be involved in the mod-
ulation of SBRT-triggered immune response. Since all of the tissue
samples were sent for RNA sequencing, we tried to preliminarily test
this hypothesis using the blood samples. The frequency of circulating
Tfh, a generally acceptable counterpart for the investigation of Tfh
disorders in various disease models™'®, and the expression of CD49a,
were measured using flow cytometry (Supplementary Fig. 3). SBRT-
induced increase of circulating Tfh and CD49a expression were found
(Fig. 8A) and a positive correction between the abundance of infil-
trating Tfh in the post-SBRT tissue samples and the frequency of cir-
culating Tfh in the post-SBRT blood samples was discovered (p = 0.013,
Fig. 8B). Similarly, patients with a higher level of circulating Tfh also
tended to have an elevated level of circulating IL-21 in the post-SBRT
blood samples (p=0.062, Fig. 8B). Furthermore, an increased
expression of CD49a in the post-SBRT blood samples was associated
with a numerically longer survival (Fig. 8C). No other significant
association was found between the circulating parameters and survival
outcomes.

Besides, GSE161537 contained targeted RNA sequencing data
from 82 metastatic NSCLC patients treated with second-line PD-1/PD-
L1 inhibitors'”*®. The median frequency of infiltrating Tfh, estimated
using CIBERSORT, was 3.21% (IQR 0.61%-5.49%) and a higher fre-
quency of Tfh was associated with prolonged OS in GSE161537
(p=0.015, Supplementary Fig. 4).

Discussion
In the current study, we found that the triple combination therapy
consisting of a PD-1 inhibitor, SBRT, and GM-CSF in advanced NSCLC
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Fig. 2 | Response and survival outcomes in evaluable patients (n = 49). A Best overall response. B Best abscopal response. C Swimmer plots. D Progression-free survival

(PFS). E Overall survival (OS). Source data are provided in the Source Data file.

was associated with improved ORR and manageable safety profiles
when compared with historical control of PD-1 inhibitor
monotherapy®?.. Furthermore, Tfh was found to be potentially
involved in the regulation of SBRT-triggered systemic anti-tumor
immune response, which warranted future validation.

First of all, this trial met the pre-specified primary endpoint with
clinically meaningful improvement in treatment efficacy. Historically,
the ORRs of anti-PD-1 monotherapy in unselected metastatic NSCLC
ranged from 17% to 20%°*%. For example, the ORR was 20% in the
ORIENT-3 study, which investigated Sintilimab monotherapy among
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Fig. 3 | The landscape and dynamic changes of infiltrating immune cells esti-
mated using CIBERSORT in the unirradiated tumor lesions before and after
stereotactic body radiotherapy (SBRT). Forty-two paired tissue samples were
collected from 21 patients. P-value < 0.05 (two-sided) was considered statistically
significant using the Wilcoxon test. The exact P-values for immune cells with

significant SBRT-related changes were displayed. The median, first quartile (Q1),
third quartile (Q3), whiskers (minima = Ql - 1.5IQR, maxima = Q3 + 1.5IQR), and
outliers (1.5 times the IQR less than the first quartile, or 1.5 times the IQR greater
than the third quartile) were presented. Raw data of RNA sequencing are now
available at the GSA-Human dataset HRA006932. IQR interquartile range.

