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ABSTRACT
◥

Purpose: Stereotactic body radiotherapy (SBRT) is an emerging
treatment modality for pancreatic ductal adenocarcinoma (PDAC),
which can effectively prime cytotoxic T cells by inducing immu-
nogenic tumor cell death in preclinical models. SBRT effects on
human PDAChave yet to be thoroughly investigated; therefore, this
study aimed to characterize immunomodulation in the human
PDAC tumor microenvironment following therapy.

Experimental Design:Tumor samples were obtained from patients
with resectable PDAC. Radiotherapy was delivered a median of 7 days
prior to surgical resection, and sectionswere analyzedbymultiplex IHC
(mIHC), RNA sequencing, and T-cell receptor sequencing (TCR-seq).

Results: Analysis of SBRT-treated tumor tissue indicated
reduced tumor cell density and increased immunogenic cell

death relative to untreated controls. Radiotherapy promoted
collagen deposition; however, vasculature was unaffected and
spatial analyses lacked evidence of T-cell sequestration. Con-
versely, SBRT resulted in fewer tertiary lymphoid structures and
failed to lessen or reprogram abundant immune suppressor
populations. Higher percentages of PD-1þ T cells were observed
following SBRT, and a subset of tumors displayed more clonal
T-cell repertoires.

Conclusions: These findings suggest that SBRT augmentation of
antitumor immunogenicity may be dampened by an overabun-
dance of refractory immunosuppressive populations, and support
the continued development of SBRT/immunotherapy combination
for human PDAC.

Introduction
The high prevalence of metastatic disease at the time of pancreatic

ductal adenocarcinoma (PDAC) diagnosis has bolstered dismal 5-year
survival rates of less than 10% (1). Highly immunosuppressive features
of the PDAC tumor microenvironment (TME), including a dense
desmoplastic stroma that contains a predominance of tumor-
supportive myeloid cells (2, 3), further drives therapeutic inefficacy.
In addition, tumor-associated fibroblasts deposit a complex extracel-
lular matrix (ECM) of hyaluronic acid and collagen that leads to
profound hypovascularity (4). Both ECM sequestration and poor
vascular perfusion may limit T-cell infiltration into tumor nests,
excluding them to peritumoral regions and ectopic lymphoid orga-
nizations known as tertiary lymphoid structures (TLS; refs. 5, 6).

Although immunotherapy has shown efficacy for various hema-
tologic tumors, several malignancies, including PDAC, remain
treatment refractory. Accordingly, combination immunotherapy

approaches that employ an immune-priming combination have
become a focal point of frontline treatment strategies. Therapies
that directly damage malignant cells promote the release of various
peptides including tumor neoantigens and damage-associated
molecular patterns (DAMP) that can potentially educate and prime
antitumor immune responses (7). Clinical trials for PDAC have
investigated various agents to stimulate immunogenic cell death
(ICD), including chemotherapy (8–10), radiotherapy (11), radio-
frequency ablation (12), and irreversible electroporation (13), with
varying degrees of success.

Stereotactic body radiotherapy (SBRT) is an emerging local treat-
ment modality for PDAC that minimizes damage to surrounding
normal tissues and can spare lymphocytes by precisely delivering
radioeffective doses (25–40 Gy) in three to five oligofractions (14, 15).
The accuracy and timing of SBRT delivery is essential for antitumor
effects, as its therapeutic efficacy is dependent upon CD8 T-cell
infiltration and cytolytic activity (16). In murine PDACmodels, SBRT
has been shown to induce ICD and promote tumor cell antigen
presentation, resulting in the augmentation of tumor-reactive T
cells (17). Conversely, radiotherapy responses can also suppress
antitumor immunity by recruiting Tregs (18) and myeloid suppres-
sors (19), reinforcing the immune-suppressive phenotypes of stromal
cells (20), and upregulating programmed death-ligand 1 (PD-L1)
expression on tumor cells to promote T-cell exhaustion (21). These
immunosuppressive features of the radioresponse likely contribute to
the lack of improved overall survival observed in the clinical treatment
of PDAC (22). Although preclinical studies have demonstrated that
SBRT can effectively recruit and prime cytotoxic T cells, the efficiency
of immune stimulation in human PDAC, given its uniquely immu-
nosuppressive TME, has yet to be investigated.

This study aimed to characterize immunomodulation in the
human PDAC TME following preoperative SBRT. Analysis of
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SBRT-treated tumor tissue (a median of 7 days posttreatment)
using multiplex IHC (mIHC), total RNA sequencing (RNA-seq),
and T-cell receptor b-chain sequencing (TCR-seq) highlighted both
immune-stimulatory modulation as well as residual nodes of
tumor-supportive immunosuppression. Importantly, radiotherapy
reduced PDAC cell density and induced ICD without collateral
damage to vasculature. Coordinate spatial analyses provided no
evidence of impaired T-cell migration from vessels or sequestration
in dense collagen deposits resulting from radiation. Our findings
argue that the chief barrier to SBRT-induced antitumor immune
responses in PDAC is an overabundance of immunosuppressive
myeloid populations. Although intratumoral percentages of PD-1þ

T cells were increased by SBRT and more clonal T-cell repertoires
were observed, the ratio of myeloid suppressors to T cells neared
100:1. These findings collectively suggest that SBRT may indeed
initiate antitumor immune responses against human PDAC, how-
ever, survival benefits are likely abrogated by enduring immune
suppression mechanisms in the TME. Accordingly, while SBRT
lacks efficacy as a monotherapy, this work demonstrates its poten-
tial as a combination for immunotherapy interventions.

