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Abstract
Background: Hundreds of ongoing clinical trials combine radiation therapy, mostly delivered as stereotactic body radio-
therapy (SBRT), with immune checkpoint blockade. However, our understanding of the effect of radiotherapy on the
intratumoral immune balance is inadequate, hindering the optimal design of trials that combine radiation therapy with
immunotherapy. Our objective was to characterize the intratumoral immune balance of the malignant prostate after SBRT in
patients.
Methods: Sixteen patients with high-risk, non-metastatic prostate cancer at comparable Gleason Grade disease underwent
radical prostatectomy with (n= 9) or without (n= 7) neoadjuvant SBRT delivered in three fractions of 8 Gy over 5 days
completed 2 weeks before surgery. Freshly resected prostate specimens were processed to obtain single-cell suspensions, and
immune-phenotyped for major lymphoid and myeloid cell subsets by staining with two separate 14-antibody panels and
multicolor flow cytometry analysis.
Results: Malignant prostates 2 weeks after SBRT had an immune infiltrate dominated by myeloid cells, whereas malignant
prostates without preoperative treatment were more lymphoid-biased (myeloid CD45+ cells 48.4 ± 19.7% vs. 25.4 ± 7.0%;
adjusted p-value= 0.11; and CD45+ lymphocytes 51.6 ± 19.7% vs. 74.5 ± 7.0%; p= 0.11; CD3+ T cells 35.2 ± 23.8% vs.
60.9 ± 9.7%; p= 0.12; mean ± SD).
Conclusion: SBRT drives a significant lymphoid to myeloid shift in the prostate-tumor immune infiltrate. This may be of
interest when combining SBRT with immunotherapies, particularly in prostate cancer.

Introduction

Today, approximately half of all cancer patients receive
radiotherapy at some point during their treatment [1].
Radiation-induced tumor cell kill is thought to be pri-
marily the result of the formation of reactive oxygen
species and DNA damage. However, there is increasing
evidence that radiation has also significant immune
modulating activity, altering the intratumoral immune
landscape and in some cases favoring lymphocytic infil-
tration, particularly after hypofractionated regimes (frac-
tion sizes of 7–8 Gy) [2–5]. For instance, studies in animal
models showed that tumor-infiltrating lymphocytes, after
an initial decline, increase well above pre-treatment levels
over the span of 1 to 2 weeks after high-dose per fraction
radiotherapy as lymphocytes migrate into the irradiated
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tumor [6, 7]. In the clinic, high-dose per fraction radio-
therapy is delivered using the technique of Stereotactic
Body Radiotherapy (SBRT), which relies on image gui-
dance to deliver dose to target volumes with high preci-
sion. Hundreds of ongoing trials listed in clinicaltrials.gov
are currently testing the combination of various immu-
notherapies with radiotherapy, most using SBRT in
combination with checkpoint blockade [8]. However,
studies directly measuring the representation of infiltrat-
ing immune cells in patients after SBRT are few and far
between, and none exist in the context of prostate cancer.
We therefore sought to interrogate the tumor-immune
interface after prostate SBRT using fresh tissue from
prostate cancer patients.

Materials and methods

Correlative analyses from a phase I trial of prostate SBRT
(three fractions of 8 Gy delivered over 5 days and directed
to the prostate and seminal vesicles) 2 weeks+/− 3 days
neoadjuvant to radical prostatectomy (NCT02830165)
offered the unique opportunity to study fresh prostate tissue
after SBRT in patients. The malignant prostates from nine
patients with high-risk, non-metastatic prostate cancer on
the trial were compared to those from seven patients with
similar Gleason grade who underwent radical prostatectomy
alone without neoadjuvant therapy.

Fresh bulk prostatectomy tissue containing both tumor
and surrounding normal gland was minced and enzymati-
cally digested for 1 h at 37 °C in a gentleMACS dissociator
(Miltenyi Biotec Inc., San Diego, CA) with 5 mg/g col-
lagenase D (Sigma-Aldrich, St. Louis, MO) and 0.5 mg/g
tissue DNAse (Roche, San Francisco, CA) to obtain single-
cell suspensions prior to antibody staining in two separate
14-color panels (Supplementary Table S1) for 30 min at
room temperature to capture major T cells subsets (panel 1),
as well as B cells, monocytes, myeloid-derived suppressor
cells (MDSCs), dendritic cells (DCs), and NK cells
(panel 2).