locally advanced or metastatic squamous-cell NSCLC after failure of
first-line chemotherapy?>. The ORR was 36.7% in the current study,
which was superior to these historical controls and generally com-
parable to the reported ORRs from prospective trials investigating
combination therapy of SBRT and PD-1/PD-L1 inhibitors in advanced
NSCLC, such as the PEMBRO-RT study (36.0%)**. Similarly, the survi-
val outcomes of the current study seemed to be longer than those of
historical controls of anti-PD-1 monotherapy and were consistent with
those of combined SBRT and PD-1/PD-L1 inhibitors®*>, All of these
data supported the potential synergistic effect between SBRT and PD-
1/PD-L1 inhibitors in advanced NSCLC. Based on these promising
results, a randomized controlled trial (The RADIUM study,
NCT06313541) has been initiated by our group to investigate the effi-
cacy and safety of chemoimmunotherapy plus individualized radio-
therapy in untreated driver-mutation-negative metastatic NSCLC.
Nevertheless, the exact clinical value of GM-CSF treatment in the
triple combination therapy could not be asserted. Accumulating evi-
dence suggests that GM-CSF could promote the maturation and acti-
vation of various kinds of anti-tumor immune cells, such as DCs, T cells,
and NK cells®****, Hence, the triple combination therapy was initially
designed to target non-redundant immune modulatory pathways,
including promoting the release of tumor-associated antigens, acti-
vating distinct innate immune responses, and rejuvenating the sup-
pressed tumor immune microenvironment. However, the treatment
efficacies of the current triple combination therapy, in terms of ORR,
PFS, and OS, seemed to be similar to those of combined PD-1/PD-L1
inhibitors with SBRT, indicating a lack of extra clinical benefit of GM-
CSF. However, 90.2% and 72.5% of the patients enrolled in the current
study had more than 5 metastatic lesions and more than 3 metastatic
organs at baseline, representing a high tumor burden, which was found
to be associated with worse prognosis among immunotherapy-treated
metastatic NSCLC?%, Therefore, GM-CSF treatment may have certain
clinical value in the triple combination therapy, since the current
regimen achieved similar treatment outcomes in a cohort of patients
presumed to be with compromised prognosis. Meanwhile, only one

cycle of GM-CSF treatment was administered, concurrently with Sin-
tilimab, in the current study. The clinical utility of GM-CSF with dif-
ferent dosages and treatment sequences needs to be further
investigated.

Secondly, the triple combination therapy was well tolerated,
without grade 4-5 TRAEs. Grade 3 TRAEs and grade 3 immune-related
AEs occurred in 11.8% and 5.9% of the patients, which was comparable
to those treated with anti-PD-1 monotherapy'* or combined therapy
of PD-1/PD-L1 inhibitors with SBRT®*. Of note, ostealgia, a common
TRAE of GM-CSF?, occurred in 17.6% of the patients, all of which were
mild and manageable. Similarly, acute heart failure that occurred in 2
(3.9%) patients, was probably due to GM-CSF that had been extensively
discussed previously™. Since more than 70% of the patients received
thoracic SBRT, special attention should be paid to the occurrence of
pneumonitis. The incidences of any grade (9.8%) and grade 3 (2.0%)
pneumonitis, were generally similar to those reported in patients
treated with anti-PD-1 monotherapy'**%. A recent pooled analysis of
trials from the US Food and Drug Administration Database, which
included individual patient data of 16835 patients, assessed the asso-
ciation of radiotherapy with the risk of adverse events in patients who
received immunotherapy. No significant difference in the incidence of
TRAEs, especially grade 3-4 TRAEs, was found between patients who
received radiotherapy and not®. With the improvement of SBRT
techniques and toxicity monitoring strategies, TRAEs of the combi-
nation therapy are increasingly manageable.

Distinct signaling pathways and immune cells have been con-
nected to the radiotherapy-induced abscopal effects®*2. Nevertheless,
the associations between Tfh and radiotherapy-induced abscopal
effects are largely unknown. Previously, irradiation was found to
increase the abundance of Tfh, as well as the secretion of IL-21, in
various human tissues and cell lines****. Here we report a significant
SBRT-induced elevation of Tfh abundance in the unirradiated tumor
lesions and patient’s blood, along with a dramatic increase in circu-
lating IL-21 levels. Meanwhile, accumulating evidence has demon-
strated a critical role of Tfh in promoting anti-tumor immune response
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Fig. 4 | The prognostic significance of infiltrating follicular helper T cells (Tfh)
and activated natural killer cells (NK) in the unirradiated tumor lesions (n = 21).
The associations of relative abundance of infiltrating Tfh and activated NK with
the patient’s progression-free survival (PFS) and overall survival (OS), in the pre-