Materials and Methods
Patients

Histologic examination was used to diagnose pancreatic head
adenocarcinoma that was designated as resectable by National Com-
prehensive Cancer Network (NCCN) guidelines in eligible patients
(ages 18 and older, all sexes). Main inclusion criteria included no
radiographic evidence of superior mesenteric or portal vein distortion,
no evidence of distant metastasis, no enlarged lymph nodes per CT
criteria or lymphadenopathy, Karnofsky performance status >70, and
adequate bone marrow function. Main exclusion criteria included
prior surgical resection of any pancreatic malignancy, prior invasive
malignancy (except non-melanomatous skin cancer) unless disease
free for aminimumof 3 years, any prior chemotherapy or radiation for
treatment of the patient’s pancreatic tumor, severe and active comor-
bidity, and pregnancy or childbearing potential. Adjuvant treatment
was administered per medical oncology. Comparison samples for the
nonrandomized study were identified through a query of the Univer-
sity of Rochester Medical Center (URMC) Department of Surgical

Pathology database, and obtained separately, and subject demo-
graphics can be found in Supplementary Table S1.

Stereotactic body radiotherapy
For treatment planning, CT simulation with ExacTrac body mar-

kers was used for respiratory gating. If placed, gold fiducials were used
for image-guided radiation therapy (IGRT). Twenty-five Gy in five
fractions was prescribed to the planning target volume (PTV), defined
as gross tumor plus a margin of 3 to 5 mm to limit potential toxicity,
chiefly fibrosis. Pancreaticoduodenectomy was performed amedian of
7 days following the completion of SBRT. Resected PDAC tissue was
processed for histology (FFPE, 5 mm sections) by the URMC Depart-
ment of Surgical Pathology for downstream analyses similar to those
employed in previous characterizations of the treatment-na€�ve PDAC
TME (6).

RNA-seq
Tissue scrolls were generated from 5 mm sections of resected

human PDAC tissue. Sample processing, library preparation, and
sequencing was performed by MedGenome. Briefly, a SMARTer
Stranded Total RNA-seq Pico Input Kit (Takara) was used for
library prep, and 80M total reads were captured using a NovaSeq
6000 (Illumina) platform. Reads mapping to the ribosomal and
mitochondrial genome were removed before performing STAR
(RRID:SCR_004463) alignment. Raw read counts were estimated
using HTSeq (RRID:SCR_005514), and normalized using DESeq2
(RRID:SCR_000154) to get the normalized counts. Cufflinks
(RRID:SCR_014597) was used for estimating expression from
aligned reads. Fold changes in differentially-expressed genes were
calculated from FPKM values.

For pathway analyses, over representation analysis (ORA) using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Data-
base (RRID:SCR_012773) and Gene Set Enrichment Analysis (GSEA,
C2: curated genesets; refs. 23–27) was performed to identify significant
differentially-expressed protein coding from RNA-seq data. Compu-
tational analyses were performed using the R Bioconductor (RRID:
SCR_006442) package clusterProfiler (RRID:SCR_016884). ORA
plots were generated using theWEB-basedGEne SeTAnaLysis Toolkit
(WebGestalt; ref. 28). The OncoPeptTUME in silico platform was
utilized formacrophage polarization analyses. Signature-based scoring
was calculated using the single sample GSEA (ssGSEA) method
provided by the ESTIMATE R package. RNA-seq detailed quality
control was performed using RNA-SeQC (RRID:SCR_005120),
RSeQC (RRID:SCR_005275), and MultiQC (RRID:SCR_014982).

mIHC
mIHC staining was performed by the Experimental Histopathology

Shared Resource of the Fred Hutch/University of Washington Cancer
Consortium. FFPE PDAC slides were baked for 1 hour at 60�C, then
dewaxed and stained on a Leica BOND Rx stainer using Leica Bond
reagents for dewaxing (Dewax Solution). MOTiF 6-plex antibody
panels were designed to assess myeloid, lymphoid, and structural
(Supplementary Table S1) cell populations. Antigen retrieval/antibody
stripping (Epitope Retrieval Solution 2) and rinsing was performed
after each step (Bond Wash Solution). Antigen retrieval and antibody
stripping steps were performed at 100�Cwith all other steps at ambient
temperature.

Endogenous peroxidase activity was blocked with 3% H2O2 for
5 minutes followed by protein blocking with TCT buffer (0.05M Tris,
0.15MNaCl, 0.25%Casein, 0.1%Tween 20, 0.05% ProClin300 pH 7.6)
for 10 minutes. The first primary antibody (position 1) was applied for

Translational Relevance

The clinical data provided in this work characterizes the PDAC
immunemicroenvironment following SBRT, identifying aspects of
both immunogenic transformation and residual immunosuppres-
sion. Although SBRT has no significant impact on PDAC survival
outcomes, these findings indicate that radiation elicits ICD, aug-
ments the intratumoral ratio of activated T cells, and supports the
enrichment of tumor-reactive T-cell clones in a subset of patients.
Despite evidence of antitumor immune priming, intratumoral
T-cell levels remain characteristically low, and lymphocytes are
shown to be outnumbered by treatment refractory myeloid sup-
pressors by approximately 100:1. This work provides evidence that
SBRT can initiate an antitumor immunogenic response against
human PDAC, reinforcing its utility as a combination with immu-
notherapy. Furthermore, the identification of residual immuno-
suppressive components serves to inform continued development
of multimodal approaches to reverse this barrier.

