Taylor & Francis
Taylor & Francis Group

Oncolmmunology

Oncolmmunology

ISSN: 2162-402X (Online) Journal homepage: www.tandfonline.com/journals/koni20

Early local immune activation following intra-
operative radiotherapy in human breast tissue

Anna Tiefenthaller , Nikko Brix, Roman Hennel , Montserrat Pazos, Bernd
Kost, Vera von Bodungen, Brigitte Rack , Rachel Wuerstlein , Benjamin
Frey, Udo S. Gaipl, Julia Hess, Kristian Unger , Benedek Dankd , Martin
Selmansberger , Horst Zitzelsberger , Nadia Harbeck, Claus Belka , Heike
Scheithauer & Kirsten Lauber

To cite this article: Anna Tiefenthaller , Nikko Brix, Roman Hennel , Montserrat Pazos , Bernd
Kost, Vera von Bodungen , Brigitte Rack , Rachel Wuerstlein, Benjamin Frey, Udo S. Gaipl,
Julia Hess , Kristian Unger , Benedek Danké , Martin Selmansberger , Horst Zitzelsberger ,
Nadia Harbeck, Claus Belka , Heike Scheithauer & Kirsten Lauber (2026) Early local immune
activation following intra-operative radiotherapy in human breast tissue, Oncolmmunology,
15:1, 2653318, DOI: 10.1080/2162402X.2026.2653318

To link to this article: https://doi.org/10.1080/2162402X.2026.2653318

A
© 2026 The Author(s). Published with h View supplementary material &'
license by Taylor & Francis Group, LLC.
ﬁ Published online: 06 Apr 2026. Submit your article to this journal
) . | N
il Article views: 785 b View related articles &'

P

(!) View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=koni20


https://www.tandfonline.com/journals/koni20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/2162402X.2026.2653318
https://doi.org/10.1080/2162402X.2026.2653318
https://www.tandfonline.com/doi/suppl/10.1080/2162402X.2026.2653318
https://www.tandfonline.com/doi/suppl/10.1080/2162402X.2026.2653318
https://www.tandfonline.com/action/authorSubmission?journalCode=koni20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=koni20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/2162402X.2026.2653318?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/2162402X.2026.2653318?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2026.2653318&domain=pdf&date_stamp=06%20Apr%202026
http://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2026.2653318&domain=pdf&date_stamp=06%20Apr%202026
https://www.tandfonline.com/action/journalInformation?journalCode=koni20

ONCOIMMUNOLOGY

2026, VOL. 15, NO. 1, 2653318 Tay|0r & Francis
https://doi.org/10.1080/2162402X.2026.2653318 by informa.
RESEARCH ARTICLE 8 OPEN ACCESS | Gheck for updates |

Early local immune activation following intra-operative radiotherapy in
human breast tissue

Anna Tiefenthaller®', Nikko Brix*' @, Roman Hennel®, Montserrat Pazos?, Bernd Kost®,

Vera von Bodungen®, Brigitte Rack®<, Rachel Wuerstlein®, Benjamin Frey®, Udo S. Gaipl®, Julia Hess*®",
Kristian Unger®®"9" Benedek Dank6®*™™, Martin Selmansberger®’, Horst Zitzelsberger®®,

Nadia Harbeck®, Claus Belka®%", Heike Scheithauer® and Kirsten Lauber®9"

3Department of Radiation Oncology, University Hospital, LMU Miinchen, Munich, Germany; PBreast Center, Department of
Obstetrics and Gynecology and CCC Munich, University Hospital, LMU Miinchen, Munich, Germany; “Department of Gynecology
and Obstetrics, Ulm University Hospital, Ulm, Germany; %Translational Radiobiology, Department of Radiation Oncology,
Universitdtsklinikum Erlangen, Friedrich Alexander Universitat Erlangen-Niirnberg, Erlangen, Germany; *Research Unit
Translational Metabolic Oncology, Institute for Diabetes and Cancer, Helmholtz Zentrum Miinchen Deutsches Forschungszentrum
fiir Gesundheit und Umwelt (GmbH), Neuherberg, Germany; ‘German Center for Diabetes Research (DZD), Neuherberg, Germany;
9Bavarian Center for Cancer Research (BZKF) Partner Site Munich, Germany; "German Cancer Consortium (DKTK) Partner Site,
Munich, Germany; 'German Cancer Research Center (DKFZ), Heidelberg, Germany; 'Nordstrahl Radiation Oncology Unit, Niirnberg
North Hospital, Nirnberg, Germany

ABSTRACT ARTICLE HISTORY

The local immune effects of cancer radiotherapy remain poorly characterized in E:\Cl‘ies'zsdsﬁa’\:?p\’zn;;’gr 2025
humans due to limited access to irradiated tissue. Mechanistic insights largely derive Accepted 26 March 2026
from preclinical models employing tumor-intact, neoadjuvant-like settings. Here, we

present real-world immunoprofiling data from breast cancer patients undergoing KEYWORDS
breast-conserving surgery with (n=20) or without (n=29) intraoperative radio- Breast cancer; immune cell
therapy (IORT). Postoperative wound fluid samples were analyzed by flow cytome- recruitment; innate iImmune
try, multiplex cytokine profiling, and bulk RNA-sequencing, alongside systemic IS eos'"f’pr'ls; "
immune monitoring in peripheral blood. IORT triggered rapid local accumulation (rjne(:g)rict)i'zecsél?séfmn?;cl)fg_
of distinct innate immune cell subsets and cytokines mediating recruitment, activa- |mra_operativé S
tion, and innate-adaptive crosstalk, accompanied by systemic features consistent radiotherapy (IORT)

with emergency hematopoiesis. Transcriptomic profiling of wound fluid mono-

nuclear cells revealed enrichment of proinflammatory IL-6-JAK/STAT3 signaling. In

vitro, irradiation of primary breast tissue cells recapitulated key cytokine patterns

and led to robust senescence induction, suggesting irradiated, senescent normal

tissue cells as drivers of early immune activation in postsurgical radiotherapy. These

data provide direct clinical evidence that radiotherapy shapes local and systemic

immune responses, offering mechanistic insights with clear relevance for tumor

immunology and the development of rational radiotherapy—immunotherapy com-

bination strategies.
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Introduction

