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Highlights

What are the main findings?

Patients with Sjogren’s syndrome showed increased ex vivo chromosomal radiosen-
sitivity in both non-oncological and oncological cohorts, with no further apparent
increase in patients with concomitant malignancy.

High-grade anti-SSB positivity showed the strongest exploratory association with ra-
diosensitivity and may represent a relevant signal requiring validation in
larger cohorts.

What are the implications of the main findings?

The observed pattern may indicate a stronger contribution of disease-associated factors
to radiosensitivity in Sjogren’s syndrome than in SLE, where increased radiosensitivity
was predominantly associated with concomitant malignancy; however, malignancy-
related effects cannot be excluded.

Prospective studies should integrate ex vivo radiosensitivity with radiotherapy-related
toxicity and treatment outcomes to further define its role in individualized risk assess-
ment and radiotherapy planning in Sjogren patients.

Abstract

Connective tissue diseases have long been hypothesized to confer increased radiosensitivity

and radiotherapy-related toxicity, although findings vary between disease entities. In a

previous institutional study, we found increased radiosensitivity in patients suffering from

systemic lupus erythematosus (SLE), primarily in patients with concomitant malignancy.

We therefore investigated Sjogren’s syndrome, an autoimmune disease for which evidence
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has been limited. Ex vivo chromosomal radiosensitivity was assessed in 45 patients with
Sjogren’s syndrome (27 non-oncological, 18 oncological) by three-color fluorescence in
situ hybridization after 2 Gy irradiation of GO peripheral blood lymphocytes. Results
were compared with 211 healthy controls, 129 breast cancer patients, and the previously
characterized SLE cohorts (37 non-oncological, 33 oncological). Demographic, clinical,
serological, and treatment-related associations were explored in 31 deeply phenotyped
patients. Radiosensitivity was significantly increased in non-oncological Sjogren patients
(0.527 breaks per metaphase (B/M)) compared with healthy controls (0.411 B/M; p < 0.001)
and non-oncological SLE patients (0.404 B/M; p = 0.001), and it remained similarly elevated
in oncological Sjogren patients (0.527 B/M), whereas in SLE increased radiosensitivity was
predominantly associated with concomitant malignancy. High-grade anti-SSB positivity
was associated with increased radiosensitivity in the unadjusted analysis (p = 0.016), but did
not withstand correction for multiple testing (g = 0.124). Sjogren’s syndrome is associated
with increased ex vivo chromosomal radiosensitivity, with no further apparent increase
in patients with concomitant malignancy. This pattern differs from SLE and may suggest
a stronger contribution of disease-associated factors. High-grade anti-SSB positivity may
represent a relevant serological signal in relation to radiosensitivity, but requires validation
in larger cohorts. These findings support closer consideration of individual radiosensitiv-
ity in Sjogren’s syndrome and highlight the need for prospective studies integrating ex
vivo radiosensitivity with radiotherapy-related toxicity and treatment outcomes in this
patient population.

Keywords: Sjogren’s syndrome; systemic lupus erythematosus; individual radiosensitivity;
chromosomal aberrations; fluorescence in situ hybridization; breaks per metaphase

1. Introduction

Severe radiotherapy-related toxicity has been reported in patients with Sjogren’s syn-
drome. In one patient referred to our institution, pronounced skin toxicity with extensive
ulceration and prolonged impaired wound healing developed after radiotherapy for cu-
taneous squamous cell carcinoma, raising the question whether underlying autoimmune
disease may contribute to increased radiation susceptibility (This patient was not included
in the present study cohort, as referral to our institution occurred after completion of patient
inclusion for this study. The case is presented as an illustrative clinical example). Sjogren’s
syndrome is a chronic systemic autoimmune disease characterized by lymphocytic infiltra-
tion and immune-mediated dysfunction of exocrine glands, mainly affecting the salivary
and lacrimal glands. It is driven by abnormal B- and T-cell responses and autoantibody
production, including antibodies against Ro/SSA and La/SSB, and clinically ranges from
sicca symptoms such as xerostomia and keratoconjunctivitis sicca to fatigue, arthralgia
and systemic organ involvement [1,2]. The disease predominantly affects women, with
an estimated female-to-male ratio of approximately 10:1 and a prevalence in Germany
of around 7 per 10,000 individuals [3]. Importantly, Sjogren’s syndrome is associated
with increased mortality, to which malignancies, particularly non-Hodgkin lymphoma,
are important contributors [4,5]. In this context, radiotherapy represents an important
component of oncological treatment [6,7], but it can still cause acute and late normal-tissue
toxicities despite technical advances [8]. This may be particularly relevant in patients
with increased individual radiosensitivity. However, evidence specifically addressing
radiotherapy-related toxicity in Sjogren’s syndrome is scarce and mainly limited to case
reports [9,10], whereas broader studies in connective tissue diseases (CTDs) suggest a het-
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erogeneous but potentially increased risk of radiotherapy-related toxicity in selected CTD
subgroups [11-13]. In a previous FISH-based study from our institution, we investigated
ex vivo chromosomal radiosensitivity in systemic lupus erythematosus (SLE), another
systemic autoimmune disease within the spectrum of CTDs. Increased mean radiosen-
sitivity was observed particularly in SLE patients with concomitant malignancy, while
radiosensitive individuals were also more frequent in the non-oncological SLE cohort [14].
Given shared autoimmune features between SLE and Sjogren’s syndrome, these findings
raised the question whether Sjogren’s syndrome may show a similar pattern of increased
radiosensitivity [15]. Individual radiosensitivity is difficult to assess because radiation
response involves DNA damage recognition and repair, cell-cycle control, signaling path-
ways, and cell fate decisions [16]. Functional assays therefore include a variety of ap-
proaches, such as clonogenic survival, micronucleus formation, apoptosis, DNA repair, and
chromosomal aberration analysis [17]. In contrast to in vivo measurements during radio-
therapy, which are influenced by treatment-related factors such as dose distribution and
deposited energy, ex vivo irradiation allows a more standardized assessment of individual
radiosensitivity [18]. Three-color fluorescence in situ hybridization (FISH)-based analysis
of radiation-induced chromosomal aberrations is an established approach for individual
radiosensitivity testing, using breaks per metaphase as a suitable parameter for identifying
radiosensitive individuals [19]. A key advantage of using peripheral blood lymphocytes in
this assay is that they are irradiated in the GO phase and subsequently stimulated to enter
mitosis, thereby avoiding cell-cycle-dependent differences in radiosensitivity [20]. Against
this background, we used a three-color FISH assay to investigate ex vivo chromosomal
radiosensitivity in patients with Sjogren’s syndrome. We compared non-oncological and
oncological Sjogren patients with healthy controls, breast cancer patients, and the previ-
ously characterized SLE cohorts from our institution and explored factors associated with
increased radiosensitivity.

2. Materials and Methods
2.1. Study Design and Setting

This observational cohort study was conducted in the Radiation Biology laboratory
at the University Hospital of Erlangen in Germany. The study investigated ex vivo ra-
diosensitivity in patients with Sjogren’s syndrome using a three-color fluorescence in situ
hybridization (FISH) assay. The study was primarily based on a single-center cohort re-
cruited prospectively in collaboration with the Department of Rheumatology at the same
hospital, which served as the clinical recruitment site.

Prospective recruitment took place between September 2022 and May 2023. One addi-
tional patient was included in March 2025 under identical study conditions. Additional
oncological cases of Sjogren’s syndrome were retrospectively identified from the institu-
tional database of the Institute of Radiation Biology, covering cases submitted between
2016 and 2025 that involved patients with cancer. All patients in our database were referred
to us by doctors prior to treatment.

Comparator cohorts obtained from previously established institutional datasets com-
prised 211 healthy controls, 129 breast cancer patients [21], and previously characterized
systemic lupus erythematosus (SLE) cohorts consisting of 37 patients without and 33 pa-
tients with malignancy [14]. These cohorts were also evaluated prospectively before the
start of treatment.

2.2. Study Population

Initially, blood samples from 38 patients with a documented diagnosis of Sjogren’s syn-
drome were collected during routine outpatient visits at the Department of Rheumatology.
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Four cases were excluded due to the cytogenetic assay being unsuccessful, primarily due
to insufficient lymphocyte stimulation and inadequate metaphase yield. Subsequent chart
review of medical records and physician reports revealed alternative diagnoses in three
additional cases (sarcoidosis, # = 2; Behget’s disease, n = 1), resulting in their exclusion.

The final prospectively recruited Sjogren’s syndrome cohort therefore comprised 31 pa-
tients. Of these, 27 had no history of malignancy, while four had a concomitant malignant
disease. A further 14 patients with Sjogren’s syndrome and malignancy were included from
the institutional database. This resulted in a total study cohort of 45 patients, comprising
27 non-oncological and 18 oncological patients with Sjogren’s syndrome (Figure 1A).

}
Oncological (n = 4)
)
Total oncological (n = 18)

4

Figure 1. Study cohort assembly and fluorescence in situ hybridization-based analysis of chromoso-
mal aberrations. (A) Flow chart illustrating the assembly of the analyzed Sjogren’s syndrome cohort.
(B) Schematic overview of lymphocyte culture for FISH analysis, including ex vivo irradiation, phy-
tohemagglutinin stimulation, and colcemid-induced metaphase arrest over 48 h. (C) Image of a
metaphase without visible aberrations showing red-stained chromosome #1, green chromosome #2,
and yellow chromosome #4. (D) Chromosomes #1 and #2 involved in a translocation, scored as two
breaks. (E) Chromosomes #1 and #4 involved in an insertion, scored as three breaks. Identifiable
break positions are marked by white arrowheads. FISH = fluorescence in situ hybridization. Scale
bar = 10 um.