SBRT Modulation of PDAC Immune Microenvironment
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60 minutes followed by the secondary antibody application for 10
minutes and the application of the tertiary TSA-amplification reagent
(PerkinElmer OPAL fluor) for 10minutes. A high stringency washwas
performed after the secondary and tertiary applications using high-salt
TBST solution (0.05M Tris, 0.3M NaCl, and 0.1% Tween-20, pH 7.2–
7.6). Species-specific polymer HRP was used for all secondary applica-
tions, either Leica’s PowerVision Poly-HRP anti-Rabbit Detection or
anti-mouse detection. Primary and secondary antibodies were
stripped with retrieval solution for 20 minutes before repeating the
process with the second primary antibody (position 2) starting with a
new application of 3% H2O2. The process was repeated until five
positions were completed. For the sixth position, following the sec-
ondary antibody application, Opal TSA-DIG was applied for 10
minutes, followed by a 20-minute stripping step in retrieval solution
and application of Opal 780 fluor for 10 minutes with high stringency
washes performed after the secondary, TSA DIG, and Opal 780 fluor
applications. The stripping step was not performed after the final
position. Slides were removed from the stainer and stained with DAPI
for 5 minutes, rinsed for 5 minutes, and coverslipped with Prolong
Gold Antifade reagent (Invitrogen/Life Technologies).

Slides were cured overnight at room temperature, then whole slide
images were acquired on the Vectra Polaris Quantitative Pathology
Imaging System (Akoya Biosciences). The entire tissue was selected for
processing using Phenochart and the images were spectrally unmixed
using inForm software. Unmixed images were exported as multi-
image TIF files, which were analyzed with HALO image analysis
software (Indica Labs) using the High-Plex FL module. Cellular
analysis of the images was performed by first identifying cells based
on nuclear recognition (DAPI stain), then measuring fluorescence
intensity of the estimated cytoplasmic areas of each cell. A mean
intensity threshold above backgroundwas used to determine positivity
for each fluorochrome within the cytoplasm, thereby, defining cells as
either positive or negative for each marker. The positive cell data was
then used to define colocalized populations. The HALO Classifier
module was used to annotate regions of dense collagen, TLS, and
tumor nests, via Random Forrest analysis. TLS cellular quantifications
were performed on annotated TLS containing >500 total cells, and
additionally, >100 CD8 T cells for CD8þPD-1þ quantification. The
HALO Spatial Analysis module was used for spatial and proximity
analyses.

Histology/IHC
Mayer’s hematoxylin and eosin staining was performed on the

leading section of each FFPE PDAC tissue series. Tumoral and
adjacent peritumoral regions were annotated by a licensed pathologist.

HMGB-1 and HSP70 staining was used to assess DAMP levels on
sequential sections. Briefly, PDAC sections were dewaxed with three
5-minute washes in xylenes. Samples were then rehydrated by
2-minute washes in 95% EtOH (x2), 80% EtOH, 70% EtOH, and
H2O, and endogenous peroxidase activity was blocked with a
30-minute incubation in 0.3% H2O2. Sections were incubated in
blocking buffer (DAKO serum-free protein block) for 1 hour,
followed by overnight primary antibody incubation in anti-HMGB1
(1:1,000, Abcam, Catalog No. ab18256, RRID:AB_444360) or anti-
HSP70 (1:100, Abcam, Catalog No. ab2787, RRID:AB_303300).
Secondary antibodies were applied with 30-minute incubations,
followed by HRP/DAB (ABC) detection (Abcam). Slides were
counterstained with hematoxylin (VDW).

Masson’s trichrome staining was performed using the Trichrome,
Masson, Aniline Blue Stain Kit (Newcomer Supply). Briefly, PDAC

sections were dewaxed with three 5-minute washes in xylenes, and
then rehydrated by washing in 95% EtOH (x2) and 80% EtOH (x2).
Slides were incubated in Bouin’s fluid overnight for dye fixation,
followed by a 10-minute incubation in 1% hematoxylin to stain
nuclei. Acidophilic tissue elements were stained with Biebrich
Scarlet-Acid Fuchsin stain for 2 minutes, followed by decolorization
for 15 minutes in phosphomolybdic-phosphotungstic acid and
collagen staining for 5 minutes in Aniline Blue stain. Slides were
then incubated in 0.5% acetic acid for five minutes to differentiate
tissue sections.

Whole slide tissue sections were digitized and registered at 20�
magnification using anAperioVERSADigital Histology System (Leica
Biosystems) equipped for high-resolution whole slide scanning. Anal-
yses were performed using Aperio ImageScope (RRID:SCR_014311).
The Positive Pixel Count algorithm was used to quantify the total
number of collagen-positive pixels (blue), as well as 1þ (low) and 2þ
(moderate) DAMP-stained pixels (brown) in tumor and peritumor
regions.

TCR-seq
Tissue scrolls were generated from 5 mm sections of resected human

PDAC tissue. Genomic DNA extraction, library preparation, and
survey level sequencing was performed by Adaptive Biotechnologies.
Briefly, the ImmunoSEQ TCRb Kit was used to generate sequencing
libraries, utilizing a bias-controlled multiplex-PCR amplification of
rearranged TCR CDR3 sequences that allowed for a quantitative
readout of T-cell repertoires. Forward primers were targeted to the
V segment of the TCR, and reverse primers targeted the J segment.
Genomic DNA input provided CDR3 sequences that were highly
representative of the relative frequency of each rearrangement in the
sample population, capturing the full TCR repertoire including specific
individual clones. Analyses were performed on the ImmunoSEQ
Analyzer and ImmunoMap platforms (29). For ImmunoMap struc-
tural TCR repertoire analysis, sequencing data were filtered to include
only sequences with >4 reads. Dominant motif analyses were run on
the top 40% of sequences in each response, with the following input
parameters: homology threshold¼ 0.3, cluster frequency threshold¼
1, PAM10 scoring matrices, and gap penalty ¼ 30.