The immune-modulating properties of cancer radiotherapy have been intensively studied in recent years
and are meanwhile framed conceptually as in situ vaccination phenomena capable of (re-)activating
antitumor immunity, particularly when combined with immunotherapy.'* Importantly, however, mecha-
nistic insights into local immune (re-)activation by radiotherapy predominantly stem from preclinical
models, where tumors are typically present. Often transplanted heterotopically, i.e. distant from the
corresponding normal parenchymal tissue, these tumors are irradiated in a neoadjuvant-like setting. In
this scenario, radiation-induced immunogenic forms of tumor cell death and the corresponding release of
damage-associated molecular patterns (DAMPs) have been delineated as major determinants of innate
immune cell recruitment and activation.”” While informative, such experimental conditions tend to
overrepresent tumor cell-driven immune effects, leaving the contribution of the irradiated normal tissue
unclear.

In the clinical routine, however, radiotherapy is most often administered in postoperative, adjuvant
situations, where little or no tumor burden remains within the radiation field. Here, the primary target of
irradiation is the normal tissue in the former tumor bed, which may harbor only interspersed subclinical
residual tumor cells. To date, it remains elusive how the local immune contexture is altered in this setting,
both in terms of upstream drivers and downstream effector mechanisms. The lack of access to serial, site-
specific human tissue samples in postsurgical irradiation scenarios has consistently impeded the direct
assessment of early immune-related changes in irradiated normal tissue.

This is where intraoperative radiotherapy (IORT) offers a unique opportunity. In IORT, irradiation is
delivered immediately after surgical removal of the tumor. A single high dose of low-energy photon or
electron radiation is applied directly to the exposed tumor bed. The steep dose gradient limits radiation
exposure to normal tissue located within a very narrow margin around the radiation applicator, without
encompassing the draining lymph nodes (Figures S1A and S$1B).*'° Prior to wound closure, a drainage
system is connected to the irradiated site, allowing continuous collection of accumulating wound fluid.
This wound fluid can serve as a surrogate biospecimen for interrogating the local immune environment
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within the irradiated tumor bed, enabling direct, site-specific investigation of early immune responses in
humans in a clinically relevant context.

We took advantage of this clinical scenario and conducted an observational study in breast cancer
patients undergoing breast-conserving surgery with IORT (n =20) or without IORT (n = 29) (single dose
of 20 Gy low-energy photons). This approach enabled us to examine immediate, local immune responses
to radiation within the former tumor bed. Wound fluid was collected via surgical drains from post-
operative days 1 to 3, allowing for comprehensive analysis of local immune responses. We assessed fluid
volume, cellularity, and hemoglobin content, and performed flow cytometry-based immunomonitoring,
multiplex cytokine profiling, and bulk RNA-sequencing of wound fluid mononuclear cells. In addition,
peripheral blood samples were obtained preoperatively (day —1), early postoperatively (day 3), and at
follow-up (day 28) to capture systemic immune dynamics. This study design provided a valuable
opportunity to dissect early, radiation-induced immune perturbations in humans under real-world
conditions. In parallel, we recapitulated the IORT setting by irradiating primary breast epithelial cells,
normal fibroblasts, and endothelial cells in vitro, followed by analyses of cell fate decisions and cytokine
release.

We observed marked alterations of the immune contexture in the tumor bed upon IORT, with
significant accumulation of distinct innate immune cell populations, including plasmacytoid den-
dritic cells (pDCs), eosinophils, and monocytes compared to surgery-only controls. Innate immune
cell counts correlated with elevated MIF and IL-3 levels in the wound fluid—cytokines implicated in
monocyte and eosinophil trafficking and emergency hematopoiesis. Bulk RNA-sequencing of wound
fluid mononuclear cells confirmed upregulation of inflammatory cytokine signaling pathways.
Importantly, the postsurgical clinical situation and our data suggest that these immune alterations
are predominantly driven by irradiated normal tissue cells within the tumor bed, rather than
residual tumor cells. Complementary in vitro modeling of IORT conditions further revealed a strong
induction of normal tissue cell senescence and the release of senescence-associated cytokines upon
radiation, highlighting a potential mechanism of local immune activation in postsurgical radio-
therapy settings.

Materials and methods
Study design and patient inclusion

The study involved female breast cancer patients undergoing breast-conserving surgery * intraoperative
radiotherapy (IORT) at LMU University Hospital (Department of Obstetrics and Gynecology and
Department of Radiation Oncology). IORT was administered based on routine clinical criteria rather
than within a clinical trial. The study was conducted between 2015 and 2025 (patient recruitment
2015-2018, biosample analyses 2015-2025) in accordance with the Declaration of Helsinki and was
approved by the Ethics Committee of the LMU Munich Medical Faculty (approval numbers 246-15
and 20-488). Written informed consent was obtained from all participants prior to inclusion. Eligible
patients had histologically confirmed breast cancer scheduled for breast-conserving surgery with or
without intraoperative radiotherapy (IORT). To minimize immunological confounders, patients receiving
immunomodulatory drugs or presenting with immune-related diseases were excluded. Patients who had
received neoadjuvant chemotherapy within eight weeks before surgery were also excluded. Data analysis
was performed using anonymized data.

Wound fluid and blood sampling

All experiments involving human-derived materials (wound fluid, peripheral blood) were conducted in
compliance with institutional biosafety regulations under biosafety level 2 (BSL-2) conditions, including
the use of appropriate personal protective equipment and waste disposal procedures. Peripheral blood
samples were collected preoperatively (day —1), postoperatively during hospitalization (day 3), and during
patient follow-up (day 28). Blood was collected in EDTA tubes (Sarstedt, Cat#01.1605.001). Wound fluids
were collected from breast surgical drains on postoperative day 1 to day 3 for cellular and humoral
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analyses. Axillary drain fluids were excluded from analysis. Upon collection, wound fluid volume was
measured, and samples were processed for humoral, cellular, and molecular analyses.