2.3. Inclusion and Exclusion Criteria

Patients were eligible for inclusion if a diagnosis of Sjogren’s syndrome had been
documented by the treating rheumatologist, peripheral blood samples were available, and
if the FISH assay could be successfully completed. Patients were excluded if technical assay
failure prevented a reliable cytogenetic evaluation or if the initial diagnosis was revised
during detailed chart review.

2.4. Clinical Data Collection

Clinical and laboratory data were retrospectively extracted from the electronic medical
record system of the University Hospital Erlangen, including archived physician reports
and laboratory records. Data collection involved demographic and disease-related vari-
ables, clinical manifestations, comorbidities, serological and laboratory parameters, and
treatment history.

Demographic parameters included age, sex, body weight, height, and body mass
index. Disease-related variables comprised age at Sjogren’s syndrome diagnosis and dis-
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ease duration at the time of blood sampling. Clinical manifestations covered EULAR
Sjogren’s Syndrome Disease Activity Index (ESSDAI)-relevant organ involvement and
systemic features, as well as other common symptoms associated with Sjogren’s syndrome,
such as sicca syndrome, Raynaud’s phenomenon, joint involvement and gastrointestinal
involvement. Comorbidities included the presence of malignancy (used for subgroup clas-
sification), as well as rheumatological and other frequently observed non-rheumatological
comorbidities. Laboratory parameters comprised autoantibody profiles, including ANA
and Sjogren-specific antibodies (anti-SSA, anti-SSB, anti-Ro52), as well as hematological
abnormalities and immunological markers such as complement levels, immunoglobulin
levels, serum protein electrophoresis, immunofixation and free light chains. Anti-SSA, anti-
SSB, and anti-Ro52 results were obtained from routine clinical laboratory testing performed
at University Hospital Erlangen as part of rheumatological care. Autoantibodies were
assessed using a line immunoblot assay (EUROLINE ANA Profil et Mi-2, Ku, DFS70 (IgG),
EUROIMMUN Medizinische Labordiagnostika AG, Liibeck, Germany). Test strips were
scanned using a flatbed scanner and evaluated with EUROLineScan software (V3.4.37).
According to the manufacturer’s interpretation criteria for flatbed-scanner evaluation, a
signal intensity >50 was classified as strongly positive (+++); in the present study; this
category was termed high-grade positivity. Treatment data included current and previous
immunosuppressive therapies. For glucocorticoids, both exposure and dose were recorded
due to their potential influence on lymphocyte stimulation in the cytogenetic assay, whereas
other immunomodulatory and immunosuppressive therapies were primarily analyzed as
binary exposure variables.

Comprehensive clinical data were available for all prospectively recruited patients
with Sjogren’s syndrome, including the four oncological cases within this cohort. Addi-
tional oncological cases retrieved from the institutional database provided only limited
clinical information restricted to demographic data, malignancy status, and rheumatologi-
cal comorbidity, alongside radiosensitivity measurements.

2.5. Three-Color Fluorescence In Situ Hybridization Assay

Peripheral venous blood samples were obtained from all study participants. For
each patient, 5 mL whole blood was exposed ex vivo to 2 Gy ionizing radiation using a
6 MV linear accelerator (Varian, Palo Alto, CA, USA) to induce chromosomal aberrations.
Irradiation was performed in a 62 mm thick acrylic block that contained a 9 mm radius
hole at a depth of 20 mm. To account for the buildup effect of ionizing radiation, there were
11 mm of acrylic in front of the 8.5 mm radius blood tube. The entire acrylic block, with
a surface area of 100 mm x 140 mm, was within the radiation field. Dosimetry is verified
as part of regular, daily checkups. Irradiation was performed at a dose rate of 1.0 Gy per
minute at room temperature. A second 5 mL aliquot served as a non-irradiated control for
assessment of background chromosomal aberrations.

The peripheral blood lymphocytes were irradiated in the GO phase and then cultured
in an RPMI-based medium containing phytohemagglutinin (PHA-L Pure, Biochrom, Berlin,
Germany) to stimulate cell cycling and mitotic entry. After 44 h of incubation at 37 °C,
colcemid was added for four hours to arrest the dividing cells in metaphase. Chromosome
preparation was then performed according to the institutional standard protocol (Figure 1B).

Three-color fluorescence in situ hybridization (FISH) was performed using probes
targeting chromosomes 1, 2 and 4. The chromosomes were stained red, green, and yellow
using the fluorophores FITC, rhodamine, and a combination of both. Nuclear DNA was
counterstained with DAPL
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2.6. Image Acquisition and Analysis

Metaphases within the hybridized area were identified automatically by a fluorescence
microscope (Zeiss Axioplan 2, Gottingen, Germany) using Metafer 4 imaging software
(V3.10.7, MetaSystems, Altlussheim, Germany). Automated screening was performed with
100 times magnification and individual metaphase images were acquired at 630 magnifica-
tion (Figure 1C-E). The digital images were then analyzed using semi-automated image
analysis software (Biomas, Lab of Radiation Biology, Erlangen, Germany). On average, 110
(range 92-134) images were analyzed for the background value and 191 (range 57-230)
images for the 2 Gy value. Images were analyzed only if all six stained chromosomes were
present. The patients have been pseudonymized and are therefore anonymous to those
analyzing the data.

The breakage rate was determined for each metaphase based on the minimum number
of DNA double-strand breaks required to explain the observed chromosomal rearrange-
ments. Accordingly, fragments were scored as one break; translocations, dicentrics, and
rings as two breaks; and complex aberrations as the estimated minimum number of breaks
underlying the respective structure.

Background aberrations detected in the non-irradiated control sample were subtracted
from radiation-induced breaks after 2 Gy exposure. Individual radiosensitivity was ex-
pressed as the background-corrected breaks per metaphase (B/M) value after 2 Gy irradi-
ation; mean radiosensitivity refers to the average of these individual B/M values within
a given cohort or subgroup. B/M values >0.55 were considered indicative of increased
radiosensitivity. The cutoff value was derived from the B/M values of healthy individuals.
A normal distribution was fitted and the mean plus three standard deviations was chosen
as the threshold for increased radiation sensitivity. Throughout the entire study period,
identical materials and equipment were used, and the essential steps of the protocols and
the analysis were carried out in exactly the same way.

2.7. Statistics and Figure Generation

Statistical analyses were performed using GraphPad Prism (version 10.6.0, GraphPad
Software, La Jolla, CA, USA). Figures were generated using GraphPad Prism and assembled
into composite panels using GIMP (3.0, 2025, GIMP Development Team). Normality was
assessed using the Shapiro-Wilk test and Q-Q plots. Parametric tests were applied where
data were considered approximately normally distributed based on normality testing, with
additional consideration of sample size for larger groups.

Comparisons between two independent groups were performed using unpaired t-
tests with Welch'’s correction for normally distributed data and Mann-Whitney U tests for
non-normally distributed data or smaller subgroup sizes. Comparisons across more than
two groups were conducted using the Kruskal-Wallis test due to small subgroup sizes
and the non-parametric data structure. Categorical variables were analyzed using Fisher’s
exact test. Correlation analyses were assessed using simple linear regression. Statistical
testing was only performed when subgroup sizes were sufficient (n = 3 per group).

All statistical tests were two-sided, and a p-value < 0.05 was considered statistically
significant. Primary cohort comparisons were predefined and hypothesis-driven. To
account for potential confounding by age and sex in the primary cohort comparisons,
multiple linear regression analyses were performed, with background-corrected B/M after
2 Gy irradiation as the dependent variable and cohort, age, and sex as independent variables.
Analyses of demographic, disease-related, clinical, serological, laboratory, and treatment-
related factors within the deeply phenotyped Sjogren subcohort (1 = 31) were considered
exploratory. Given the number of inferential tests performed within the serological and
laboratory analyses, p values from all inferential tests in these analyses were additionally
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adjusted using the Benjamini-Hochberg false discovery rate procedure with an FDR of 5%.
Adjusted p values are reported as q values.

Al-assisted language tools, such as DeepL, were used for linguistic and stylistic
refinement; all scientific content, analyses, and interpretations were developed and verified
by the authors.

2.8. Ethics Approval and Consent to Participate

Written informed consent for the scientific use of biological material and clinical
data was obtained from all patients and healthy controls. The study, including the use
of individual patient data and retrospective analysis of medical records, was approved
by the Ethics Committee of the University Hospital Erlangen (ethics approval: 21_19 B
and 25-367-B).

3. Results
3.1. Cohort Characteristics

We were interested in the individual radiosensitivity of patients with Sjogren’s syn-
drome. In total, 455 individuals were analyzed, comprising 211 healthy controls, 129 breast
cancer patients, 37 non-oncological SLE patients, 33 oncological SLE patients, 27 non-
oncological Sjogren patients, and 18 oncological Sjogren patients.

Female predominance was observed across all disease cohorts, being most pronounced
in breast cancer and oncological Sjogren patients (both 100%). The respective proportions
were 57.8% in healthy individuals, 75.7% in non-oncological SLE, 81.8% in oncological SLE,
and 92.6% in non-oncological Sjogren patients. Mean age was 50.8 years (range 19-81) in
healthy controls, 57.3 years (range 23-91) in breast cancer patients, 49.6 years (range 21-77)
in non-oncological SLE, 56.6 years (range 44-80) in oncological SLE, 48.1 years (range
19-74) in non-oncological Sjogren patients, and 58.6 years (range 24-78) in oncological
Sjogren patients.