Statistical analysis
GraphPad Prism 7 software (RRID:SCR_002798) was used for all

statistical analyses, and P values of <0.05 were considered significant.
For RNA-seq analyses, the significant differential expression cutoffs
employed were P value <0.05 and fold change � 2 or � �2. Quan-
tification analyses comparing untreated (UT) and SBRT-treated
groups were tested for significance using two-tailed unpaired paramet-
ric t tests. For spatial and proximity analyses, each dataset was fit to a
second-order polynomial equation using nonlinear least squares
regression, and B0, B1, and B2 parameters were compared using an
extra sum-of-squares F test to determine significance. Comparison of
CD8 T-cell proximities to myeloid suppressor, Treg, and tumor cell
populations was tested for significance using an ordinary two-way
ANOVA and Tukey multiple comparisons test with a single pooled
variance. PCA clustering of samples was performed on standardized
loadings, and principal components with eigenvalues greater than
0.5 were selected. Significance for the quantification of TCR repertoire
characteristics between untreated, immunologically “cold” SBRT,
and immunogenically “hot” SBRT samples was calculated using an
ordinary one-way ANOVA test with Holm–Sidak test for multiple
comparisons.
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Study approval
This single-arm pilot study of preoperative SBRT for resectable

PDAC was conducted in accordance with recognized ethical
guidelines stated in the Belmont Report, and approved by the
URMC Institutional Review Board (NCT02347618). Written
informed consent was obtained from all patients recruited for
this study. Samples were deidentified prior to analysis for patient
confidentiality and blinding. Patients and the public were not
involved in the design, conduct, reporting, or dissemination plans
of our research.

Data availability
TheRNA-seq data generated during this study are available at NCBI

Gene Expression Omnibus (GEO) under the accession number
GSE185311. (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc¼GSE185311). TCR-seq data will be made available upon request
to Scott A. Gerber (scott_gerber@urmc.rochester.edu).

Results
Patient characteristics and study design

Patients diagnosed with resectable PDAC were enrolled in a single-
arm pilot study (NCT02347618) investigating preoperative SBRT
(n ¼ 9). Stereotactic body radiotherapy was delivered at a dose of
25 Gy over 5 consecutive days (5 Gy � 5), and patients underwent
surgical resection a median of 7 days (2–14 days) following the final
SBRT fraction. Comparison samples (untreated control) were
obtained from patients with resectable PDAC who underwent routine
surgical resection without any prior therapy (n ¼ 14, Supplementary
Table S1). The majority of tumors (65.2%) represented stage T1c and
T2malignancies with lymphovascular invasion (LVI, 73.9%), and only
three (17.6%) demonstrated poor differentiation. No differences in
overall survival were observed between untreated (OS¼ 29.6 months)
and SBRT-treated (OS ¼ 29.1 months) groups (Supplementary
Fig. S1A), and progression-free survival in SBRT-treated patients
(PFS¼ 24.0 months) indicated modest increases relative to untreated
controls (PFS ¼ 10.4 months, Supplementary Fig. S1B). All tumor
samples used for correlative studies were FFPE fromdebulked tissue by
the Surgical Pathology Department at the University of Rochester
Medical Center. Sequential 5 mm sections from tumor blocks were
used for subsequent RNA-seq, mIHC (Supplementary Table S2), and
TCR-seq analyses of the tumor immune microenvironment.

SBRT reduces tumor burden and elicits ICD in PDAC
We assessed themagnitude of DNA damage and corresponding cell

death in PDAC tumors targeted by SBRT, compared with unirradiated
control. RNA-seq was used to examine gene signatures associated with
apoptotic/necrotic radioresponses. Overrepresentation analysis was
performed on differentially-expressed genes (DEG) between untreated
(UT) and SBRT-treated samples, mapping to the KEGG Pathway
Database. Results indicated significant over-representation of the
TP53 signaling pathway (Fig. 1A). Furthermore, GSEA of DEGs
identified the significant enrichment of TP53 DNA damage response
(Supplementary Fig. S2A) and irradiation response (Supplementary
Fig. S2B) genesets. The tumor protein P53 (P53) is a master regulator
of the DNA damage response, controlling a myriad of genes involved
in the regulation of cell-cycle arrest, DNA repair,metabolic adaptation,
and cell death (30). Overall, these data indicate the general upregula-
tion of DNA damage response signaling in PDAC tissue targeted by
SBRT relative to untreated controls.

Distinct areas of tumor and adjacent peritumoral regions were
annotated using an H&E stained leading section from each sample
series by a licensed pathologist at the University of Rochester (Sup-
plementary Fig. S2C). Nuclear staining (DAPI) of all cells in tumor
regions identified reductions in overall cellularity following SBRT
delivery (Supplementary Figs. S2D and S2E), and multiplex staining
with pan-cytokeratin (pan-CK, AE1/AE3) revealed corresponding
significant decreases in the tumor cell densities of SBRT-treated
samples (Fig. 1B andC). Furthermore, cellular segmentation indicated
reduced tumor cell nuclear roundness following SBRT, suggesting a
prevalence of damaged and/or dying PDAC cells (Supplementary
Fig. S2F; ref. 31). To assess levels of ICD, sections were stained for
two DAMPs: high-mobility group box 1 protein (HMGB1) and
HSP70. IHC analysis revealed cumulative increases in weak staining
surrounding densely stained cell nuclei and cytoplasm in SBRT-treated
samples, characteristic of the cytoplasmic and extracellular release of
nuclear HMGB1 and cellular HSP70 (32, 33), respectively, during ICD
(Fig. 1D–F; Supplementary Fig. S2G). These results collectively argue
that SBRT directly induces ICD in the PDAC TME that, importantly,
can persist throughout the week(s) following treatment.