SBRT (A) and post-SBRT (B) tissue samples (log-rank test). P-value < 0.05 (two-
sided) was considered statistically significant without adjustment for multi-
plicity. Source data are provided in the Source Data file. SBRT stereotactic body
radiotherapy.
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in various human cancers, including NSCLC*™*. Tumor neoantigens
could regulate the fate of tumor-specific Tfh by facilitating their
interactions with tumor-specific B cells, which in turn could promote
anti-tumor immunity by enhancing CD8 T cell effector functions®™.
Moreover, Tfh was found to be essential for the efficacy of PD-1/PD-L1
inhibitors in NSCLC, since Tfh could accumulate in the tumor bed
drain lymph nodes, and produce IL-21, which could sustain the pro-
liferation, viability, cytokine production, and cytotoxic functions of
exhausted T cells***%, In the current study, the relative abundance of
infiltrating Tfh in the post-SBRT tissue samples, as well as the circu-
lating IL-21 levels in the post-SBRT blood samples, were significantly
associated with survival outcomes, collaborating with previous
studies.

Intriguingly, a specific cell state, CD4 T cell (S03), characterized by
the expression of CD49a, was significantly increased in the post-SBRT
samples and associated with improved prognosis, indicating a poten-
tial link between CD49a expression and Tfh activation in the modula-
tion of SBRT-triggered immune response®**°, In fact, CD49a
expression was found to be associated with the differentiation and
activation of T cells in various disease models, including human
cancers'**42_ Based on the preliminary results from the current
study, we hypothesized that CD49a may define a functional subset of
Tfh that actively participates in the modulation of SBRT-triggered
immune response, warranting further investigation. Meanwhile, the
levels of circulating IL-8 and exosomal PD-L1 were found to be
potential prognostic factors of metastatic NSCLC receiving immu-
notherapy in the current study, reconfirming previous findings* .

The relative abundance of infiltrating immune cells and cell states
were estimated using bioinformatic tools (i.e., CIBERSORT and EcoTy-
per), but not validated through direct methods such as flow cytometry
or immunohistochemistry, due to the lack of adequate tissue samples.
In addition, the quantity and functional state of circulating Tfh were
measured by a limited panel of surface makers. However, the results
generated from RNA sequencing data, circulating cytokine profiling,
and flow cytometrical analyses were generally consistent. The relative
abundance and prognostic significance of infiltrating Tfh were pre-
liminarily validated by an external dataset. All of these data provided
important hints for the elucidation and optimization of the synergistic
effect between PD-1/PD-L1 inhibitors and SBRT in metastatic NSCLC.

There were several limitations in this study. Firstly, no control arm
was included, which limited the interpretation of the specific con-
tribution of each study drug. Especially, the clinical value of GM-CSF in
combination therapy has to be further investigated. Secondly, since
this was a hypothesis-generating phase Il study with a relatively small
sample size, no specific statistical model was used to handle the
missing data, and the p-values were not adjusted for multiplicity in the
biomarker analyses. Additionally, only a fixed SBRT dose-fractionation
targeting a single tumor site was allowed in the current study. Distinct
radiotherapy schedules may have different immune-modulating
effects, and conflicting results were reported in NSCLC™***". Large
randomized clinical trials exploring the optimal schedule of combining
radiotherapy and immunotherapy in NSCLC are ongoing
(NCT03774732, NCTO05111197, NCT04929041, and others).

In conclusion, the SWORD trial met its primary endpoint, indi-
cating potentially improved treatment efficacy with the triple combi-
nation therapy of Sintilimab, SBRT, and GM-CSF in previously treated,
EGFR/ALK mutation-negative, metastatic NSCLC patients. Tfh may
play a critical role in the modulation of SBRT-triggered anti-tumor
immune response, which warranted future investigation.

Methods

Study design

The study was conducted in accordance with the Department of Health
and Human Services, the Declaration of Helsinki, and all relevant
ethical regulations. Informed consent was obtained from each patient
prior to the commencement of study activities. The institutional
review boards of Fudan University Shanghai Cancer Center, Hunan
Cancer Hospital, Tongji Hospital of Tongji Medical College, Shengjing
Hospital of China Medical University, Shanghai Chest Hospital, Union
Hospital of Tongji Medical College approved the study.