Quantification of key wound fluid parameters

Wound fluid and EDTA whole blood were assessed for volume, hemoglobin content and leukocyte count.
Erythrocyte lysis was performed on 100 uL of EDTA blood or wound fluid using 1 mL (blood) or 3 mL
(wound fluid) of 1 x Pharm Lyse lysing buffer (BD Biosciences, Cat#555899), incubated for 20 min at room
temperature with intermittent inversion. Samples were centrifuged (5 min, 314 x g), washed with DPBS,
and leukocytes were resuspended in the initial sample volume. Leukocyte counts were determined both
manually via Neubauer chamber and by flow cytometry using counting beads. For flow cytometry, 100 uL
of lysed sample was stained with 6 uL anti-CD45-BUV395 (BD Biosciences, Cat#563791), incubated in the
dark (20 min), washed, resuspended in FACS staining buffer (BD Biosciences, Cat#554656), and supple-
mented with 10 uL Count Bright absolute counting beads (Invitrogen, Cat#36950) prior to acquisition with
an LSR II cytometer (BD Biosciences). Manual and flow cytometric counts were averaged for downstream
analyses. For hemoglobin analysis, 5 uL of EDTA whole blood or wound fluid was diluted in 0.9% NaCl
(w/v) (Ix, 1+1, 1+4, 14+9) and added to 250 uL Drabkin's solution (1 vial Drabkin's reagent (Sigma-
Aldrich, Cat#D5941) + 1 ml ddH,O + 0.5 ml 30% Brij-L23 solution (Sigma-Aldrich, Cat#B4184)). A stan-
dard curve was prepared from serial dilutions of human hemoglobin EightCheck-3WP-N (Sysmex,
Cat#90406116). Absorbance was measured in technical triplicates at 540 nm with background correction
at 680 nm using a SynergyMx plate reader (BioTek Instruments).

Analysis of immune cell subpopulations

Leukocyte subpopulations in blood and wound fluid were analyzed by flow cytometry (antibodies
listed in Table S1). For each analysis, 100 uL of EDTA-anticoagulated whole blood or wound fluid
was used. Blood samples were stained with the antibody panel or matched isotype controls for 20
minutes at 4°C in the dark, followed by erythrocyte lysis using 1 x Pharm Lyse (BD Biosciences,
Cat#555899) as described above. Wound fluid samples were subjected to an initial erythrocyte lysis
step prior to antibody staining, followed by a second lysis after staining to remove residual
erythrocytes. After lysis and washing, cells were stained with the antibody panel or matched isotype
controls (20 minutes, 4°C). Cells were then washed twice with FACS buffer (BD Biosciences,
Cat#554656), resuspended in the original sample volume, and acquired on an LSR II flow cytometer
(BD Biosciences). After debris and doublet exclusion, leukocyte subsets were defined through
sequential gating using FACSDiva software (BD Biosciences) as illustrated in Figure S2A.
Frequencies were calculated as percentages of CD45% cells. For wound fluid, absolute counts of
each leukocyte subset were additionally determined.

Wound fluid processing of cytokines and mononuclear cells

Residual wound fluid was preserved for downstream analyses. For mononuclear cell preparation, wound
fluid was centrifuged (10 min, 200 x g, brake off), supernatants discarded, and the leukocyte bufty coat
collected. Leukocytes were purified by Biocoll gradient centrifugation (Biochrom AG, Cat#L6115; 20 min
at room temperature, 787 x g, brake off), washed in DPBS, and resuspended in cold freezing medium
consisting of 90% (v/v) FCS and 10% (v/v) DMSO (Sigma-Aldrich, Cat#D2650). Cells were cryopreserved
and stored in liquid nitrogen. Separately, wound fluid supernatants intended for multiplex ELISAs were
generated by centrifugation (1,200 x g, 3 min, 4°C), followed by a clearing spin at 14,000 x g for 3 min
(4°C). Supernatants were shock-frozen in liquid nitrogen and stored at —80°C.

Multiplex ELISA of wound fluid cytokines

Cytokine and chemokine profiling was performed with wound fluids from postoperative day 2 using Bio-
Plex Pro Human Chemokine assays (40-plex and 48-plex panels; Bio-Rad, Cat#171AK99MR2 and
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Cat#12007283, respectively). Samples were thawed on ice, diluted 1 + 4 in assay buffer and further steps
were performed according to the manufacturer's instructions. Readout was conducted using a Bio-Plex 200
system (Bio-Rad).

Singleplex ELISAs for selected cytokines from wound fluid and primary cell culture supernatants

Cytokines not covered by the multiplex panels (40-plex and 48-plex), specifically XCL1 and Flt3-
Ligand, were measured by singleplex ELISA (R&D Systems, Cat#DY695 and Cat#DY308, respectively)
in day 2 wound fluids. Similarly, MIF, IL-3, and HGF were quantified in primary cell culture
supernatants from HMECs, HUVECs, and NHDEF-Ad irradiated with 0-20 Gy using singleplex
ELISAs. To obtain supernatants from in vitro cultures, commercially available primary human cells
were purchased. Cells were grown in humidified incubators (37°C, 5% CO,) in supplemented growth
media (see Table S1 for details) and seeded into 24-well plates (45,000-60,000 cells/well) in 400 pL of
appropriate culture medium. Cells were allowed to adhere for 16-24h before the medium was
replaced (400 uL/well), and cells were subsequently irradiated with 0-20 Gy using an RS-225 x-ray
cabinet (Xstrahl) operated at 200 kV and 10 mA (Thoraeus filter, 1 Gy in 242 's). After 48 hours, cell-
free supernatants were collected on ice, centrifuged at 13,000 x g for 1 min at 4°C, and aliquoted into
prechilled tubes. Samples were snap-frozen in liquid nitrogen and stored at —80°C until analysis. All
assays were performed using DuoSet® ELISA kits (R&D Systems, Cat#DY289, Cat#DY203 and
Cat#DY294, respectively) according to the manufacturer's instructions. Wound fluid was analyzed
at 1 +4 dilution, primary cell supernatants were used undiluted or 1+ 1 diluted depending on the
analyte. Absorbance was measured at 450 nm using a SynergyMx microplate reader, and concentra-
tions were calculated from standard curves.