Collagen deposition in SBRT-treated PDAC does not increase
T-cell sequestration

Radiotherapy has been shown to promote fibrosis (34), and radi-
ation-induced fibrotic deposition in PDAC may promote therapeutic
resistance and disease progression by preventing effector T-cell infil-
tration (35, 36). To assess the onset of fibrosis in resectable PDAC
following SBRT, we stained tissue sections withMasson’s trichrome to
visualize collagen density. Our results indicated that SBRT treatment
significantly augments collagen deposition throughout tissue sections
within days following SBRT (Fig. 2A andB). To assess the potential for
cell sequestration in fibrotic regions, we performed a spatial analysis of
T-cell abundances within or beyond dense collagen interfaces anno-
tated using a tissue classifier machine learning algorithm (Fig. 2C–E).
Although SBRT-treated tumors containedmore collagen, fewer CD8þ

(Fig. 2F andG) and CD4þ (Fig. 2H and I) T cells were found to reside
within areas of dense collagen relative to untreated controls. Accord-
ingly, these results indicate that although collagen deposition was
induced by SBRT, it did not promote T-cell sequestration.

PDAC vasculature remains unchanged following SBRT
Proliferative endothelial cells (EC) in the TME can display radio-

sensitivity (37). Accordingly, radiotherapy has been shown to induce
EC dysfunction and apoptosis, leading to reduced vascular density and
hypoperfusion (38). We assessed PDAC vasculature following SBRT
by staining for anti-CD31 (Fig. 3A), however our findings did not
reveal any differences in EC number (Fig. 3B), vessel area (annotated
using a tissue classifier machine learning algorithm, Fig. 3C), or
vascular spatial density (Fig. 3D and E) between untreated and
SBRT-treated tumors. Spatial analysis of relative CD8 T-cell abun-
dances within, and adjacent to (<200 mm)CD31þ-classified vessels did
indicate a different cellular distribution following SBRT (Fig. 3F), with
significantly fewer CD8 T cells residing less than 40 mm from vessels
(Supplementary Fig. S3A). CD4 T-cell distribution was found to be
similar between control and SBRT groups (Supplementary Figs. S3B
and S3C). Comprehensively, these results suggest that the structure
and function of PDACvasculature are unaffected by SBRT and capable
of supporting immune cell infiltration during antitumor immune
responses. Furthermore, CD8 T-cell migration away from vessels may
be improved following SBRT treatment.

SBRT Modulation of PDAC Immune Microenvironment
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Irradiated PDAC TME demonstrates TLS remodeling
TLS organize during intraductal papillary mucinous neoplasm

(IPMN) progression into PDAC, during which they accumulate
immunosuppressive cell types (39). However, these satellite lymphoid
organs may also serve crucial roles in tumor surveillance, and the
presence of intratumoral TLS in PDAC has been associated with
improved outcomes (5). Similar to primary lymph nodes, TLS are
often predominantly composed of B cells that form distinct zones of
aggregation (40). Accordingly, we annotated TLS structures using a
tissue classifier machine learning algorithm to objectively identify
CD19þ B cell clusters across PDAC sections (Fig. 4A), and quanti-
fication of classified TLS revealed fewer structures in SBRT-treated
sections relative to controls (Fig. 4B). Of note, no TLS were identified
in four untreated and two SBRT-treated samples, resulting in sample
sizes of 10 and 7, respectively, for subsequent TLS analyses. The
structures present in SBRT-treated samples also exhibited a trend
toward decreased average area (Supplementary Fig. S4A), however, a
greater percentage were found to be located intratumorally or imme-
diately adjacent to tumor regions (<500 mm) compared with untreated
controls (Fig. 4C).

Next, mIHC was used to assess the overall densities of immune cell
populations within TLS. For sampling accuracy, only sections with
greater than 500 TLS-resident cells were analyzed (untreated n ¼ 7,
SBRT n ¼ 4). No significant difference was observed in the levels of
segmented CD11cþHLA-DRþCD68� dendritic cells (DC, Supplemen-
tary Figs. S4B and S4C) between untreated and SBRT-treated groups.
Cellular segmentation was also used to identify regulatory Treg

(CD4þFOXP3þCD8�),monocyte (CD14þCD68�CD15�),macrophage
(CD14þCD68þCD15�), and granulocyte (CD15þCD14�CD68�)
populations within TLS (Fig. 4D), and results indicated that
cumulative numbers of immunosuppressive cells were significantly
lower in SBRT-treated TLS relative to untreated TLS (Fig. 4E).
Corresponding analyses of CD8 T cells revealed no difference in cell
density between groups (Fig. 4F; Supplementary Fig. S4D), how-
ever, the percentage of programmed death 1-positive (PD-1) CD8 T
effector cells (in samples containing greater than 100 total CD8s)
was significantly decreased following SBRT (Fig. 4G). Low numbers
of CD4 T cells were identified in TLS following SBRT (Supplemen-
tary Fig. S4E). In summary, although SBRT was found to reduce the
overall number and sizes of TLS in PDAC tissue, proximity to
tumor nests and reduced immunosuppressive signatures argue
antitumor immune supportive effects.

Intratumoral immunosuppressor populations persist following
SBRT

Although SBRT can induce ICD, thereby priming antitumor
immune responses, irradiation has also been shown to enhance
both the recruitment of suppressor cells to the TME as well as
augment the M2 immunosuppressive phenotype of intratumoral
myeloid cells (20, 41). Using mIHC, we interrogated the levels of
immunosuppressive cell types within PDAC intratumoral regions.
Monocyte (Fig. 5A), macrophage (Fig. 5B), and granulocyte
(Fig. 5C) populations displayed no differences in cell density,
whereas Treg cells (Fig. 5D) were significantly decreased following
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SBRT. In addition, OncoPeptTUME mapping of RNA-seq data
provided evidence of conserved macrophage M1/M2 polarization
between control and SBRT-treated groups across whole tissue
sections (Fig. 5E).