Detailed clinical, serological, and treatment-related data used for the subsequent
analyses were available only for a deeply phenotyped subcohort of patients with Sjogren’s
syndrome (n = 31). This subcohort included all non-oncological Sjogren’s syndrome
patients and four prospectively recruited oncological Sjogren’s syndrome patients. Listed
demographic, clinical, therapeutic, and laboratory baseline characteristics are provided in
Supplementary Tables S1-S3.

3.2. Radiosensitivity in Sjogren’s Syndrome Compared with Healthy Controls, Breast Cancer, and
SLE Cohorts

We first assessed background rates of chromosomal aberrations (0 Gy), reflecting
baseline genomic instability potentially related to environmental exposures or impaired
DNA damage response (Figure 2A). Mean background values were 0.025 & 0.021 B/M in
healthy controls, 0.100 & 0.158 B/M in breast cancer patients, 0.032 &+ 0.029 B/M in non-
oncological SLE patients, 0.037 & 0.038 B/M in oncological SLE patients, 0.022 £ 0.018 B/M
in non-oncological Sjogren patients, and 0.042 £+ 0.040 B/M in oncological Sjogren
patients. No significant differences were observed between healthy controls and ei-
ther non-oncological autoimmune cohort, namely non-oncological Sjogren’s syndrome
(p = 0.386) and SLE patients (p = 0.075). In contrast, breast cancer patients showed signifi-
cantly elevated background damage compared with healthy controls (p < 0.001). Within
disease entities, background levels did not differ between non-oncological and oncological
cohorts in either Sjogren’s syndrome (p = 0.066) or SLE (p = 0.494), suggesting no major
influence of malignancy on baseline chromosomal instability. Direct comparison of both au-
toimmune diseases revealed slightly lower background values in non-oncological Sjogren
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patients compared with non-oncological SLE patients (p = 0.044), whereas the oncological
cohorts had comparable values (p = 0.665).
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Figure 2. Chromosomal aberrations in the Sjogren cohort and control groups scored as breaks
per metaphase. (A) Background values in 211 healthy controls, 129 breast cancer patients, 37 non-
oncological and 33 oncological SLE patients, and 27 non-oncological and 18 oncological Sjogren’s
syndrome patients. (B) Background-corrected breaks per metaphase after ex vivo irradiation with
2 Gy ionizing radiation in the same cohorts indicate radiosensitivity. Associated cancer types are
indicated for the oncological Sjogren cohort. (C) Background values within the oncological Sjogren
cohort stratified by cancer subtype. (D) Background-corrected breaks per metaphase after 2 Gy
irradiation within the oncological Sjogren cohort stratified by cancer subtype. Black horizontal lines
indicate mean values. Brackets indicate statistical comparisons with corresponding p values. Red
horizontal lines indicate the cutoff for increased radiosensitivity at >0.55 breaks per metaphase;
dashed black horizontal lines are set at 0.5 B/M. In (B), the number and percentage of individuals
with a B/M > 0.55, together with the corresponding 95% ClI, are shown below the x-axis. Filled
symbols in (C,D) indicate prospectively recruited oncological Sjogren cases. SLE = systemic lupus
erythematosus; onco = oncological cohort; MALT = mucosa-associated lymphoid tissue lymphoma;
BC = breast cancer; GYN = other gynecological cancers; GIT = gastrointestinal tumor; HNT = head
and neck tumor; LC = lung cancer. Statistical analyses were performed using unpaired t-tests with
Welch's correction for (A,B) and Kruskal-Wallis tests for (C,D).

Next, we examined radiosensitivity after ex vivo irradiation with 2 Gy
(Figure 2B). Mean background-corrected B/M values were 0.411 + 0.088 in healthy controls,
0.449 £ 0.119 in breast cancer patients, 0.404 £ 0.148 in non-oncological SLE patients,
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0.521 £ 0.146 in oncological SLE patients, 0.527 £ 0.139 in non-oncological Sjogren pa-
tients, and 0.527 £ 0.178 in oncological Sjogren patients. While background-corrected
radiosensitivity values of non-oncological SLE patients and healthy controls remained
comparable to each other (p = 0.786), radiosensitivity in the non-oncological Sjogren co-
hort was markedly increased compared with healthy controls (p < 0.001). Breast can-
cer patients likewise showed significantly higher radiosensitivity than healthy controls
(p =0.002). Direct comparison between autoimmune diseases confirmed significantly higher
radiosensitivity in non-oncological Sjogren patients compared with non-oncological SLE
patients (p = 0.001), while radiosensitivity levels in the corresponding oncological cohorts
were comparable (p = 0.903), clustering at similarly elevated levels. Assessing the effect of
malignancy within each disease, radiosensitivity did not differ between non-oncological
and oncological Sjogren cohorts (p = 0.995), indicating that concomitant malignancy did not
appear to further increase radiosensitivity in Sjogren’s syndrome. In contrast, oncological
SLE patients demonstrated significantly higher radiosensitivity than their non-oncological
counterparts (p = 0.002), highlighting a strong effect of malignancy in SLE. Notably, onco-
logical SLE patients even exceeded breast cancer patients in radiosensitivity (p = 0.012),
while a similar trend in oncological Sjogren patients did not reach statistical significance
(p = 0.093). Descriptive statistics (mean £ SD), mean differences, and corresponding 95%
confidence intervals for the unadjusted primary cohort comparisons at 0 Gy and after 2 Gy
irradiation are provided in Supplementary Table S4.

To account for potential confounding by age and sex, the primary cohort comparisons
were additionally assessed using multiple linear regression (Table 1). Adjustment for age
and sex largely confirmed the unadjusted findings. Of note, the comparison between onco-
logical Sjogren and breast cancer patients reached statistical significance after adjustment
(p =0.008).

Table 1. Age- and sex-adjusted comparisons of background-corrected breaks per metaphase after

2 Gy irradiation.
Adjusted Comparison Adjusted 3 (B/M) [95% C1] p Value
(B/M)
Breast cancer vs. Healthy 0.036 [0.007 to 0.066] <0.001
SLE non-onco vs. Healthy —0.011 [—0.053 to 0.031] 0.611
Sjogren non-onco vs. Healthy 0.120 [0.071 to 0.168] <0.001
SLE onco vs. Breast cancer 0.068 [0.022 to 0.114] 0.004
Sjogren onco vs. Breast cancer 0.080 [0.021 to 0.139] 0.008
Sjogren non-onco vs. SLE non-onco 0.127 [0.059 to 0.195] <0.001
Sjogren onco vs. SLE onco 0.012 [—0.057 to 0.081] 0.734
SLE onco vs. SLE non-onco 0.115 [0.059 to 0.171] <0.001
Sjogren onco vs. Sjogren non-onco —0.003 [—0.075 to 0.068] 0.924

Adjusted (3 represents the estimated between-group difference in background-corrected B/M after
adjustment for age and sex; positive values indicate higher B/M in the first-mentioned cohort.

Opverall, the pattern observed in Sjogren’s syndrome may point toward a greater contri-
bution of disease-associated factors compared with SLE, in which increased radiosensitivity
was primarily associated with the presence of concomitant malignancy.

3.3. Influence of Cancer Subtype Within the Oncological Sjogren Cohort

In order to assess whether malignancy subtype influenced radiosensitivity, the onco-
logical Sjogren cohort was stratified by tumor entity (Figure 2C,D; Table 2). The cohort
comprised MALT lymphoma (1 = 4), breast cancer (n = 7), gastrointestinal tumors (n = 3),
head and neck tumors (1 = 2), lung cancer (1 = 1), and other gynecological malignancies
(n = 1). Given the small subgroup sizes, particularly for entities with n < 2, meaning-
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ful subgroup-level interpretation is limited. Accordingly, statistical comparisons were
restricted to tumor entities with n > 3 (MALT lymphoma, breast cancer, gastrointestinal
tumors). Overall, no significant differences between evaluable tumor subgroups were
detected in baseline chromosomal breakage (Kruskal-Wallis p = 0.987) or after 2 Gy irra-
diation (p = 0.924). Within the limitations of the small subgroup sizes, these exploratory
analyses did not indicate that the elevated radiosensitivity observed in Sjogren’s syndrome
was driven by a specific cancer subtype.

Table 2. Cancer types in the oncological Sjogren’s syndrome cohort stratified by radiosensitivity.

Frequency of Cancer Type, n (%)

Sjogren Onco

Cancer Types Radiosensitivity
All Normal Increased
n=18 n=_§ n=10
MALT lymphoma 4 (22.2%) 3 (37.5%) 1 (10%)
Salivary glands 2 (11.1%) o o
(parotid, submandibular gland) 1(12.5%) 1(10%)
Palate 1 (5.6%) 1(12.5%) 0 (0%)
Cervical lymph node 1 (5.6%) 1 (12.5%) 0 (0%)
Head and neck tumors (HNTs) 2 (11.1%) 1 (12.5%) 1 (10%)
Parotid carcinoma 1 (5.6%) 1 (12.5%) 0 (0%)
Lateral tongue carcinoma 1 (5.6%) 0 (0%) 1 (10%)
Gastrointestinal tumors (GITs) 3 (16.7%) 1 (12.5%) 2 (20%)
Esophageal squamous cell carcinoma 1 (5.6%) 0 (0%) 1 (10%)
Anal carcinoma 1(5.6%) 1(12.5%) 0 (0%)
Pancreatic carcinoma 1(5.6%) 0 (0%) 1 (10%)
Breast carcinoma 7 (38.9%) 3 (37.5%) 4 (40%)
Other gynecological tumors 1 (5.6%) 0 (0%) 1 (10%)

Serous adenocarcinoma of the
ovary/fallopian tube/peritoneum
Lung carcinoma 1 (5.6%) 0 (0%) 1 (10%)

The Bold text indicates the main cancer categories, while non bold entries specify the corresponding
subtypes.