Cell death analysis by Annexin V/PI staining

Apoptotic and necrotic cell death of HMECs, NHDF-Ad, and HUVECs postirradiation (days 1-4) was assessed
by flow cytometry using Annexin V-FITC and propidium iodide (PI) staining. Cells were detached with
TrypLE Express (Gibco, Cat#12604-039), washed, and stained for 15 min on ice in the dark using a staining
mix containing 5 pl Annexin V-FITC (BD Biosciences, Cat#556419), 0.2 pl PI (Sigma-Aldrich, Cat#P4170), and
94.8 ul 1 x Annexin V binding buffer (BD Biosciences, Cat#556454). After washing, cells were resuspended in
staining buffer and analyzed by flow cytometry. Annexin V-positive/PI-negative cells were classified as
apoptotic, double-positive as necrotic, and double-negative as viable.

Senescence detection via flow cytometry

Primary cells were cultured in sixwell plates (5000-50000 cells/well) and cellular senescence was
quantified by flow cytometry using the fluorogenic substrate C;,-FDG  (5-
Dodecanoylaminofluorescein di-3-D-Galactopyranoside, Marker Gene Technologies, Cat#MGT-
M2888-M005) to detect senescence-associated B-galactosidase (SA-Bgal) activity.'' Lysosomes
were alkalinized by incubating cells for 1h (37°C, 5% CO,) in serum-free medium with 100 nM
Bafilomycin A1 (LC Laboratories, Cat#B-1080), prior to addition of 50 pM C;,-FDG (1 h, 37°C, 5%
CO,). Cells were then harvested, resuspended in cooled DPBS, and analyzed by flow cytometry. Cells
exhibiting high SA-Pgal signal together with increased sideward scatter (SSC) were classified as
senescent.

Bulk 3'-RNA-sequencing of mononuclear cells

Cryopreserved immune cells from day 2 wound fluids enriched by density gradient centrifugation as
described above were rapidly thawed and resuspended in cold DPBS. After centrifugation (314 g,
4°C, 5 min) and washing, total RNA was extracted using the NucleoSpin® miRNA Kit (Macherey &
Nagel, Cat#740971.250) and eluted in 50 uL nuclease-free water. RNA concentration was measured
with a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific). Libraries were
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prepared using the QuantSeq 3’'mRNA-Seq Library Prep Kit for Illumina (FWD, Lexogen,
Cat#015.24), and sequencing was performed as previously described.'? Differential gene expression
analysis between IORT and controls was carried out with the R library DESeq2."* Preranked gene set
enrichment analysis was performed using the R library fGSEA'* with gene ranks as —log10(p-
value) x log2(fold difference) using the immune-related subset of the Hallmark gene sets collection
from the Molecular Signatures Database (MsigDB).'> Expression data was variance stabilizing
transformed (VST) or z-scored for visualization purposes with the R library DESeq2. The
Cytoscape app 3.10.1 version was utilized for creating the Reactome FI network with the selected
pathway leading edge genes.'®'”

Statistical analysis

Statistical analyses were performed in OriginPro2024, unless stated otherwise. Immune cell subset
comparisons in wound fluids used exact Wilcoxon rank tests with Benjamini-Hochberg correction.
Serial peripheral blood-derived data were analyzed using one-way ANOVA of repeated measures (factor:
postoperative day). Cytokine amounts in wound fluids were compared using exact Wilcoxon rank tests. To
assign patterns of similarity, unsupervised hierarchical clusterings of sample-to-sample, cell type-to-cell
type, or cytokine-to-cytokine correlations (Spearman's p) were generated (1 — Pearson correlation as
distance metrics). Expression patterns of leading-edge genes (RNA z-scores) were clustered similarly
(Euclidean distance as metric).

Results
IORT induces local accumulation of distinct innate immune cell subsets in the irradiated tumor bed

In this prospective observational study, we analyzed postsurgical wound fluid samples from breast cancer
patients to characterize cellular and humoral changes in the local immune microenvironment following
IORT (Figure 1A). The study population included an IORT group (n =20) and a surgery-only control
group (n=29), with baseline clinical characteristics broadly comparable between groups (Figures
S1C-S1F and Table S2). In line with current clinical practice, where IORT is typically offered to selected
older patients with early-stage breast cancer to reduce or replace the need for postoperative external beam
radiotherapy, the IORT group in our study was slightly older and had tumors with a tendency towards
lower stage and grade. Molecular tumor features, including Ki-67 proliferation index, receptor status, and
intrinsic subtype did not differ significantly.

Wound fluid was collected from surgical drains on three consecutive days, and no significant
differences in volume or hemoglobin content were found between groups (Figure 1B and C). Elevated
hemoglobin levels on day 1 suggested a predominant contribution of postsurgical bleeding rather than
lymphatic immune cell recruitment or retention. This is in line with previous reports, in which
analyses of day 1 wound fluid samples yielded inconclusive results, likely early blood contamination
masking immune-related signals.'® The blood contamination was markedly reduced on postoperative
days 2 and 3, making these time points the focus of our analysis. Day 2 samples consistently provided
sufficient wound fluid volume to perform all planned analyses. In contrast, day 3 wound fluid volumes
were very limited in a substantial proportion of patients (13 cases across both treatment groups with
<5ml, Figure 1). While this allowed basic biophysical assessments (volume, hemoglobin content,
leukocyte count), it was insufficient for more input-intensive analyses such as multicolor FACS,
multiplex cytokine measurements, and preparation of wound fluid mononuclear cells for bulk
RNA-sequencing. Consequently, detailed immune profiling was focused on day 2. Total leukocyte
counts trended higher in IORT samples on postoperative days 2 and 3 but did not reach statistical
significance (Figure 1D).