Tumor single-cell suspensions were prepared with fix-
able viability stain 510, prior to assaying for surface marker
expression levels. Panel 1 was premixed in brilliant stain
buffer (BD Horizon/BD Biosciences) containing FITC anti-
human CD4, PE anti-human CD25, PE-CF594 anti-human
CXCR3, PerCP-Cy5.5 anti-human PD-L1, PE-Cy7 anti-
human CD127, APC anti-human CD45RA, Alexa Flour
700 anti-human CD8, APC-H7 anti-human CD45, BV421
anti-human PD-1, BV605 anti-human CCR7, BV650 anti-
human CCR6, and BV711 anti-human CD3 (Supplemen-
tary Table S1) before mixing with cells in 50 µl 2% FBS/
PBS staining buffer. Washed cells were analyzed within 2 h
and 1–2 × 105 events collected on a LSRFortessa with

UltraComp eBeads compensation (eBioscience, Inc.,
SanDiego, CA).

The second panel comprised FITC anti-human HLA-DR,
PE anti-human CD14, PE-CF594 anti-human CD56,
PerCP-Cy5.5 anti-human CD11b, PE-Cy7 anti-human
CD19, APC anti-human CD15, Alexa Flour 700 anti-
human CD11c, APC-H7 anti-human CD20, BV421 anti-
human PD-L1, BV605 anti-human CD45, BV650
anti-human CD16, BV711 anti-human CD3 and BV786
anti-human CD163 (Supplementary Table S1) premixed in
brilliant stain buffer as above. Fixable viability stain 510
pre-stained cells were stained in 50 µl 2% FBS/PBS staining
buffer for 30 min at room temperature, washed, and sub-
mitted to flow cytometry as above. 1–2 × 105 events were
accumulated and dead cells excluded based on fixable via-
bility stain 510 uptake (BD Horizon™). Analysis was done
with FlowJo, LLC (Ashland, OR) using a gating strategy
based on previous experience and illustrated in Supple-
mentary Figs. S1 and S2 [9, 10]. Quality control required
≥2000 viable CD45+ cells.

Statistical analysis

The group comparison was assessed by a two-sided two-
sample t-test (Supplementary Table S2). The false-
discovery rate was controlled via the Benjamini-Hochberg
procedure [11], with a threshold level for adjusted p-values
of 0.2. With the explorative aim of this study, a threshold of
0.2 for FDR is considered to be reasonable based on prior
literature [12–14]. Our null hypothesis was set to be that
presurgical hypofractionated radiotherapy does not alter the
immune infiltrate in prostate tumors, while the alternative
hypothesis to be that presurgical hypofractionated radio-
therapy does alter the immune infiltrate in prostate tumors.
The hypothesis testing was carried out via two-sided two-
sample t-test. No secondary endpoint of our interests was
included.

The mean log2 fold changes (log2[mean value irradiated/
mean value unirradiated]) were summarized graphically. A
heatmap was constructed using all but two patients who did
not have a complete set of immune markers run (SBRT
patient 1 and control patient 1) by normalizing each
immune subset across all subjects for calculation of z-
scores.

Results

An average of 1.96 ± 1.14 g (range 0.1–4.2) of prostate
tissue per patient yielded 3.56 ± 3.13 × 106 viable cells
(range 0.04–10.8 × 106) for staining without significant
changes in the extent of immune infiltration between
treatment groups judged by the fraction of CD45+ cells
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(mean ± SD SBRT 43.0 ± 24.7% vs. control 52.3 ± 24.5%;
p= 0.78). The minimum requirement of 2000 viable
CD45+ cells was reached for all specimens. Within the
CD45+ population, myeloid cells were enriched after SBRT
compared to unirradiated controls, (comprising 48.4 ±
19.7% vs. 25.4 ± 7.0% of the infiltrate; p= 0.11). Similar
differences were seen in the percentages of CD14+/hi