1(5.6%) 0 (0%) 1(10%)

3.4. Influence of Demographic and Disease-Related Factors on Radiosensitivity in Sjogren’s Syndrome

To explore potential determinants of radiosensitivity, we next investigated whether
demographic and disease-related factors, including sex, age, and disease duration, influence
chromosomal instability and radiosensitivity in patients with Sjogren’s syndrome.

Sex-stratified analyses of the Sjogren cohorts revealed no robust or interpretable
differences in background chromosomal aberrations (0 Gy) or radiosensitivity after 2 Gy
irradiation (Figure 3A,B). Visual inspection suggested slightly higher background values in
female patients compared with males when considering the overall Sjogren cohort, whereas
the opposite trend was observed after irradiation, with higher radiosensitivity levels in
male patients. However, these observations are limited by the highly unbalanced sex
distribution, with only two male patients in the entire Sjogren cohort and no males in the
oncological subgroup. As a result, no formal statistical comparisons were performed. To
further assess potential sex effects, we analyzed the healthy control cohort (n = 211), which
showed a more balanced sex distribution (Figure 3C,D). In this cohort, neither background
chromosomal aberrations (p = 0.953) nor radiosensitivity after 2 Gy irradiation (p = 0.472)
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differed between male and female individuals, indicating that sex does not significantly
influence radiosensitivity in healthy subjects.
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Figure 3. Association of sex, age, and disease duration with chromosomal aberrations in Sjogren’s syn-
drome. (A) Background values in 27 non-oncological and 18 oncological Sjogren’s syndrome patients,
as well as in the overall Sjogren cohort (1 = 45), separated by sex. (B) Background-corrected breaks
per metaphase after 2 Gy irradiation indicate radiosensitivity according to the same stratification.
(C) Background values in 211 healthy individuals separated by sex. (D) Background-corrected breaks
per metaphase after 2 Gy irradiation indicate radiosensitivity in healthy individuals separated by sex.
(E) Background values in non-oncological, oncological, and overall Sjogren’s syndrome cohorts strati-
fied according to the respective mean age in years. (F) Background-corrected breaks per metaphase
after 2 Gy irradiation indicate radiosensitivity according to the same stratification. (G) Association
between disease duration and radiosensitivity after 2 Gy irradiation in the deeply phenotyped Sjogren
cohort (n = 31). Black horizontal lines indicate mean values. Brackets indicate statistical comparisons
with corresponding p values. Red horizontal lines indicate the cutoff for increased radiosensitivity at
>0.55 breaks per metaphase; dashed black horizontal lines are set at 0.5 B/M. onco = oncological
cohort; all = overall cohort. In (G), purple upward triangles indicate non-oncological Sjogren patients
and pink downward triangles indicate oncological Sjogren patients; the dashed blue line indicates
the linear regression line. Statistical analyses were performed using unpaired f-tests with Welch’s
correction for (C,D), Mann-Whitney U tests for (E,F), and simple linear regression for (G).

We next examined the impact of age by stratifying the Sjogren cohorts according to
the respective mean age within each subgroup. For background chromosomal aberrations
(Figure 3E), higher values were observed in older patients compared to younger individuals
when considering the overall Sjogren cohort, reaching statistical significance (p = 0.035).
Any apparent differences in the non-oncological and oncological subgroups did not reach
statistical significance (non-oncological: p = 0.448; oncological: p = 0.210). After 2 Gy irradiation
(Figure 3F), no significant age-dependent differences in radiosensitivity were detected in any
subgroup (overall: p = 0.216; non-oncological: p = 0.550; oncological: p = 0.605).

Finally, we assessed the impact of disease duration on radiosensitivity by analyzing
the association between radiosensitivity after 2 Gy irradiation and the time interval between
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Sjogren’s syndrome diagnosis and blood sampling (Figure 3G). Linear regression analysis
revealed no significant correlation (R? < 0.001, p = 0.925).

Therefore, age and disease duration do not appear to substantially influence radiosensi-
tivity in patients with Sjogren’s syndrome, while no clear effect of sex could be determined.

3.5. Clinical Features and Their Association with Radiosensitivity in Sjogren’s Syndrome

A subsequent analysis addressed the association between clinical characteristics and
radiosensitivity in patients with Sjogren’s syndrome, focusing on disease activity, symp-
toms, and comorbidities within the deeply phenotyped subcohort.

Regarding disease activity, as measured by the ESSDAI score [22], a weak positive
trend toward increased chromosomal aberrations after 2 Gy irradiation was observed
(Figure 4A). However, linear regression analysis did not demonstrate a significant associa-
tion (R? = 0.033, p = 0.325).

We then assessed the distribution of clinical symptoms between radiosensitive and
non-radiosensitive patients (Figure 4B). While most symptoms were similarly distributed
between groups, some features showed a tendency toward higher prevalence in radiosen-
sitive individuals. In particular, biological and joint involvement were more frequent in
radiosensitive individuals, although these differences did not reach statistical significance
(biological: p = 0.073; joint: p = 0.333).
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Figure 4. Association of ESSDAI score, symptoms, and comorbidities with radiosensitivity in the
deeply phenotyped Sjogren cohort. (A) Association between ESSDAI score and radiosensitivity after
2 Gy irradiation. The red horizontal line indicates the cutoff for increased radiosensitivity at >0.55
breaks per metaphase; the dashed black horizontal line is set at 0.5 B/M. Purple upward triangles
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indicate non-oncological Sjogren patients and pink downward triangles indicate oncological Sjogren
patients; the dashed blue line indicates the linear regression line. (B) Distribution of symptoms in
non-radiosensitive <0.55 B/M (green bars) and radiosensitive >0.55 B/M (red bars) Sjogren patients.
(C) Distribution of comorbidities in non-radiosensitive and radiosensitive Sjogren patients. Numbers
above rheumatological comorbidity bars indicate the respective subgroup sizes due to additionally
available comorbidity data. Brackets in (B,C) indicate statistical comparisons with corresponding
p values. ESSDAI = EULAR Sjogren’s Syndrome Disease Activity Index; B/M = breaks per metaphase;
SLE = systemic lupus erythematosus; RA = rheumatoid arthritis. Statistical analyses were performed
using simple linear regression for (A) and Fisher’s exact tests for (B,C).

Similarly, the prevalence of comorbidities showed no meaningful association with
radiosensitivity (Figure 4C). While rheumatological comorbidities, when considered as
a composite category, were slightly more frequent among radiosensitive patients, this
observation was not statistically significant (p = 0.703).

Overall, we did not find a significant relationship between increased radiosensitivity
and disease activity, symptom profiles, or comorbidities.

3.6. Autoantibody Profiles and Additional Serological Features in Relation to Radiosensitivity

We further investigated why some patients with Sjogren’s syndrome are more sensitive
to ionizing radiation and others are not. Thus, we aimed to identify whether a certain
immunological signature was related to the increased B/M levels after 2 Gy irradiation by
analyzing autoantibody profiles and additional serological parameters within the deeply
phenotyped Sjogren subcohort (n = 31).

ANA titers showed a heterogeneous distribution in both groups, with non-radiosensitive
patients predominantly exhibiting lower titers, whereas radiosensitive patients demon-
strated a relative shift toward higher titers (Figure 5A). This pattern was also reflected
by a weak positive trend in regression analysis, but did not reach statistical significance
(R? = 0.051, p = 0.222) (Figure 5B). ANA staining patterns were broadly comparable
across groups, with a clear predominance of the granular pattern throughout the cohort
(Figure 5C). Beyond ANA characteristics, the overall number of detectable autoantibodies
per patient was assessed as a surrogate marker of systemic autoimmune burden. The distri-
bution of antibody counts suggested a modest shift toward higher values in radiosensitive
individuals (Figure 5D). However, regression analysis revealed only a weak, non-significant
association (R? = 0.027, p = 0.378) between antibody number and radiosensitivity (Figure 5E).
Consistently, comparison of mean antibody counts between groups confirmed a slight but
non-significant increase in radiosensitive patients (p = 0.546) (Figure 5F).

To refine this analysis, specific Sjogren-associated autoantibodies were examined
(Figure 6A). Anti-SSA and anti-Ro52 antibodies showed largely comparable distributions
between radiosensitive and non-radiosensitive individuals, with most patients exhibiting
high-grade (+++) expression in both groups. In contrast, anti-SSB antibodies demonstrated
a distinct pattern. High-grade anti-SSB positivity was observed in 7 of 15 radiosensitive
patients, compared with 1 of 16 non-radiosensitive patients, corresponding to an odds
ratio of 13.13 (95% CI 1.52-155.6). This difference was statistically significant in the unad-
justed analysis (Fisher’s exact p = 0.016), but did not remain statistically significant after
Benjamini-Hochberg correction for multiple testing (g = 0.124). Nevertheless, high-grade
anti-SSB positivity emerged as the strongest serological correlate of radiosensitivity in this
exploratory analysis, highlighting a potentially relevant association.