We analyzed wound fluids of day 2 after surgery + IORT via multicolor flow cytometry and
determined total cell counts of different immune cell populations (gating strategy in Figure S2A).
Three innate immune cell subsets—plasmacytoid dendritic cells (pDCs), eosinophils, and
monocytes—were significantly enriched in the wound fluids of IORT-treated patients compared
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Figure 1. Study design and biophysical characteristics of postsurgical wound fluids in breast cancer patients.
(A) Overview on study design and patient recruitment of IORT and control group with inclusion criteria (top), biosamples,
and analyses. See also Figure S1 and Table S2. (B-D) Overview on the total volume of wound fluid, the hemoglobin
content as a measure of passive bleeding, and the total leukocyte counts on days 1-3 after surgery + IORT. Each data
point represents one sample of one individual patient. Statistical analysis was performed using two-way ANOVA; shown
are p-values for the factor “treatment group”.

to surgery-only controls (Figure 2, Table $3). Among monocyte subsets, CD14*CD16" classical
monocytes showed the most pronounced enrichment compared to intermediate (CD14+*CD16") and
nonclassical (CD144™CD16+) subsets (Figure 2A-E), indicating preferential recruitment/retention
of classical monocytes as key early responders in tissue inflammation following IORT. Unsupervised
hierarchical clustering revealed a strong positive correlation in total cell counts between monocytes
and eosinophils, suggesting that these cell types may follow coordinated recruitment/retention in
(to) the tumor bed after IORT rather than accumulating independently (Figure 2B). B cell counts
were also elevated in IORT wound fluid samples, but displayed a distinct pattern with less similarity
to other immune cell subsets (Figure 2A and B). pDCs exhibited the strongest accumulation upon
IORT while showing minimal correlation with other enriched populations, consistent with unique
mechanisms of recruitment/retention (Figure 2A, B, and E). In contrast, the abundance of other
immune cell types, including basophils, classical dendritic cells (cDCs), and all other lymphocyte
subsets analyzed, remained largely unaffected, highlighting the selective nature of the local immune
alterations in the early time window after irradiation analyzed (Figure 2A). This pattern, dominated
by distinct innate immune cell infiltration on day 2 after radiation treatment, is highly reminiscent
of recruitment dynamics known from other scenarios of sterile inflammation.'” Exploratory analyses
of the remaining day 3 samples (16 IORT vs. 20 surgery-only cases) showed similar trends for pDCs,
eosinophils, and monocytes, consistent with the selective innate recruitment observed on day 2.
However, statistical significance was not reached due to the limited sample size (data not shown).
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Figure 2. IORT triggers local accumulation and systemic mobilization of distinct innate immune cell subsets. (A) Relative
abundance of immune cell subsets in IORT (n=17) versus control (n=22) wound fluid samples on day 2 post surgery.
Color intensity reflects fold difference of median values (log, scale). Circle size reflects statistical significance of subset-wise
comparisons as —log,o of FDR-adjusted p-values from exact Wilcoxon rank tests, corrected using the Benjamini-Hochberg
procedure (see also Table S3). Immune cell populations with FDR-adjusted p-values <0.1 are highlighted in blue.
(B) Correlation matrix of absolute cell counts for immune cell subsets elevated in IORT day 2 wound fluid samples.
Spearman's p and unsupervised hierarchical clustering are shown (1 — Pearson correlation as distance metric). (C—E) Flow
cytometric quantification of different immune cell (sub-)populations in day 2 wound fluid samples. (F-H) Time course
analyses of total immune cell counts per ml in peripheral blood measured by flow cytometry. Each dot in subfigures C-H
represents one individual patient sample. Statistical analyses were performed using the exact Wilcoxon rank test with
Benjamini—Hochberg correction for comparison of wound fluid samples (C-E) and one-way ANOVA of repeated measures
(factor: postoperative day) for serial blood samples (F-H). (I) Sample-to-sample correlation of absolute immune cell counts
in day 2 wound fluid samples. Unsupervised hierarchical clustering of Spearman's correlation coefficients p (1 — Pearson
correlation as the distance metrics). For flow cytometry gating strategy, see also Figure S2.

Distinct innate immune cell populations enriched in IORT wound fluids exhibit transient systemic
movbilization

Based on the local effects observed in wound fluids, we next examined whether IORT also induced
systemic changes by analyzing serial peripheral blood samples. Following surgery, total leukocyte
counts in peripheral blood declined transiently (Figure S2B-C). This was primarily driven by a
significant decrease in circulating neutrophils and is a well-known phenomenon attributed to periph-
eral tissue trapping and margination of neutrophils.?® Notably, however, IORT attenuated and—in
part—inverted this dynamic profile for specific immune cell subsets (Figure 2F-H and Figures S2B
and S2C). Total monocytes, classical monocytes, and eosinophils exhibited a significant transient
increase in circulation following IORT, peaking on day 3 and declining by day 28 after surgery
(Figure 2F and G), while systemic pDC levels remained virtually unchanged following IORT
(Figure 2H). These findings suggest that IORT can elicit a transient systemic mobilization of selected
innate immune cell subpopulations, likely driven by early local signals and resembling emergency
hematopoiesis known from other settings of sterile inflammation.?' Consistent with distinct subsets of
innate immune cell populations being differentially enriched in IORT wound fluids, sample-to-sample
correlation based on innate immune cell composition did not yield a complete, but a reasonable
separation of IORT and control samples by treatment group. Cluster 1 comprised 13/16 (81%) control
samples, whereas 14 of 25 (56%) samples in Cluster 2 were from IORT-treated patients, indicating an
obvious radiation-induced shift in local immune infiltration profiles (Figure 2I).
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Cytokine profiling of IORT wound fluids identifies innate recruitment factors secreted by irradiated
non-malignant cells in vitro