The design of the SWORD trial (NCT04106180) was previously
published®. Briefly, patients with EGFR/ALK mutation-negative meta-
static NSCLC failing first-line platinum-based chemotherapy, having a
tumor lesion suitable for SBRT at a dose of 24 Gy in 3 fractions and at
least another measurable tumor lesion as per the Response Evaluation
Criteria in Solid Tumors (RECIST) v1.1, were enrolled. Patients under-
went SBRT once daily for three consecutive days, targeting a single
extracranial tumor lesion, and Sintilimab (200 mg, Innovent Biologics
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(Suzhou) Co., Ltd., China) was administered intravenously once every
3 weeks until disease progression, emergence of intolerable toxicity,
consent withdrawal, death, or for up to 24 months, within 3 weeks after
completion of SBRT. Recombinant human granulocyte/macrophage
colony-stimulating factor (125 pg/m? Xiamen Amoytop Biotech Co.,
Ltd., China) was administered once daily until disease progression,
emergence of intolerable toxicity, consent withdrawal, death, or for up
to 14 consecutive days, starting at the same day of the first cycle of
Sintilimab treatment. Complete follow-up, including physical exam-
ination, laboratory assessment, information on adverse events, and
radiographic evaluation, was performed every 9 weeks. The partici-
pants were enrolled between October 16, 2019 and August 22, 2022.
The data was cut off on August 31, 2023.

The primary endpoint was ORR, defined as the proportion of
patients whose best overall response included either a confirmed CR
or PR in all evaluable patients per RECISIT 1.1, similar to previous

studies'*°. Secondary endpoints included TRAEs, PFS, OS, and ASR.
ASR was defined as the proportion of patients with at least a 30%
reduction in the longest diameter of any non-irradiated target
lesions from the baseline value by the RECIST 1.1 at any efficacy
assessment.

AEs were graded using the National Cancer Institute Common
Terminology Criteria for Adverse Events (CTCAE) version 5.0 and
documented in all patients receiving at least one dose of the assigned
treatment (full safety population). Besides, a safety run-in phase was
included to ensure that not many severe AEs happened in treated
patients, and the results from which were previously published™.

Biomarker analyses

Biomarker evaluation was conducted as a pre-defined exploratory
endpoint. Paired tissue samples from an unirradiated tumor lesion, as
well as paired blood samples, were collected within 1 week before and
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analyses.
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RNA sequencing, GO, and KEGG analyses

The tissue samples were promptly immersed in RNA-fix reagent and
kept at —80 °C until utilization. After all samples were gathered, total
RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
The quality of RNA was evaluated using RNA High-Sensitivity Screen on
TapeStation (Agilent Technologies) and the libraries were constructed
using lllumina TruSeq RNA Exome Library Prep Kit following the
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Fig. 8 | The dynamic changes and clinical significance of circulating follicular
helper T cells (Tfh) and CD49a" Tfh. Seventy-four paired blood samples were
collected from 37 patients and 42 paired tissue samples were collected from 21 of
the 37 patients, before and after stereotactic body radiotherapy (SBRT). A SBRT-
induced changes of the percentages of circulating Tfh and CD49a" Tfh among
circulating CD4" T cells (Wilcoxon test). B The correlations between the percentage
of Tfh in the circulating CD4" T cells in the post-SBRT blood samples, with the
relative abundance of infiltrating Tfh cells in the post-SBRT tissue samples (left), as

well as with the circulating IL-21 levels in the post-SBRT blood samples (right)
(Wilcoxon test). The median, first quartile (Q1), third quartile (Q3), and whiskers
(minima = Q1 - L5IQR, maxima = Q3 + 1.5IQR) were presented in the box plots

(A, B). C The associations of the percentages of Tfh and CD49a* Tfh in the circu-
lating CD4" T cells with the patient’s progression-free survival (PFS) and overall
survival (OS) in the post-SBRT blood samples (log-rank test). P-value < 0.05 (two-
sided) was considered statistically significant without adjustment for multiplicity.
Source data are provided in the Source Data file.

manufacturer’s protocols. Sequencing was then performed on an
lllumina HiSeq 4000 platform and reads were aligned using HISAT2
(version 2.0.4). DEGs were identified using the DESeq2 R package
(1.16.1). P-value < 0.05 and absolute fold-change of 2 were selected as
the threshold for DEGs. The R package “pheatmap’ was utilized to
create a heatmap that illustrated the expression of DEGs.