CD16+DR+ intermediate monocytes/macrophages (8.3 ±
6.3% vs. 1.3 ± 0.7%; p= 0.11). Reciprocally, overall lym-
phocyte counts were depleted after SBRT (51.6 ± 19.7% vs.
74.5 ± 7.0%; p= 0.11), including fewer CD3+ T cells
(35.2 ± 23.8% vs. 60.9 ± 9.7%; p= 0.12), though the CD4/
CD8 ratios were similar (0.63 ± 0.36 vs. 0.61 ± 0.56; p=
0.94) (Fig. 1). Levels of PD-1+ on CD8+ T cells or PD-L1+

on myeloid cells were not significantly affected by treat-
ment as both mirrored the change in their respective parent
population, i.e., falling CD8+ and rising myeloid cells with
a net decrease in PD-1/PD-L1 ratios (1.56 ± 1.59 vs. 3.32 ±
3.93; p= 0.77). In essence, the immune infiltrate in prostate
cancer two weeks after SBRT demonstrated a lymphoid to
myeloid shift, which is further illustrated by the fact that
both groups cluster separately by overall relative abun-
dance, dominated by either lymphoid (control patients) or
myeloid subsets (SBRT patients), except for one SBRT
patient who clustered within the unirradiated control cohort
(Fig. 2). Immune profiles were also notably less uniform
overall in irradiated tissue samples when compared to uni-
rradiated prostate tumors (Fig. 2).

Discussion

This is the first direct clinical evidence that SBRT changes
intraprostatic immune milieu by increasing the relative
abundance of myeloid cells. Notably, all cell subsets
reported here represent a portion of CD45+ cells, i.e.,
changes are relative, which is a good measure for the overall
immune cell balance rather than absolute amounts, that are
difficult to measure accurately by these methods. Our
finding may be relevant to trials that combine SBRT with
immunotherapy in prostate cancer, and potentially other
cancer types. Mindful of the caveats in the use of currently
available immune biomarkers, prostate cancer tends to be
resistant to checkpoint blockade, more so than many other
solid tumors [15–17] with some notable exceptions such as
microsatellite instability-high, mismatch repair-deficient, or
CDK12 deficient subtypes [18, 19]. A strong intratumoral
T-cell signature is normally a favorable sign of immune
recognition and activation [20, 21]. As such, the intratu-
moral myeloid predominance after SBRT suggests that
SBRT may render the tumors even less responsive to
checkpoint blockade targeting the PD-1/L1 or CTLA-4 axis,
at least at the time point investigated [22, 23]. In addition to
correlating to response to checkpoint blockade, in most
cancer types, tumor-infiltrating lymphocytes are associated
with favorable survival [24]. In prostate cancer, this asso-
ciation may be more complex. A recent report on gene
expression profiles in almost 10,000 prostatectomy samples

Fig. 1 Prostate SBRT drives a
lymphoid-to-myeloid shift in
the balance of infiltrating
immune cells. Polar graph
illustrating the mean log2-fold
differences in prostate tumor
infiltrates following
preoperative, hypofractionated
SBRT (n= 9, solid red line)
compared to unirradiated
prostate tumors (n= 7, black,
dotted line). All immune
subpopulations were gated on
CD45+. Data are log2[mean
value irradiated/mean value
unirradiated]. Myeloid subsets
highlighted in green. Underlined
subsets indicate significant
differences between irradiated
vs. non-irradiated based on
adjusted p-value= 0.2 (false-
discovery rate threshold).
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suggests immune signatures within the primary tumor
characteristic of T cells and macrophages associated with
poor prognosis [25].

Our report has several limitations. First, the number of
evaluable patients was limited, leading to restrictive statis-
tical power of our study, by the trial and tissue availability,
which prevented functional studies. Functional studies into
the polarization and activation status of myeloid cells and
T cells would be desirable given that both are malleable, as
are their interactions and the net response that ensues
[26, 27]. Second, the fresh tissue consisted of a combination
of tumor and surrounding normal prostate tissue with spatial
relationships amongst cells that cannot be interrogated with
our methods. Third, the immune infiltrates two weeks after
completion of SBRT may not necessarily be representative
of other time points after SBRT. It remains to be seen if
these results can be extrapolated to other histologies and
radiation dose regimens, e.g. different fractionations and/or
target volumes. Of note, one completed trial [28] and many
ongoing test combinations of radiotherapy with immu-
notherapies use a similar SBRT dose regimen. In addition,
the intratratumoral immune environment at baseline may
impact the response to SBRT, although this was not pos-
sible to assess here.

It will be interesting to reassess these data in the context
of long-term clinical outcome data when they become
available. Ultimately, the optimal design of clinical trials in

prostate cancer and meaningful integration of immu-
notherapies with focal cytotoxic therapies such as SBRT
rely on a better understand of these immune signatures in
space and time.
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