Other autoantibodies and abnormalities in serum complement C3 and C4 levels were
largely similarly distributed between groups (Figure 6B). More pronounced differences
were observed for anti-histone antibodies and rheumatoid factor, which were more fre-
quent in radiosensitive patients, but did not reach statistical significance (rheumatoid
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factor: p = 0.149; anti-histone: p = 0.220). Likewise, CRP-based stratification did not reveal
a relevant association (p = 0.214) between systemic inflammatory status and radiosensi-
tivity (Figure 6C). However, interpretation was limited by overall low CRP levels and
markedly imbalanced group sizes. Additional laboratory abnormalities showed slightly
higher frequencies in radiosensitive patients across several parameters (Figure 6D). Overall
differences were small, although the most pronounced group difference was observed for
elevated IgG levels, albeit without statistical significance (p = 0.273).
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Figure 5. Association of ANA characteristics and autoantibody burden with radiosensitivity in the
deeply phenotyped Sjogren cohort. (A) Distribution of ANA titers in non-radiosensitive <0.55 B/M
(green bars) and radiosensitive >0.55 B/M (red bars) Sjogren patients. (B) Association between
ANA titer and radiosensitivity after 2 Gy irradiation. (C) Distribution of ANA staining patterns
in non-radiosensitive and radiosensitive Sjogren patients. No pattern indicates ANA-negative
samples. (D) Distribution of the number of autoantibodies per patient in non-radiosensitive and
radiosensitive Sjogren patients. (E) Association between the number of autoantibodies per patient
and radiosensitivity after 2 Gy irradiation. (F) Mean number of autoantibodies per patient in non-
radiosensitive and radiosensitive Sjogren patients. The bracket indicates the statistical comparison
with the corresponding p value. Red horizontal lines indicate the cutoff for increased radiosensitivity
at >0.55 breaks per metaphase; dashed black horizontal lines are set at 0.5 B/M. Purple upward
triangles indicate non-oncological Sjogren patients and pink downward triangles indicate oncological
Sjogren patients; dashed blue lines indicate linear regression lines. ANA = antinuclear antibody;
B/M = breaks per metaphase. Statistical analyses were performed using simple linear regression for
(B,E) and an unpaired t-test with Welch'’s correction for (F).

Altogether, these findings do not support a generalized association between humoral
autoimmune activity and radiosensitivity in Sjogren’s syndrome. Rather, the data may
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point toward a more antibody-specific pattern, with anti-SSB antibody levels showing the
most distinct distribution between radiosensitive and non-radiosensitive patients in our
cohort. However, given that the association observed for high-grade anti-SSB positivity
did not withstand correction for multiple testing, it should be regarded as hypothesis-
generating rather than confirmatory. Detailed distributions of laboratory parameters are
provided in Supplementary Table S2.
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Figure 6. Association of specific autoantibodies and additional laboratory findings with radiosen-
sitivity in the deeply phenotyped Sjogren cohort. (A) Distribution of specific Sjogren-associated
autoantibodies in non-radiosensitive <0.55 B/M (green bars) and radiosensitive >0.55 B/M (red
bars) Sjogren patients. (B) Distribution of additional autoantibodies and abnormalities in comple-
ment levels in non-radiosensitive and radiosensitive Sjogren patients. (C) Background-corrected
breaks per metaphase after 2 Gy irradiation stratified by CRP levels. (D) Distribution of additional
laboratory abnormalities in non-radiosensitive and radiosensitive Sjogren patients. Numbers above
immunofixation and cryoglobulin bars indicate the respective subgroup sizes due to incomplete data
availability. Black horizontal lines indicate mean values. Brackets indicate statistical comparisons
with corresponding p values. The red horizontal line indicates the cutoff for increased radiosensitivity
at >0.55 breaks per metaphase; the dashed black horizontal line is set at 0.5 B/M. Purple upward
triangles indicate non-oncological Sjogren patients and pink downward triangles indicate oncological
Sjogren patients. B/M = breaks per metaphase; CRP = C-reactive protein; SPEP = serum protein
electrophoresis; IgG = immunoglobulin G. Statistical analyses were performed using Fisher’s exact
tests for (A,B,D) and the Mann—-Whitney U test for (C).
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3.7. Influence of Immunosuppressive Therapy on Radiosensitivity in Sjogren’s Syndrome

Given that drug effects have been suggested, a final analysis assessed whether im-
munosuppressive therapy has a potential impact on chromosomal instability and radiosen-
sitivity in patients with Sjogren’s syndrome. The analysis included all immunosuppressive
agents present in the deeply phenotyped subcohort, namely prednisolone, methotrexate
(MTX), hydroxychloroquine (HCQ), azathioprine, rituximab, and leflunomide. Neither
baseline chromosomal aberrations (Figure 7A) nor radiosensitivity after 2 Gy irradiation
(Figure 7B) differed significantly between treatment groups (Background: p = 0.566; 2 Gy:
p = 0.183), as assessed using the Kruskal-Wallis test in groups with sufficient sample size
(prednisolone, MTX, HCQ). An apparent increase in mean radiosensitivity in the azathio-
prine subgroup could not be evaluated statistically due to limited sample size. Consistently,
the cumulative number of immunosuppressive agents per patient (0, 1, or 2 drugs) was
largely comparable between radiosensitive and non-radiosensitive individuals, indicating
no relevant association with radiosensitivity (Figure 7C). Detailed distributions of therapies
across subgroups are provided in Supplementary Table S3.
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Figure 7. Association of systemic immunosuppressive therapy with chromosomal aberrations and
radiosensitivity in the deeply phenotyped Sjogren cohort. (A) Background values stratified by
immunosuppressive treatment group. (B) Background-corrected breaks per metaphase after 2 Gy
irradiation according to the same treatment groups. Patients without immunosuppressive therapy are
not shown in (A,B); patients receiving prednisolone in combination with another immunosuppressive
agent are included in both corresponding treatment groups. (C) Distribution of the number of
systemic immunosuppressive therapies in non-radiosensitive (green bars) and radiosensitive (red
bars) Sjogren patients. Black horizontal lines indicate mean values. The red horizontal line indicates
the cutoff for increased radiosensitivity at >0.55 breaks per metaphase; the dashed black horizontal
line is set at 0.5 B/M. Upward triangles indicate non-oncological Sjogren patients and pink downward
triangles indicate oncological Sjogren patients. MTX = methotrexate; HCQ = hydroxychloroquine;
AZA = azathioprine; RTX = rituximab; B/M = breaks per metaphase. Statistical analyses were
performed using Kruskal-Wallis tests for (A,B).

4. Discussion

In this study, we investigated ex vivo chromosomal radiosensitivity in patients with
Sjogren’s syndrome using a three-color FISH assay and compared non-oncological and
oncological Sjogren patients with healthy controls, breast cancer patients, and previously
characterized SLE cohorts. We found that patients with Sjogren’s syndrome showed
significantly increased radiosensitivity after 2 Gy ex vivo irradiation compared with healthy
controls. Notably, this increase was already present in the non-oncological Sjogren cohort,
while individuals with concomitant malignancy had no further increase in radiosensitivity.
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This contrasts with the previously characterized SLE cohort from our institution, in which
non-oncological SLE patients were comparable to healthy controls, whereas increased
mean radiosensitivity was mainly observed in patients with cancer. When searching for
factors associated with increased radiosensitivity within the deeply phenotyped Sjogren
cohort, high-grade anti-SSB positivity emerged as the strongest serological signal in the
exploratory analysis, whereas no clear association was observed with general demographic,
disease-related, clinical, laboratory, or treatment-related parameters.