Furthermore, KEGG analysis was a well-known database for
systematic analysis of gene functions in biological pathways,
which links genomic information with higher-order functional
information. GO analysis was a common and useful method for
annotating genes and gene products, and identifying character-
istic biological attributes of high-throughput genome or tran-
scriptome data. The DAVID online database (https://david.ncifcrf.
gov/) was an essential online tool for high-throughput gene
functional analysis, which provided the functionality to perform
simultaneous KEGG and GO analysis*®. In the current study, the
DEGs were mapped to the relevant biological annotation using
the DAVID online database. KEGG and GO enrichment analyses
were performed using the cluster Profiler R package. P-value <
0.05 was considered statistically relevant.

Estimation of infiltrating immune cells and cell states
CIBERSORT was an analytical tool to impute gene expression profiles
and provide an estimation of the abundances of 22 immune cells in the
tumor microenvironment, using gene expression data*. The relative
abundance of infiltrating immune cells in the paired tissue samples
from the same unirradiated tumor lesion were enumerated using
CIBERSORT. Fragments Per Kilobase of transcript per Million mapped
reads (FPKM)-normalized expression was used as the input data file. To
run CIBERSORT, the following packages were required in R software:
“e1071”, “parallel”, and “preprocessCore”. A file called “LM22.txt",
which contained a “signature matrix” of 547 genes, in R (obtained
under Menu > Download from CIBERSORT, https://cibersort.stanford.
edu/download.php) was also required™.

EcoTyper was a machine learning framework for characterizing
cell type-specific states and multicellular communities from bulk,
single-cell, and spatially-resolved expression data®. The relative
expression of the 71 transcriptionally-defined cell states in the paired
tissue samples from the same unirradiated tumor lesion were enum-
erated using EcoTyper (https://ecotyper.stanford.edu/)®>. FPKM-
normalized expression was used as the input data file.

ELISA

Cell-free plasma samples were obtained after centrifuging at
2000 x g for 10 min at 4 °C and stored at —80 °C until utilization. For
patients with adequate plasma samples, concentrations of 13 circu-
lating cytokines were measured using the ELISA. Human cytokine
ELISA kits, including IL-1B, IL-2, IL-2R, IL-5, IL-6, IL-8, IL-10, IL-12, IL-
17, IL-21, tumor necrosis factor (TNF)-a, IFN-«, and IFN-B, were
purchased from Invitrogen (Carlsbad, CA, USA), and the con-
centrations of these cytokines were measured according to the
manufacturer’s instructions. Besides, exosomes were collected from
plasma samples by differential centrifugation and the concentration
of exosomal PD-L1 was measured using an Invitrogen human PD-L1
ELISA Kit*.

Flow cytometry

The frequency of immune cells that were revealed to be potentially
involved in the regulation of SBRT-triggered abscopal effects based on
the results from RNA sequencing and circulating cytokines profiling,
was determined in the blood samples using flow cytometry. For
patients with adequate blood samples, peripheral blood mononuclear
cells (PBMCs) were isolated by Ficoll-Paque density gradient cen-
trifugation. PBMCs were washed and resuspended in fetal calf serum
containing 10% dimethyl sulfoxide (DMSO, SIGMA, Cat#276855) for
storage at —80 °C until utilization.