In addition to stromal immune suppressors, PDAC tumor cells can
also drive immunosuppression both indirectly (42) and directly (43).
For example, radiation can augment the PD-L1/PD-1 axis by upre-
gulating PD-L1 expression on tumor cells and dampening coordinate
immune responses (44). mIHC assessment of pan-CKþ tumor cells
(Fig. 5F) revealed significant increases in PD-L1 expression following
SBRT (Fig. 5G). No significant increase was observed collectively
across all other cell types (Supplementary Fig. S5A). In addition,
PDAC cells from SBRT-treated samples did not display a coordinate
upregulation of MHC I (Fig. 5H), indicating an immunosuppressive
bias in classical phenotypic response. These studies collectively suggest
that SBRT does not augment or repolarize the myeloid immunosup-
pressor compartment in PDAC, however, reductions in suppressive
Treg cells indicate an element of proinflammatory transformation.
Alternatively, refractory tumor cells may be driven toward a state that
supports immune escape.

T-cell activation in SBRT-treated PDAC contendswith prevalent
suppressor cell burden

We determined if SBRT treatment of PDAC tumors generates an
antitumor immune response by using mIHC and RNA-seq. IHC
analysis of intratumoral T-cell distribution revealed nonsignificant
reductions in both CD8 and CD4 densities between untreated and
SBRT-treated PDAC tissues (Fig. 6A; Supplementary Figs. S6A and
S6B, respectively). Of note, no intratumoral CD4T cells were identified
in two untreated and two SBRT-treated samples, resulting in sample
sizes of 12 and 7, respectively, for subsequent intratumoral CD4 T-cell
analyses. Interestingly, levels of the PD-1þ effector subtypes were
found to be significantly augmented by SBRT treatment (Fig. 6B). A
tissue classifier machine learning algorithm was used to annotate
tumor nests based on pan-CK staining patterns (Fig. 6C). Results
revealed a trend toward increased CD8 T-cell densities within tumor
nests of SBRT-treated samples relative to controls (Fig. 6D), however,
no clear differences in CD4 T-cell abundance were observed (Sup-
plementary Fig. S6C). Separately, mIHC segmentation of intratumoral
DCs indicated a trend of reduced density following SBRT (Supple-
mentary Fig. S6D).
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Although SBRT treatment was found to augment the relative levels
of PD-1þ T cells in the PDAC TME, myeloid suppressor recalcitrance
could still suppress antitumor potential. Accordingly, mIHC was used
to evaluate the spatial relationship between PD-1þ T cells and sup-
pressive myeloid (monocyte, macrophage, granulocyte) populations
(Fig. 6E). Our findings confirmed marked suppressor:CD8 T-cell
ratios (approximately 100:1) in the SBRT treatment cohort, slightly
greater than untreated controls (Fig. 6F). Furthermore, proximity
analyses indicated that CD8 T-cell proximity to myeloid suppressors,
Treg cells, and tumor cells was not significantly affected by SBRT;
however, the average distance to myeloid suppressors (approximately
15–30 mm) was markedly less than distances to Tregs (approximately
80–120 mm) and tumor cells (approximately 110–120 mm; Fig. 6G;
Supplementary Fig. S6E), with greater than 90%ofCD8T cells residing
within 50 mm of a suppressor cell in all samples (Supplementary
Fig. S6F). CD4 T cells were found to maintain analogous spatial
relationships to myeloid suppressor cells (Supplementary Figs.
S6G–S6J). Comprehensively, these findings indicate that SBRT treat-
ment augments the percentage of PD-1þ T effectors in PDAC tumor
regions; however, the number and functional capacity of these effectors
are likely restrained by overwhelming myeloid suppressor burden.

SBRT induces clonal T-cell expansion in a subset of humanPDAC
tumors

Although intratumoral T-cell numbers following SBRT were com-
parable with untreated samples, SBRT-induced ICD can alter the
clonal signature of the repertoire (45–47). T-cell receptor sequencing
revealed no significant differences in the number of TCR b-chain
rearrangements (Supplementary Fig. S6K), frequency of top clono-

types (Supplementary Fig. S6L), or Simpson’s clonality of T-cell
repertories (Fig. 7A) in SBRT-treated samples relative to control.
Similarly, no differences were observed in the cumulative frequencies
of top 500 clonotypes between groups (Fig. 7B); however, a subset of
SBRT-treated samples displayed a trend toward increased frequency of
top clonotypes (Fig. 7C). For further investigation of this population,
we employed the ImmunoMap bioinformatics platform (29), which
utilizes sequence relatedness and frequency information to assess TCR
structural diversity beyond the scope of traditional mathematical
constructs. Briefly, ImmunoMap uses hierarchical clustering to group
structurally homologous TCR sequences that meet a user-defined
frequency threshold, defined as dominant motifs. SBRT-treated sam-
ples representing trends of increased top clonotype frequency similarly
displayed weighted repertoire dendrograms distinct from other SBRT
and untreated samples (Fig. 7D). Collectively, SBRT treatment was
found to produce trends of fewer dominant motifs (Fig. 7E) that made
up a greater frequency of the T-cell repertoire (Supplementary
Fig. S6M), and led to lower TCR diversity scores (Fig. 7F).