Regarding Sjogren’s syndrome, a literature search reveals that available evidence on
radiotherapy-related toxicity is limited and largely restricted to individual case reports.
One early case report published in 1996 described severe mucosal and soft tissue toxicity
following chemoradiotherapy for nasopharyngeal carcinoma in a patient with Sjogren’s
syndrome, including extensive ulceration and retropharyngeal abscess formation exceed-
ing expected radiation-induced effects. The authors emphasized the need for caution
when applying combined modality treatment in patients with underlying connective tissue
disease [9]. Similarly, a recent case report published in 2025 reported pronounced acute
and late toxicities during definitive chemoradiotherapy for HPV-positive oropharyngeal
carcinoma in a 43-year-old Japanese woman with Sjogren’s syndrome, including severe
radiation dermatitis, confluent mucositis, and persistent xerostomia [10]. Although these
observations suggest a potentially increased susceptibility to radiotherapy-related toxicity
in Sjogren’s syndrome, the currently available evidence remains insufficient to draw robust
conclusions regarding the magnitude of risk and requires further systematic investigation.
However, the hypothesis that connective tissue diseases (CTDs) may be associated with
increased susceptibility to ionizing radiation and an elevated risk of radiotherapy-related
toxicity has been discussed for several decades and is supported by a broader body of clini-
cal and experimental evidence. This concept has been investigated both clinically, through
studies assessing radiotherapy-associated toxicity, and experimentally, through laboratory
studies examining cellular radiosensitivity. Several clinical studies support an association
between CTDs and increased risk of radiotherapy-related toxicity. A large retrospective
cohort study evaluated radiotherapy-associated complications in 209 patients with various
CTDs, among them 131 patients with rheumatoid arthritis (RA) (Rheumatoid arthritis
is usually classified separately from systemic connective tissue diseases in the narrower
rheumatological sense. However, several studies in the radiotherapy literature include
rheumatoid arthritis in broader CTD cohorts), 25 with systemic lupus erythematosus (SLE),
and 16 with scleroderma/systemic sclerosis (SSc). Severe late radiation effects occurred
significantly more frequently in non-RA CTDs, whereas RA itself did not appear to be
associated with an increased rate of late toxicity. These findings suggest that the risk of
radiotherapy-associated complications may differ between CTD subtypes, with potentially
higher susceptibility in non-RA disease entities [11]. Similar findings were reported in a
matched case—control study examining 73 patients with several CTDs, including 33 patients
with RA, 13 with SLE, and 9 with SSc. This study revealed significantly increased late
radiotherapy-related toxicity in patients with CTDs overall. The increase in toxicity was
most pronounced in patients with SLE and SSc. In contrast, no significant differences
between CTD patients and matched controls were observed regarding acute toxicities [12].
These observations were further supported by a recent meta-analysis published in 2021,
including 10 controlled studies comprising 4028 patients (406 with CTDs and 3622 con-
trols). The analysis demonstrated a statistically significant increase in both acute and
late moderate-to-severe radiotherapy-related toxicities in patients with CTDs compared
with controls, although severe toxicities remained uncommon overall. Subgroup analyses
identified increased toxicity in patients with SLE and SSc, but also in patients with RA [13].
However, not all studies have confirmed an increased risk of radiotherapy-associated toxic-
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ity in patients with CTDs. An earlier matched case—control study comprising 38 patients,
including 21 patients with SLE and smaller numbers of other CTDs, found no significant
differences in either acute or late toxicity compared with matched controls. Notably, this
study was the only one among the above-mentioned investigations to include a small sub-
group of patients with Sjogren’s syndrome. However, no increased toxicity was observed in
these patients, although the very small patient number substantially limited interpretability.
The only CTD subgroup showing a slight increase in acute and late complications consisted
of two patients with SSc. Overall, these findings contrast with the previously described
studies and highlight the heterogeneity of the currently available clinical data regarding
radiotherapy-associated toxicity in CTDs [23]. Despite this heterogeneity, systemic scle-
rosis and systemic lupus erythematosus emerge as the CTD subtypes most consistently
associated with increased radiotherapy-related toxicity across the previously described
studies and have also been investigated in disease-specific retrospective cohort studies.
These studies likewise demonstrated acute and chronic radiotherapy-related toxicities in
a substantial proportion of patients with SSc and SLE, further supporting the concept
that susceptibility to radiation-induced tissue injury may differ between CTD subtypes,
with certain disease entities showing more consistent signals than others. In SLE, toxicity
correlated with specific clinical features of disease severity, suggesting that more advanced
or systemic disease manifestations may confer higher susceptibility to radiation-induced
damage. Nevertheless, radiotherapy was not considered an absolute contraindication in
either SSc or SLE cohorts, but rather a therapeutic option requiring careful individual risk—
benefit assessment [24-26]. SLE and SSc, the CTD entities most consistently associated with
radiotherapy-related toxicity in clinical studies, have also shown experimental evidence
suggestive of increased cellular radiosensitivity in lymphocyte-based assays assessing
radiation-induced DNA damage [27]. However, findings from other lymphocyte-based
experimental assays are not fully consistent. A case—control laboratory study in SLE found
no overall increase in intrinsic cellular radiosensitivity compared with healthy controls,
although higher levels of radiation-induced DNA damage were associated with specific
clinical and serological features [28]. Another study reported increased radiosensitivity in
clinically active SLE, with normalization during remission, suggesting a potential influence
of disease activity on cellular radiation response [29]. FISH-based studies from our institu-
tion further support this heterogeneous picture. In a cohort of 70 patients with SLE, mean
radiosensitivity was comparable to healthy controls in the non-oncological cohort but sig-
nificantly increased in patients with concomitant malignancy. Nevertheless, compared with
healthy controls, both SLE cohorts showed a higher proportion of individuals exceeding
the radiosensitivity threshold of >0.5 breaks per metaphase, including the non-oncological
SLE cohort despite its comparable mean radiosensitivity [14]. These findings indicate
marked interindividual variability, with radiosensitive individuals present even in cohorts
without increased mean radiosensitivity. Similarly, a further study from our institution,
which focused primarily on rheumatoid arthritis but also included other rheumatic and
connective tissue diseases, found no increased mean radiosensitivity in RA patients with or
without malignancy, although individual radiosensitive patients were identified, particu-
larly among oncological RA patients [30]. Of note, the small Sjogren subgroup included
in this previous study did not show increased mean radiosensitivity, but its size was too
limited to allow reliable conclusions for Sjogren’s syndrome specifically. Taken together,
available clinical and experimental data suggest that radiation susceptibility in CTDs is
heterogeneous, with both disease-specific patterns and marked interindividual variability
within individual disease entities.

To better understand why patients with systemic autoimmune diseases might be
more susceptible to ionizing radiation, it is useful to consider radiosensitivity from a
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mechanistic perspective. The initial amount of radiation-induced DNA damage is thought
to vary only moderately between individuals, whereas relevant interindividual differences
arise mainly during the subsequent cellular response to this damage, including DNA
damage recognition, repair pathway activation, cell-cycle control, and cell fate decisions [16].
Chronic systemic autoimmune diseases are characterized by persistent inflammation,
oxidative stress, accumulation of endogenous DNA damage, and epigenetically regulated
functional abnormalities in DNA damage response and repair pathways [31]. This has also
been described in CTDs such as SLE, where increased DNA damage and impaired repair
mechanisms have been implicated in disease pathogenesis [32]. By involving biological
processes that are central to radiation response, pre-existing disturbances in DNA damage
response and repair may therefore reduce the capacity to cope with additional radiation-
induced DNA damage.

In our study, anti-SSB positivity showed the strongest unadjusted association with
increased radiosensitivity. Although this finding did not remain statistically significant
after correction for multiple testing, it raises the question of whether anti-SSB positivity rep-
resents an incidental finding or a specific signal linked to altered radiation response. From
a cellular perspective, SSB/La is an RNA-binding protein involved in RNA metabolism,
particularly in the synthesis and maturation of RNA polymerase III transcripts [33]. Be-
yond this function, SSB/La has been shown to participate in oxidative stress responses by
translocating from the nucleus to the cytoplasm, binding to the 5’'UTR of Nrf2 mRNA and
facilitating stress-induced translation of Nrf2, a key regulator of antioxidant defense [34].
In the context of ionizing radiation, where oxidative stress and DNA damage are central
biological events [35], anti-SSB-associated interference with SSB/La-related stress-response
pathways could therefore present one possible explanation for increased radiosensitivity.
Another hypothesis arises from a peptide-based epitope mapping study showing 72%
sequence similarity between a SSB/La epitope and a fragment of human DNA topoiso-
merase II; anti-55B/La antibodies showed cross-reactivity with peptides derived from these
homologous regions [36]. Given the role of topoisomerase II in DNA topology and genomic
stability, such cross-reactivity could theoretically affect DNA integrity and thereby increase
susceptibility to DNA damage in anti-SSB-positive patients. However, these mechanisms
remain speculative, and current data do not demonstrate that anti-SSB antibodies have
functional consequences for oxidative stress defense, DNA repair, chromosomal stability or
radiation response. Overall, the association between anti-SSB positivity and increased ra-
diosensitivity in our cohort should be regarded as an exploratory but biologically plausible
signal that requires validation in larger cohorts and functional studies addressing oxidative
stress defense, DNA damage response, and radiation sensitivity.

In contrast to the SLE cohort from our institution, in which increased mean radiosen-
sitivity was mainly observed in patients with concomitant malignancy [14], our Sjogren
cohort showed elevated radiosensitivity already in the non-oncological subgroup, with
comparable values in oncological and non-oncological patients. A contribution of malig-
nancy to radiosensitivity is biologically plausible, as cancer is associated with genomic
instability, increased DNA damage, DNA repair defects, and impaired cell-cycle control [37].
Accordingly, FISH-based studies have shown increased chromosomal radiosensitivity in
different cancer cohorts compared with healthy controls [38,39]. In patients with both SLE
and cancer, cancer-associated DNA damage and autoimmune disease-related alterations
in DNA damage response may therefore act additively or synergistically. By comparison,
the increased radiosensitivity already observed in our non-oncological Sjogren cohort may
indicate a stronger contribution of disease-associated factors less dependent on concomitant
malignancy. However, given the limited cohort sizes and the unmatched observational
design, an additional influence of malignancy cannot be excluded. In general, interpretation
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of oncological cohorts remains challenging, as previous or concomitant anticancer therapies
may additionally influence DNA damage accumulation and repair capacity, given that
both chemotherapy and radiotherapy exert major effects through DNA damage and DNA
damage response pathways [40,41]. Thus, treatment-related confounding cannot be fully
excluded. Another notable difference between the two studies concerns the associated
autoantibody pattern. While the SLE study reported an association between increased
radiosensitivity and anti-Ro52 antibodies [14], the most distinct serological pattern in our
Sjogren cohort was observed for anti-SSB positivity. These findings may reflect disease-
specific differences in autoimmune biology, as Ro52 and SSB/La have distinct cellular
functions. However, the SSA/Ro and SSB/La antigen systems may not be completely
independent. Molecular studies suggest that the 52-kD (Ro52) and 60-kD SSA /Ro compo-
nents may associate within the cell and that SSA /Ro and SSB/La antigens may occur in
complexes during certain stages of the cell [33]. Moreover, although anti-SSB/La was not re-
ported as an associated parameter in the institutional SLE study, anti-SSB/La positivity has
previously been associated with increased radiation-induced DNA double-strand breaks
in an independent SLE laboratory study [28]. Overall, SLE and Sjogren’s syndrome both
belong to the spectrum of CTDs and share autoimmune and pathogenetic features such as
chronic inflammation, B-cell activation, autoantibody production and interferon-driven
immune activation, while differing in clinical, serological and organ-specific manifestations.
Nevertheless, their underlying pathogenic mechanisms remain only partially understood
and are considered highly multifactorial [15]. Importantly, both the SLE and Sjogren
studies showed pronounced interindividual variability in radiosensitivity within their
respective patient cohorts. This intra-disease heterogeneity argues against a single uniform
disease-specific mechanism of radiosensitivity and rather suggests a complex interplay
of multiple, only partially defined and potentially disease-independent mechanisms. The
existence of CTD overlap syndromes further highlights the complexity of the underlying
disease biology and makes the attribution of radiosensitivity patterns to specific disease
mechanisms or molecular pathways even more challenging.