After all of the PBMC samples were collected, the frequency of
circulating Tfh, defined as CD3*CD4'CXCRS5* lymphocytes, and the
expression of CD49a on these cells, were measured using flow
cytometry®, Briefly, lymphocytes were firstly identified from PBMCs
on the basis of their forward (FSC) and sideward (SSC) light scatter
properties. Afterward, 7-AAD- CD3" lymphocytes (alive T cells),
CD3°'CD4" T cells, CD3"CD4°CXCR5" cells (circulating Tfh), and
CD3'CD4'CXCR5'CD49a* (defined as CD49a" Tfh), were subsequently
quantified using the corresponding antibodies according to the man-
ufacturer’s instructions (BD Biosciences). The following antibodies
were used: anti-CD3, anti-CD4, anti-CXCRS5, and anti-CD49a. Of note,
Dead cells were excluded using 7-amino-actinomycin D (7-ADD).
Samples were acquired on BD LSRFortessa X-20 Flow Cytometer
Analyses. Analysis was performed with FlowJo software. The gating
strategy is shown in Supplementary Fig. 3.

External validation

To further investigate the relative abundance of Tfh and its prognostic
significance in metastatic NSCLC patients receiving second-line
immunotherapy, external datasets were searched in the Gene Expres-
sion Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/) under the
following criteria: (1) metastatic NSCLC patients receiving second-line
PD-1/PD-L1 inhibitors; (2) sample size no less than 50; (3) containing
RNA sequencing data; (4) with available survival outcomes. Strategy
for searching (“non-small cell lung cancer”) [MeSH] AND (“immune
checkpoint” or “PD-1” or “PD-L1”) [All Fields] AND (“RNA sequencing”
or “transcriptome”) [All Fields] AND (“Homo sapiens” [Organism]).
GSE161537 was identified, which contained targeted RNA sequencing
data using formalin-fixed paraffin-embedded biopsies or archival sur-
gically resected specimens collected prior to treatment initiation from
82 metastatic NSCLC patients treated with second-line anti-PD-1/PD-L1
therapy’"®. The abundance of infiltrating Tfh in GSE161537 was esti-
mated using CIBERSORT and the association between the frequency of
infiltrating Tfh and OS was determined using log-rank test.

Statistical analyses
The trial was designed to enroll 56 evaluable patients based on the
following hypothesis: Ho (null) with an ORR < 20% by Checkmate 017 and
Checkmate 057", H (alternative) with an ORR > 38%. If >17 patients out
of 56 evaluated had an objective response, then Hq will be rejected in
favor of H;. This sample size had at least 90% power to reject Hy if the
ORR was 38% or more with a one-sided type I error rate of 5%.

The confidence intervals (Cls) of ORR, DCR, and ASR were calcu-
lated by the Clopper-Pearson method. Of note, since a one-sided
significance level (type | error rate) of 5% was adopted for the sample
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size calculation, a two-sided 90% Cl of the primary endpoint (ORR in all
evaluable patients) was calculated. For other parameters, a two-sided
95% CI was used for the convenience of inter-study comparisons. The
survival outcomes were generated using the Kaplan-Meier method
and compared using the log-rank test. The safety profile was generally
summarized using descriptive statistics. Continuous variables were
summarized as medians with interquartile ranges (IQRs), and catego-
rical variables were reported as counts and frequencies (n%). For
continuous variables adhering to a normal distribution, the sig-
nificance was evaluated using the paired t-test. For continuous vari-
ables not fitting a normal distribution, the significance was evaluated
using the Wilcoxon rank sum test. The significance with categorical
variables was evaluated using Fisher’s exact test. All statistical analyses
were performed using R software (R version 4.1.2) and SAS 9.4 (SAS
Institute Inc, Cary, NC, USA).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA sequencing data are available in the GSA-Human database
with accession code HRA0O06932; the dataset is under restricted access
for ethical and privacy concerns. Access can be granted through the
Data Access Committees (DAC) of the GSA-Human database (DAC NO.:
HDACO003809), with an estimated response time of about fifteen
working days for access requests. Upon approval, the data will be
accessible for a duration of 6 months. Applicants may also directly
contact the corresponding author. Other de-identified individual data
could be obtained by contacting the corresponding author. The study
protocol has been previously published”. The publicly available data
used in this study are available in the GEO database under accession
code GSE161537. The remaining data have been provided within the
Article and its Supplementary Information. Source data are provided
with this paper.
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