The variance in TCR diversity observed within the SBRT group
suggests that the samples examined exhibited tumor-specific treat-
ment responsiveness. Principal component analysis was used to
classify samples based on immunogenicity, grouping tumors into
immunologically “hot” or “cold” subsets. Datasets from our analyses
of cumulative DAMP release, intratumoral myeloid suppressor den-
sity, and intratumoral PD-1þ CD8 T effector percentage were loaded
as regression variables, and principal component biplots displayed a
prevailing group of untreated and SBRT-treated samples that were
classified as immunogenically “cold.” In addition, a spatially exclusive
cluster of three SBRT-treated samples was also identified. These
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PDAC vasculature remains unchanged following SBRT. A–C, CD31 staining/segmentation and a tissue classifier algorithm was used to annotate vessels
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samples were found to contain comparatively high levels of DAMP
release, augmented PD-1þ CD8 T effector percentages, and low
myeloid suppressor densities, and were classified as immunologically
“hot” (Fig. 7G).We reassessed TCR repertoire characteristics based on
the PCA plot immunogenic subsetting. Immunologically “hot” sam-
ples contained significantly fewer dominant motifs (Fig. 7H) and have
significantly lower TCR diversity scores (Fig. 7I) relative to immu-
nologically “cold” untreated and SBRT-treated groups. In addition,
dominantmotifs from the “hot” subset comprised a greater percentage
of the overall T-cell repertoire relative to “cold” tumors (Supplemen-
tary Fig. S6N). Overall, these findings argue that SBRT is capable of
generating a clonal T-cell response against a subset of treatment-
responsive PDAC tumors.

Discussion
Stereotactic body radiotherapy is a standard treatment for various

malignancies; however, immunologically “cold” tumors such as PDAC

are often refractory, and lack survival benefit (22, 37). The ability of
radiotherapy to prime an antitumor immune response has been well
established in animal models of PDAC (16, 48); nonetheless, the
prominence of immunosuppressive stroma in human tumors may
result in poor clinical translation. Accordingly, we hypothesized that
SBRT initiates an antitumor response in human PDAC, independent
of patient outcomes. Our investigation utilized a pilot study of
preoperative SBRT for resectable PDAC, through which we acquired
invaluable tissue samples that: (i) received only SBRT treatment,
and (ii) were resected within a short period of time following therapy
(2–14 days). Despite limited sample sizes, our data indeed described
significant differences in several components of the antitumor
immune response in PDAC tissues following SBRT. Notably, we
report augmented tumor cell death independent of immune-
restrictive modulation of the vasculature and ECM. Although SBRT
increased the percentages PD-1þ T effector infiltrate in tumor regions,
we did not observe favorable T-cell densities, or consistent clonal T-cell
responses across the treatment cohort. Residual immune suppressor
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cells and tumor cell escape mechanisms likely contributed to this
finding, leading to variability in immunogenic responses. Compre-
hensively, these findings validate the importance of augmenting SBRT
responses with complementary interventions, highlight the therapeu-
tic potential for SBRT-centric immunotherapy combinations, and give
insight regarding the refractory components within the human PDAC
TME.

The PDAC TME is comprised of several features including fibro-
blasts, immune cells, ECs, and ECM,which serve critical roles in tumor
initiation, progression, and radiation response. Advancements in the
field of radiobiology have led to the emergence of several theories
regarding which of these factors ultimately drive tumor regression
following radiation-induced damage. For years, it was widely accepted
that the antitumor effects following radiation were primarily governed
by damage to ECs resulting in vascular collapse (49–51). This view-
point was supported by observations that the linear quadratic model
for calculating isoeffective radiation doses cannot account for thera-
peutic efficacy alone, and therefore, mechanisms apart from DNA
damage to tumor cellsmust contribute to antitumor responses (52, 53).
In addition, preclinical findings demonstrating progressive increases
in tumor cell death in the days following a single fraction of high-dose
irradiation suggested a secondary, indirect, mechanism characterized
by reduced blood perfusion and increased hypoxia (54). Conversely, a
subsequent study by Moding and colleagues found that altering cell
death pathways in ECs had no effect on radiation-induced cell death in
genetically engineered mouse sarcoma models; however, deletion of

the ATM radioresistance gene in tumor cells enhanced sarcoma
eradication (55). Our findings demonstrate that the treatment of
human PDAC with SBRT results in direct tumor cell killing
(revisit Fig. 1), independent of observable effects on EC viability,
vascular innervation, or vessel integrity (revisit Fig. 3). As clinical
studies continue to explore the efficacy of novel radiation dosing and
fractionation schemes, further investigation of indirect effects on
vasculature, as well as perfusion studies, should be performed to
develop a more comprehensive understanding of the therapeutic
mechanism specific to PDAC.

Surprisingly, one of the most robust effects observed in the PDAC
TME following SBRT was the reduction and remodeling of TLS
(revisit Fig. 4). Although existing literature would suggest that
decreases in PDAC TLS number would portend poor survival,
increased percentages of intratumoral TLS in SBRT-treated samples
could be beneficial. The origins and timing of intratumoral TLS
development are beyond the scope of this study; however, given the
decreased size of structures following SBRT (revisit Supplementary
Fig. S4), we postulate that radiation damage may eradicate preexisting
TLS, allowing for the de novo organization of aggregates within tumor
regions. Importantly, the composition of TLS present in SBRT-treated
tissues demonstrated a significant reduction in both myeloid and Treg
immunosuppressor populations, representing a context supportive of
CD8 T-cell activation and proliferation. Although we report SBRT-
driven reductions in TLS- and dLN-resident PD-1þ CD8 T cells, we
believe this indicates increased tumoral trafficking of antigen-specific
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effectors. This premise is further supported by increases in PD-1þCD8
T cells observed in tumor regions following SBRT (revisit Fig. 6).
Additional studies devoted to tracking CD8 T-cell migration between
these regions in the context of SBRT are warranted.