To identify candidate mediators of innate immune cell recruitment and/or retention following IORT, we
performed unbiased multiplex profiling of 69 cytokines in day 2 wound fluid samples and correlated total
cytokine amounts with immune cell counts (Figure 3A, Table S4). Among the top five cytokines showing
strong positive correlations (Spearman's p > 0.5) were macrophage migration inhibitory factor (MIF) and
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Figure 3. Cytokine profiling of IORT wound fluids identifies innate recruitment factors secreted by irradiated non-
malignant cells in vitro. (A) Venn diagram showing the top five cytokines correlating with immune cell subset counts
significantly elevated upon IORT. Absolute cytokine levels in day 2 wound fluid (IORT (n=17) vs control (n =22)) were
measured by multiplex ELISA and correlated with total immune cell counts (see also Figure 2). Key cytokines highlighted
in bold indicate Spearman's p > 0.5 and rank among the top five correlating cytokines for more than one cell subset. See
also Figure S3 and Table S4. (B) Absolute amounts of key cytokines identified in (A) in day 2 wound fluid samples.
Statistical differences between IORT and control group were determined by exact Wilcoxon rank test. (C-D) Flow
cytometric analysis of cell fates in primary human mammary epithelial cells, fibroblasts, and endothelial cells. Viability,
apoptosis, and necrosis were assessed by annexin V/propidium iodide staining shown in (C), and senescence was
evaluated by quantifying SSC™ cells with elevated B-galactosidase activity in C;,-FDG staining (D). Technical triplicates
from two independent biological replicates are shown. (E) Release of IL-3, MIF, and HGF from primary mammary epithelial
cells (HMECs), fibroblasts, and endothelial cells on day 2 after irradiation in vitro. Cytokine concentrations were determined
by ELISA in technical triplicates of which the means, normalized to the 0 Gy controls, are displayed.
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hepatocyte growth factor (HGF), both closely associated with eosinophil and monocyte counts, as well as
interleukin-3 (IL-3), which correlated with total and classical monocyte counts. In line with their distinct
accumulation pattern, pDCs displayed the strongest correlations with a separate set of cytokines. However,
the substantial proportion of control samples lacking detectable numbers of pDCs impaired the robustness
of these correlation analyses. Notably, the wound fluid amounts of MIF and IL-3 were significantly
elevated in IORT samples compared to controls, supporting their possible involvement in local recruit-
ment processes, whereas the difference in HGF did not reach statistical significance (Figure 3B).

Given the postsurgical nature of the IORT setting, these cytokine alterations are unlikely to be tumor
cell-driven. Instead, irradiated nonmalignant cells within the former tumor bed are the most plausible
source. Due to the steep dose gradient of IORT, radiation exposure is confined primarily to breast
epithelial cells, fibroblasts, and—to a lesser extent—endothelial cells in close proximity to the applicator
(Figures S1A and S1B). To test this, we recapitulated the clinical scenario in vitro by irradiating primary
human breast epithelial cells, fibroblasts, and endothelial cells and assessed their cytokine secretion profiles
and cell fate responses. Viability of all three cell types remained largely preserved over four days
postirradiation, with only minimal apoptotic or necrotic cell death observed (Figure 3C). Instead, a robust
senescence response was induced, as evidenced by increasing senescence-associated [-galactosidase
activity from day 2 onwards, with approximately 50% of cells exhibiting a senescent phenotype by day
4 (Figure 3D). These findings confirm cellular senescence as the predominant response of nonmalignant
breast tissue cells to high-dose irradiation. We measured the release of MIF, IL-3, and HGF by primary
human mammary epithelial cells, fibroblasts, and endothelial cells following irradiation, acknowledging
that IL-3 production by these cell types is generally not anticipated. Since IORT delivers 20 Gy only at the
applicator surface, with a steep dose fall-off in adjacent breast tissue (Figures S1A and S1B),® we assessed
cytokine secretion across the dose range of 0-20 Gy to capture the gradient of radiation exposure
encountered by nonmalignant cells in situ. Elevated MIF release was observed in mammary epithelial
cells and fibroblasts, but only at the highest dose of 20 Gy, whereas endothelial cells showed no radiation-
induced MIF secretion (Figure 3E). In contrast, IL-3 release increased already at lower irradiation doses in
all three cell types tested, and HGF secretion remained unaffected by radiation. These results indicate that
different nonmalignant breast tissue cells can produce MIF and IL-3 in a radiation dose-dependent
manner, supporting their contribution to the local cytokine milieu associated with innate immune cell
recruitment following IORT.

Importantly, MIF and IL-3 are not solely involved in immune cell recruitment, but also contribute to
emergency hematopoiesis and myelopoiesis, activation of innate immune cells, and the coordination of
adaptive cytotoxic responses.”>* Consistent with this, [ORT wound fluids exhibited elevated amounts of
additional cytokines known to support immune cell activation, differentiation, and innate-adaptive cross-
talk, including macrophage colony-stimulating factor (M-CSF), interleukin-12p40 (IL-12p40), interferon
alpha 2 (IFN-a2), interleukin-15 (IL-15), and interferon gamma (IFN-y) (Figure S3A). Cytokine-to-
cytokine correlation analyses revealed clusters of cytokines with shared abundance patterns in wound fluid
samples indicative of common upstream regulation, as supported by functional interaction networks
(Figure S3B). Among these, we identified three clusters associated with NFKB1/FOS, RELA/RELB-, and
REL/RELA/CEBPB/STATS3 signaling. Intriguingly, all cytokines elevated in IORT wound fluids were part
of the latter, implicating CEBPB and STAT3 as key early transcriptional regulators of the radiation
response in nonmalignant breast tissue.

Transcriptomic profiling of mononuclear cells from IORT wound fluid samples reveals IL-6-JAK/
STAT3-driven inflammatory activation

To explore whether immune cells recruited to the IORT site exhibit transcriptional alterations associated
with irradiation-induced activation and/or polarization, we performed bulk RNA-sequencing on wound
fluid cells isolated via Biocoll density gradient centrifugation (Figure 4, Figure S4). While this approach
enriches for mononuclear cells, eosinophils—which were also elevated post-IORT—are underrepresented
due to their higher density and partial loss during the separation process.