Sjogren’s syndrome has been associated with increased all-cause mortality, with a
meta-analysis including 14 studies and 14,584 patients reporting an approximately 50%
higher mortality risk compared with the general population [4]. Leading causes of death
include respiratory and circulatory diseases, as well as malignancies [42]. The increased
cancer risk in Sjogren’s syndrome involves selected solid tumors, such as thyroid cancer, but
is most consistently described for hematological malignancies, particularly non-Hodgkin
lymphoma [5,43]. Radiotherapy remains a central component of oncological treatment,
with approximately half of all cancer patients receiving radiotherapy at some point during
their disease course [6]. It is also clinically relevant in non-Hodgkin lymphoma, both in
curative and consolidative treatment settings [7]. Despite technical advances, radiotherapy
can still cause substantial acute and late toxicities, including fatigue, mucosal reactions,
xerostomia, fibrosis and organ-specific complications [8]. In rare cases, severe toxicity
may be fatal, as illustrated by a case report of lethal late toxicity after prostate cancer
radiotherapy in a patient with 35-55% increased FISH-based radiosensitivity [44]. At the
same time, the clinical manifestation of radiation toxicity depends not only on individual
radiosensitivity but also on treatment-related factors such as radiation dose, fractionation,
irradiated volume, and treatment site. Nevertheless, several studies suggest that laboratory
radiosensitivity assays, including approaches evaluating DNA repair capacity, residual
DNA damage, or chromosomal radiosensitivity, may reflect an individual predisposition
to radiation-induced normal-tissue toxicity [16,45,46]. In our previously characterized
SLE cohort, radiosensitivity testing was used to guide dose adaptation in selected onco-
logical patients, demonstrating that assay-based treatment adaptation can be clinically
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implemented in a related connective tissue disease. Dose reduction was recommended
in 11 patients and implemented in five, with no locoregional relapse observed during the
reported follow-up [14]. However, the present study did not assess radiotherapy-related
toxicity or treatment adaptation in patients with Sjogren’s syndrome and therefore does
not allow specific clinical treatment recommendations to be derived. Prospective studies
directly correlating ex vivo radiosensitivity with clinical radiotherapy toxicity and treat-
ment outcomes are required to establish the clinical utility of this approach in Sjogren’s
syndrome. In this context, the potential future clinical relevance of radiosensitivity assays
may lie in the identification of patients with increased susceptibility to radiation-induced
toxicity, thereby helping to improve the safety of radiotherapy, reduce adverse effects, and
preserve radiotherapy as an effective option whenever it can be applied safely. Ultimately,
this aligns with a broader paradigm shift in oncology, moving from standardized treatment
concepts toward more individualized approaches—a development that is increasingly
extending to radiotherapy [47].

The main limitations of this study are the limited cohort size and small subgroup sizes,
reducing statistical power, particularly for analyses requiring further stratification, and
potentially limiting the detection of smaller associations. In addition, the strong female
predominance, although consistent with the epidemiology of Sjogren’s syndrome, limited
the assessment of sex-specific effects. Comprehensive clinical, laboratory, and treatment-
related data were available only for the deeply phenotyped subcohort, comprising all
27 non-oncological Sjogren patients and the 4 prospectively recruited oncological Sjogren
patients. Analyses of factors associated with radiosensitivity were thus limited to this
subgroup and should be regarded as exploratory. Potential confounding by malignancy,
previous oncological therapies, immunosuppressive treatment, or other clinical variables
cannot be fully excluded. Accordingly, the association between high-grade anti-SSB pos-
itivity and increased radiosensitivity should be regarded as hypothesis-generating and
requires validation in larger independent cohorts. A further clinically relevant question
is whether biomarkers exist that are associated both with concomitant malignancy and
with increased individual radiosensitivity in Sjogren’s syndrome. Clinical and laboratory
features associated with malignancy in Sjogren’s syndrome have predominantly been
described in the context of lymphoma development, including persistent salivary gland en-
largement, lymphadenopathy, cryoglobulinemia, low complement levels, and monoclonal
gammopathy [48,49]. However, their potential relationship to individual radiosensitivity
remains unknown. Although several of these parameters were included in our exploratory
analyses, no significant associations with radiosensitivity were identified, while others
were too infrequent or incompletely available for meaningful evaluation. Accordingly, the
present study was limited in its ability to reliably assess potential biomarkers associated
with both malignancy and radiosensitivity, particularly given the small number of com-
prehensively phenotyped oncological patients (n = 4), only two of whom had lymphoma.
Furthermore, radiotherapy-related toxicity cannot be explained solely by increased ex vivo
chromosomal radiosensitivity, as it is also influenced by multiple patient- and treatment-
related factors. Finally, the FISH assay depends on successful lymphocyte stimulation.
Patients receiving high-dose prednisolone (>20 mg/d) cannot be studied with our assay,
because lymphocytes can no longer be reliably stimulated to enter the cell cycle, preventing
adequate metaphase generation. Since such patients often have higher disease activity,
highly active disease states may be underrepresented.

5. Conclusions

In conclusion, patients with Sjogren’s syndrome showed increased ex vivo chromo-
somal radiosensitivity, already detectable in the absence of malignancy. In contrast to
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previously characterized SLE cohorts, concomitant cancer did not appear to confer a further
increase in radiosensitivity in Sjogren patients, a pattern that may indicate a stronger contri-
bution of disease-associated factors, while an additional influence of malignancy cannot be
excluded. High-grade anti-SSB positivity showed the strongest unadjusted association with
increased radiosensitivity; however, this finding did not remain statistically significant after
correction for multiple testing and should therefore be regarded as hypothesis-generating,
requiring validation in larger independent cohorts. The translation of these ex vivo find-
ings into clinical practice in Sjogren’s syndrome requires further evaluation. Prospective
studies in Sjogren patients undergoing radiotherapy should therefore integrate ex vivo
chromosomal radiosensitivity with systematic assessment of radiotherapy-related toxicity
and treatment outcomes to further define its role in individualized risk assessment and
radiotherapy planning in this patient population.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cells15201855/s1. Table S1: Baseline characteristics and clinical
features of non-oncological and oncological Sjogren’s syndrome patients; Table S2: Diagnostic and
laboratory characteristics of non-oncological and oncological Sjogren’s syndrome patients stratified by
radiosensitivity; Table S3: Systemic immunosuppressive therapy in non-oncological and oncological
Sjogren’s syndrome patients stratified by radiosensitivity; Table S4: Descriptive statistics and effect
estimates for unadjusted primary cohort comparisons of background chromosomal aberrations and
background-corrected breaks per metaphase after 2 Gy irradiation.

Author Contributions: Conceptualization, E.S., LK., L.V.D. and H.S.; methodology, L.K.; software,
L.V.D.; validation, E.S., L.K., L.V.D. and H.S; formal analysis, E.S. and ].W.; investigation, E.S. and
L.K; resources, S.C., H.G. and G.S,; data curation, LK., S.C., H.G., G.S. and L.V.D.; writing—original
draft preparation, E.S.; writing—review and editing, E.S., LK., JW, H.G,,S.C.,,G.S,,L.V.D. and HSS,;
visualization, E.S.; supervision, L.K. and L.V.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the University Hospital Erlangen (ethics
approval: 21_19 B, 18 February 2019 and 25-367-B, 2 December 2025).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets generated and/or analyzed in the present study are not
publicly accessible due to privacy protection policy, but can be provided by the corresponding author
upon reasonable request.

Acknowledgments: We would like to thank all the patients who donated blood and the doctors who
took the blood. The present work was performed in fulfillment of the requirements for obtaining the
degree “Dr. med.” (E.S.) at Friedrich-Alexander-Universitat Erlangen-Ntirnberg (FAU).