A universal consequence of tumor irradiation is ancillary fibrosis,
and accordingly, trichrome staining of SBRT-treated PDAC tissue
demonstrated enhanced collagen deposition within days following
treatment (revisit Fig. 2). Studies have suggested that the dense,
desmoplastic stroma of PDAC may juxtatumorally sequester CD8
T cells and attenuate coordinated immune responses (56, 57). How-
ever, more recent work that comprehensively computed the spatial
distribution of multiple cell types in the human PDAC TME using
mIHC reported that desmoplasia did not appear to act as a physical
barrier (58). Our findings corroborate the latter, as the enhanced
collagen deposition that we observed in PDAC tissue following SBRT
did not coincide with increased CD8 T-cell sequestration. Rather, our
data suggest that augmentation of PD-L1 on PDAC cells is more likely
a source of accessory immunosuppression driven by SBRT (revisit

Fig. 5). Type I and II IFN signaling induces PD-L1 expression during
local inflammation to modulate acute responses and maintain periph-
eral tolerance (21, 44). Although we utilized PD-1 expression to
(appropriately) classify activated CD8 T cells, we acknowledge that
the PD-1þ subtype is paradoxically susceptible to exhaustion by TCR
suppression and/or apoptosis via the PD-L1/PD-1 axis (59, 60). Pre-
clinical studies as well as a recent phase I clinical trial have reported
improved outcomes by combining radiotherapy and PD-L1 blockade
for PDAC (61–63), and our findings support the further study of this
immunotherapy combination for human disease.

Supplementing radiotherapy with PD-L1-targeted immunotherapy
may improve therapeutic efficacy for PDAC; however, our findings
indicate that more comprehensive interventions may be required for
maximal benefit. Immune cells of both lymphoid (Treg) and myeloid
(inflammatory monocyte, tumor-associated macrophage, granulo-
cytic myeloid-derived suppressor cell) origins can further suppress
antitumor immunogenicity. Our data suggest that SBRT alone may
resolve lymphoid-driven immunosuppression, as both TLS and
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intratumoral Treg levels were found to be reduced following SBRT
(revisit Figs. 4 and 5). However, immunosuppression in PDAC ismost
notably driven by a predominance ofmyeloid-derived suppressor cells,
and therapeutically targeting this population via C-C chemokine
receptor type 2 (CCR2) inhibition has been shown to improve PDAC
patient outcomes (10, 64). Furthermore, work by Seifert and colleagues
has demonstrated that radiotherapy recruits additionalmyeloid cells to
the PDAC TME, and drives reprogramming toward a suppressive M2
phenotype by stimulating macrophage colony-stimulating factor
(m-CSF) expression in PDAC cells (20). Although we did not observe
augmentedmyeloid cell density orM2 polarization in the PDAC TME
following SBRT, suppressor populations persisted and outnumbered
CD8 T cells by nearly 100:1, likely contributing to T-cell anergy
(revisit Figs. 5 and 6). This premise is supported by prior work
reporting improved survival in resectable human PDAC following
neoadjuvant FOLFIRINOX only in the setting of reduced M2 mac-
rophage density (65). Complementary treatment strategies targeting

the suppressive myeloid component may be necessary to achieve
durable therapeutic responses with SBRT in human PDAC.

The clinical study (NCT02347618) was designed to assess the safety
and tolerability of neoadjuvant SBRT for patients with resectable
PDAC; however, it was not powered to objectively correlate overall
survival with SBRT responsivity at the cellular level, and further
clinical studies with greater enrollment are warranted. Regardless,
even with limited study cohorts, significant differences in the TME
were observed following SBRT. Although no clinical features impact-
ing the resection timeline were reported, analytical variability was
likely introduced by the wide window of resection (12 days) post-
SBRT. The days/weeks following tumor irradiation are extremely
transient with respect to accumulating DNA damage and cell death,
ECM conversion, and immune cell redistribution (37). A number of
our findings may have been impacted by variable resection windows,
such as TLS involvement and T-cell clonality. The relocation/refor-
mation of TLS, and redistribution of stimulated T-cell repertoires
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Figure 7.

SBRT induces clonal T-cell expansion in a subset of humanPDAC tumors.A–C, TCR-seqwas performed onwhole PDAC sections to assess clonality (A) and clonotype
frequency, presented cumulatively (B) and representatively (C) to demonstrate tumor-specific clonal responses. Statistical significancewas determined by unpaired
parametric t tests.D–F, ImmunoMap analysis was used tomap dominant TCRmotifs (D, representative dendrogram) for quantification (E) and diversity scoring (F).
Statistical significancewas determined by unpaired parametric t tests.G–I,PCAwas used to cluster PDAC samples based on immunologic characteristics (arrows;G),
and dominant motif number (H) and TCR diversity (I) were compared between immunologically “cold” and “hot” subsets. Red dotted line: “hot” subset. Statistical
significance was determined by one-way ANOVA (Holm–Sidak test). All data represent mean� SEM (� , P < 0.05; ���� , P < 0.0001). See also Supplementary Fig. S6.
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presumably takes weeks rather than days to manifest, and accordingly,
ranging sample acquisition could lead to observations of reduced TLS
and patient-specific T-cell clonal expansion, both of which were
documented in this study. Nevertheless, no significant correlations
were observed between time to resection and several of the radiologic/
immunologic findings documented (data not shown).

Although radiotherapy does not generate robust therapeutic
responses that profoundly impact PDAC patient outcomes, this work
comprehensively examines the immunological impact of SBRT on the
PDAC TME, and provides data supporting a role for SBRT in combi-
nation approaches. The patient cohort that received SBRT clearly
demonstrated varying degrees of antitumor immunogenicity following
treatment, with the most immunologically “hot” tumors possessing a
unique clonal T-cell repertoire. Our characterization of the PDACTME
argues in support of antitumor immune priming initiated by SBRT, and
identifies critical nodes of resistance that must be resolved to improve
clinical outcomes. Accordingly, this work serves to educate the devel-
opment of future immunotherapy strategies that target immunosup-
pressive features of the PDACTME in coordinationwith SBRTdelivery.
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