Pre-ranked gene set enrichment analysis (fGSEA) focusing on immune-related MSigDB Hallmark
gene sets'” identified significant enrichment of the IL-6-JAK/STAT3 signaling pathway in IORT
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Figure 4. Transcriptomic profiling of mononuclear cells from IORT wound fluid samples reveals IL-6-JAK/STAT3-driven
inflammatory activation. Mononuclear cells were isolated from day 2 wound fluid samples and subjected to 3’QuantSeqg-
based bulk RNA-sequencing. (A) Pre-ranked gene set enrichment analysis (fGSEA). IORT (n = 17) and control cases (n = 20)
were compared using immune system-related MSigDB Hallmark gene sets. See also Figure S4. (B) Unsupervised
hierarchical clustering of leading edge genes identified in (A) (Hallmark IL-6_JAK_STAT3_signaling gene set). Columns
represent individual patients clustered by treatment group (IORT vs. control, Euclidean correlation distance). Gene clusters
were annotated with Gene Ontology (GO-BP) terms. (C) Functional interaction network of leading edge genes identified in
(A) (Hallmark IL-6_JAK_STAT3_signaling gene set), constructed with Cytoscape. Node size and color indicate closeness and
betweenness centrality, respectively. Genes without connections are not shown.

samples compared to controls (Figure 4A). Unsupervised hierarchical clustering of leading edge
genes within this gene set revealed distinct gene clusters, and Gene ontology (GO-BP) annotation
provided further insights into their functional implications, including inflammatory signaling, cell
migration, and innate immune cell activation (Figure 4B). Functional interaction network analysis
of leading edge genes highlighted a densely interconnected module of inflammatory and transcrip-
tional regulators (Figure 4C). Key transcription factors, such as FOS, JUN, REL, RELB, and NFKB2,
emerged as central hubs, underscoring their pivotal roles in orchestrating the transcriptional
response following IORT.

Overall, our findings delineate a scenario in which IORT triggers a localized and selective innate
immune response—hallmarked by recruitment of pDCs, eosinophils, and monocytes into the irradi-
ated tumor bed, and paralleled by their transient systemic mobilization. Cytokine profiling and in vitro
modeling identify irradiated nonmalignant cells as key sources of recruitment factors, while tran-
scriptomic analyses of wound fluid mononuclear cells reveal their increased activation as indicated by
upregulated IL-6-JAK/STATS3 signaling.
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Discussion

While the immunomodulatory potential of cancer radiotherapy is well documented in preclinical models,
direct evidence from irradiated human tissues remains scarce and is largely limited to immune responses
observed after radiotherapy in tumor-intact, neoadjuvant irradiation settings."*>*® In clinical practice,
however, radiotherapy is most commonly delivered in a postoperative, adjuvant setting, when minimal or
no tumor burden remains within the radiation field. The immunological implications of radiotherapy in
this postsurgical situation remain largely unexplored—preclinically due to lack of suitable model systems
and trial designs, and clinically because access to irradiated tissue samples after surgery is extremely
limited. In the present study, we made use of IORT during breast-conserving surgery to investigate early
immune responses in irradiated postsurgical normal breast tissue in situ, in the absence of macroscopic
tumor mass. This approach offers a rare, biologically informative, and clinically relevant opportunity to
study both local and systemic immune dynamics following local irradiation in humans under real-world
conditions.

Recently, a similar study examined human tissue responses following breast-conserving surgery + IORT
in the postsurgical setting.”” These analyses focused on bulk RNA-sequencing data from re-excised margin
tissue samples collected up to 15 d after surgery, thereby encompassing both early innate and later adaptive
immune phases (11 IORT vs. 11 surgery-only cases). In contrast, our study investigates wound fluid
derived directly from the postoperative tumor bed within the first three days after surgery, providing a
focused assessment of the early innate immune response. Despite these methodological differences and the
smaller sample size of the Orozco et al. report, gene expression profiles in both studies converge on
signatures of inflammatory activation and immune cell recruitment. Importantly, our approach extends
these findings by directly quantifying immune cell subsets and soluble mediators through multicolor flow
cytometry and multiplex cytokine analyses, offering complementary cellular and protein-level resolution
beyond transcriptomic enrichment analyses alone.

A striking observation in our study was the rapid and robust recruitment/retention of distinct innate
immune cell subsets, particularly pDCs, eosinophils, and monocytes, in(to) the irradiated former tumor
bed. These changes occurred within 2 d after IORT, indicating that localized high-dose radiation can act as
a potent and rapid trigger of innate immune cell trafficking even in the absence of the bulk tumor mass
and its potentially immunogenic cargo. Notably, two of these cell populations—monocytes and
eosinophils—also revealed a transient increase in peripheral blood, peaking on day 3 after IORT. This
systemic response likely reflects early mobilization of cells from hematopoietic reservoirs and may even
involve emergency hematopoiesis, potentially triggered by cytokine gradients originating from the irradi-
ated site. Importantly, preclinical models (of different entities including breast cancer) have not only
demonstrated monocyte and eosinophil recruitment following irradiation of intact tumors in neoadjuvant-
like settings, but also identified these cell types as critical mediators of radiotherapy efficacy, highlighting
their essential roles in the (re-)activation of anti-tumor immune responses.”®**” Our findings extend these
insights to the clinical context in humans, and future follow-up analyses will clarify whether this has
implications for local and/or systemic tumor control upon radiotherapy as has been reported for immune
checkpoint blockade.?**

Mechanistically, our data highlight MIF and IL-3 as potential orchestrators of early innate
immune cell recruitment to irradiated sites. These cytokines were prominently elevated in wound
fluid samples following IORT and correlated with the presence of specific innate immune subsets.
MIF and IL-3 have well-characterized roles in normal tissue repair and early inflammation. MIF
functions as a proinflammatory mediator released upon tissue injury and has been implicated in
recruitment and activation of monocytes and other myeloid cells in sterile inflammatory con-
texts.”>?* ¢ Likewise, IL-3 supports proliferation and differentiation of myeloid progenitors and
can enhance the survival and function of granulocytic and monocytic lineages during early wound
responses.22’37'39 However, in tumor cell-containing environments, these same factors have also
been implicated in protumorigenic processes. Elevated MIF expression by cancer cells or tumor-
associated stroma can promote immunosuppressive myeloid phenotypes, enhance angiogenesis, and
facilitate metastatic dissemination.**** Similarly, increased IL-3 production has been linked to
accelerated tumor progression and impaired prognosis.*> These observations raise the theoretical
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concern that IORT-induced elevation of MIF and IL-3 could, under certain conditions, counteract
antitumor immunity—particularly in settings where residual tumor cells remain in the irradiated
field (i.e. non-RO surgical margins) and chronic signaling may sustain suppressive networks.
Clinically, randomized trials of IORT in early breast cancer (e.g. TARGIT-A) have demonstrated
overall comparable local control and survival outcomes between IORT plus risk-adapted external
beam radiotherapy and non-IORT external beam radiotherapy, without evidence of increased
relapse attributable to IORT-associated cytokine changes.® However, subgroup analyses directly
comparing outcomes within RO or non-R0 cases are not yet available. In the context of standard
adjuvant external beam radiotherapy, which relies on lower fraction doses delivered over larger
volumes of normal tissue, it remains unclear to what extent MIF, IL-3, or other cytokines are
induced in healthy breast tissue. Limiting irradiation to the tumor bed through partial-breast
techniques may potentially reduce cytokine-mediated immunomodulatory effects and mitigate
undesired protumorigenic signaling. Such dose-confining strategies are increasingly applied in
modern radiotherapy and are supported by several recent clinical and technical studies.****

Intriguingly, irradiation of primary nonmalignant cells in vitro recapitulated the cytokine profile
observed upon IORT and induced features of cellular senescence, pointing to the irradiated non-
malignant tissue as a source of a radiation-induced senescence-associated secretory phenotype (SASP).
While neither MIF nor IL-3 are canonical SASP factors, their induction suggests a broader secretory
response priming the irradiated niche for innate immune cells, with MIF in particular known as a key
mediator of monocyte as well as eosinophil recruitment in different preclinical models of inflamma-
tion. However, we cannot exclude that these cytokines were—at least in part—released by recruited
immune cells rather than irradiated normal breast tissue cells alone. Moreover, wound fluid sampling
likely underrepresents the full cytokine landscape due to limited analyte stability and dilution effects
in this biosample, which is inherently of challenging quality. Nevertheless, the unique cytokine profile
that we identified in IORT wound fluid samples likely reflects the distinct tissue context of post-
surgical, localized radiation treatment. Unlike preclinical models, where irradiation of intact tumor
cells promotes immune cell recruitment and activation through necrotic, immunogenic, or otherwise
danger-associated cell death modalities—characterized by the release of danger signals such as ATP,
HMGBI, heat shock proteins, and $100 proteins"*>7>**—IORT primarily affects nonmalignant tissue
with minimal residual tumor burden. We observed radiation-induced senescence in normal tissue cells
rather than cell death, suggesting a distinct, proinflammatory, senescence-associated mechanism of
immune cell recruitment that appears largely independent of the few remaining malignant cells within
the former tumor bed.

Radiation-induced senescence has context-dependent effects: While it can limit proliferation and
promote immune clearance via acute SASP signaling, chronic senescence in tumor-bearing tissues has
been linked to immunosuppression, recurrence, and metastasis.*””*®* Our study captures early post-
IORT responses in the absence of macroscopic tumor mass, reflecting acute wound healing rather than
chronic tumor-associated remodeling. The observed cytokine elevations and innate immune recruit-
ment likely represent transient inflammatory signaling. Consistently, clinical IORT trials in early
breast cancer have not shown increased recurrence following IORT. Nevertheless, clinical and
biological heterogeneity, including resection margin status, residual microscopic disease, and
tumor-intrinsic susceptibility to SASP-mediated signaling, could modulate the impact of radiation-
induced senescence on therapeutic outcome, highlighting the potential value of future personalized
approaches.

The causal link between normal tissue cell senescence, cytokine release, and subsequent inflammatory
immune cell recruitment is well established in radiation-induced normal tissue toxicities, such as
pneumonitis, mucositis, and salivary gland atrophy.**** While these adverse inflammatory effects of
radiation are well documented, potentially beneficial, immune-modulatory effects upon focal high-dose
irradiation of nonmalignant tissue remain understudied though such effects have been hypothesized.'
Since the risk and severity of radiation-induced toxicities are closely linked to the volume of exposed
tissue, the confined, high-dose delivery characteristic of IORT may limit long-term damage, yet still
promote localized innate immune cell recruitment and activation, as observed in this study. Whether this
innate immune response elicited by postsurgical breast cancer radiotherapy can subsequently trigger
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antigen-specific adaptive immunity remains an open question, particularly in view of the limited availa-
bility of tumor antigen after surgical resection. Nevertheless, very recent clinical observations have
provided promising evidence pointing into this direction.*

Taken together, our findings provide fundamental insights into local and systemic immune alterations
following postsurgical breast cancer radiotherapy in humans, revealing that local irradiation of normal
tissue is sufficient to trigger rapid and selective immune cell recruitment, with implications for optimizing
radiotherapy-immunotherapy combinations in the clinic.

Limitations of the study

This study is limited by its focus on the very early immune events within the first 2 d after IORT, when
wound fluids are available for analysis. Consequently, it primarily captures the innate immune phase and
does not address adaptive immune mechanisms that underlie antigen-specific and durable antitumor
immunity and typically emerge later. While correlations between cytokine levels and immune cell
populations in the wound fluid were observed, the cellular sources of these cytokines remain unclear.
Our data do not allow to determine whether the cytokines are produced locally by resident tissue
cells—potentially driving immune cell recruitment—or are introduced into the wound environment by
recruited immune cells. Functional assays to characterize the roles of these immune cells, and their
contributions in tumor control and normal tissue responses were beyond the scope of this study. Finally,
given its observational design, the study provides correlative rather than causal insights, as perturbational
analyses are not feasible in this clinical setting.
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