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

CTDs connective tissue diseases

ESSDAI  EULAR Sjogren’s Syndrome Disease Activity Index
FISH fluorescence in situ hybridization

RA rheumatoid arthritis

SLE systemic lupus erythematosus

SSc scleroderma/systemic sclerosis

https://doi.org/10.3390/ cells15201855


https://www.mdpi.com/article/10.3390/cells15201855/s1
https://www.mdpi.com/article/10.3390/cells15201855/s1
https://doi.org/10.3390/cells15201855

Cells 2026, 15, 1855 23 of 25

References

1. Brito-Zeron, P.; Baldini, C.; Bootsma, H.; Bowman, S.J.; Jonsson, R.; Mariette, X.; Sivils, K.; Theander, E.; Tzioufas, A.; Ramos-
Casals, M. Sjogren syndrome. Nat. Rev. Dis. Primers 2016, 2, 16047. [CrossRef] [PubMed]

2. Patel, R,; Shahane, A. The epidemiology of Sjogren’s syndrome. Clin. Epidemiol. 2014, 6, 247-255. [CrossRef] [PubMed]

3.  Aringer, M.; Tausche, A.K. Epidemiology and manifestations of Sjogren’s disease. Z. Rheumatol. 2026, 85, 505-510. [CrossRef]
[PubMed]

4.  Huang, H.; Xie, W,; Geng, Y.; Fan, Y.; Zhang, Z. Mortality in patients with primary Sjogren’s syndrome: A systematic review and
meta-analysis. Rheumatology 2021, 60, 4029-4038. [CrossRef] [PubMed]

5. Zintzaras, E.; Voulgarelis, M.; Moutsopoulos, H.M. The risk of lymphoma development in autoimmune diseases: A meta-analysis.
Arch. Intern Med. 2005, 165, 2337-2344. [CrossRef] [PubMed]

6. Baskar, R; Lee, K.A,; Yeo, R.; Yeoh, K.W. Cancer and radiation therapy: Current advances and future directions. Int. J. Med. Sci.
2012, 9, 193-199. [CrossRef] [PubMed]

7. Qertel, M.; Eich, H.T. Radiotherapy of non-Hodgkin lymphoma-discussion of modern treatment concepts and innovations.
Radiologie 2025, 65, 518-524. [CrossRef] [PubMed]

8.  Dilalla, V;; Chaput, G.; Williams, T.; Sultanem, K. Radiotherapy side effects: Integrating a survivorship clinical lens to better serve
patients. Curr. Oncol. 2020, 27, 107-112. [CrossRef] [PubMed]

9. Hareyama, M.; Nagakura, H.; Tamakawa, M.; Hyodo, K.; Asakura, K.; Horikoshi, T.; Tanaka, S.; Imai, K.; Hattori, A.; Oouchi, A,;
et al. Retropharyngeal abscess after radiation therapy and cis-platinum, 5-fluorouracil treatment for nasopharyngeal carcinoma
with collagen disease: Report of two patients and a review of the literature. Jpn. J. Clin. Oncol. 1996, 26, 189-193. [CrossRef]
[PubMed]

10. Ooishi, M.; Togao, O.; Hirakawa, K.; Sugiyama, Y. Severe Toxicities From Definitive Chemoradiotherapy for Oropharyngeal
Cancer in a Patient With Comorbid Sjogren’s Syndrome. Cureus 2025, 17, €92966. [CrossRef] [PubMed]

11.  Morris, M.M.; Powell, S.N. Irradiation in the setting of collagen vascular disease: Acute and late complications. J. Clin. Oncol.
1997, 15, 2728-2735. [CrossRef] [PubMed]

12.  Lin, A.; Abu-Isa, E.; Griffith, K.A.; Ben-Josef, E. Toxicity of radiotherapy in patients with collagen vascular disease. Cancer 2008,
113, 648-653. [CrossRef] [PubMed]

13.  Shaikh, PM.; Singh, S.A.; Alite, F,; Vargo, J.A.; Emami, B.; Wu, M.].; Jacobson, G.; Bakalov, V.; Small, W,, Jr.; Dahshan, B.; et al.
Radiation Toxicity in Patients With Collagen Vascular Disease: A Meta-Analysis of Case-Control Studies. Int. ]. Radiat. Oncol. Biol.
Phys. 2021, 111, 1214-1226. [CrossRef] [PubMed]

14. Schenker, H.; Kuhlmann, L.; Kaudewitz, D.; Schuster, B.; Semrau, S.; Schmitter, C.; Voigt, R.; Merten, R.; Geinitz, H.; Fietkau, R.;
et al. Increased Sensitivity to Ionizing Radiation in a Relevant Subset of Patients with Cancer and Systemic Lupus Erythematosus.
Cells 2025, 14, 569. [CrossRef] [PubMed]

15. Pasoto, S.G.; Adriano de Oliveira Martins, V.; Bonfa, E. Sjogren’s syndrome and systemic lupus erythematosus: Links and risks.
Open Access Rheumatol. 2019, 11, 33-45. [CrossRef] [PubMed]

16. Habash, M.; Bohorquez, L.C.; Kyriakou, E.; Kron, T.; Martin, O.A ; Blyth, B.]J. Clinical and Functional Assays of Radiosensitivity
and Radiation-Induced Second Cancer. Cancers 2017, 9, 147. [CrossRef] [PubMed]

17.  Ferlazzo, M.L.; Bourguignon, M.; Foray, N. Functional Assays for Individual Radiosensitivity: A Critical Review. Semin Radiat.
Oncol. 2017, 27, 310-315. [CrossRef] [PubMed]

18. Mayo, T,; Haderlein, M.; Schuster, B.; Wiesmuller, A.; Hummel, C.; Bachl, M.; Schmidt, M.; Fietkau, R.; Distel, L. Is in vivo and ex
vivo irradiation equally reliable for individual Radiosensitivity testing by three colour fluorescence in situ hybridization? Radiat.
Oncol. 2019, 15, 2. [CrossRef] [PubMed]

19. Keller, U.; Kuechler, A,; Liehr, T.; Muller, E.; Grabenbauer, G.; Sauer, R.; Distel, L. Impact of various parameters in detecting
chromosomal aberrations by FISH to describe radiosensitivity. Strahlenther. Onkol. 2004, 180, 289-296. [CrossRef] [PubMed]

20. Schuster, B.; Ellmann, A.; Mayo, T.; Auer, J.; Haas, M.; Hecht, M.; Fietkau, R.; Distel, L.V. Rate of individuals with clearly increased
radiosensitivity rise with age both in healthy individuals and in cancer patients. BMC Geriatr. 2018, 18, 105. [CrossRef] [PubMed]

21. Zuhair Kassem, T.; Wunderle, M.; Kuhlmann, L.; Ruebner, M.; Huebner, H.; Hoyer, J.; Reis, A.; Fasching, P.A.; Beckmann, M.W.;
Hack, C.C,; et al. Ex Vivo Chromosomal Radiosensitivity Testing in Patients with Pathological Germline Variants in Breast Cancer
High-Susceptibility Genes BReast CAncer 1 and BReast CAncer 2. Curr. Issues Mol. Biol. 2023, 45, 6618-6633. [CrossRef] [PubMed]

22. Stefanski, A.L.; Tomiak, C.; Pleyer, U.; Dietrich, T.; Burmester, G.R.; Dorner, T. The Diagnosis and Treatment of Sjogren’s Syndrome.
Dtsch. Arztebl. Int. 2017, 114, 354-361. [CrossRef] [PubMed]

23. Phan, C.; Mindrum, M.; Silverman, C.; Paris, K.; Spanos, W. Matched-control retrospective study of the acute and late com-
plications in patients with collagen vascular diseases treated with radiation therapy. Cancer J. 2003, 9, 461-466. [CrossRef]
[PubMed]

24. Gold, D.G.; Miller, R.C.; Petersen, I.A.; Osborn, T.G. Radiotherapy for malignancy in patients with scleroderma: The Mayo Clinic

experience. Int. J. Radiat. Oncol. Biol. Phys. 2007, 67, 559-567. [CrossRef] [PubMed]

https://doi.org/10.3390/ cells15201855


https://doi.org/10.1038/nrdp.2016.47
https://www.ncbi.nlm.nih.gov/pubmed/27383445
https://doi.org/10.2147/CLEP.S47399
https://www.ncbi.nlm.nih.gov/pubmed/25114590
https://doi.org/10.1007/s00393-026-01796-3
https://www.ncbi.nlm.nih.gov/pubmed/41790166
https://doi.org/10.1093/rheumatology/keab364
https://www.ncbi.nlm.nih.gov/pubmed/33878179
https://doi.org/10.1001/archinte.165.20.2337
https://www.ncbi.nlm.nih.gov/pubmed/16287762
https://doi.org/10.7150/ijms.3635
https://www.ncbi.nlm.nih.gov/pubmed/22408567
https://doi.org/10.1007/s00117-025-01477-3
https://www.ncbi.nlm.nih.gov/pubmed/40500431
https://doi.org/10.3747/co.27.6233
https://www.ncbi.nlm.nih.gov/pubmed/32489253
https://doi.org/10.1093/oxfordjournals.jjco.a023206
https://www.ncbi.nlm.nih.gov/pubmed/8656563
https://doi.org/10.7759/cureus.92966
https://www.ncbi.nlm.nih.gov/pubmed/41133027
https://doi.org/10.1200/JCO.1997.15.7.2728
https://www.ncbi.nlm.nih.gov/pubmed/9215847
https://doi.org/10.1002/cncr.23591
https://www.ncbi.nlm.nih.gov/pubmed/18506734
https://doi.org/10.1016/j.ijrobp.2021.08.006
https://www.ncbi.nlm.nih.gov/pubmed/34418468
https://doi.org/10.3390/cells14080569
https://www.ncbi.nlm.nih.gov/pubmed/40277895
https://doi.org/10.2147/OARRR.S167783
https://www.ncbi.nlm.nih.gov/pubmed/30774485
https://doi.org/10.3390/cancers9110147
https://www.ncbi.nlm.nih.gov/pubmed/29077012
https://doi.org/10.1016/j.semradonc.2017.04.003
https://www.ncbi.nlm.nih.gov/pubmed/28865513
https://doi.org/10.1186/s13014-019-1444-4
https://www.ncbi.nlm.nih.gov/pubmed/31892333
https://doi.org/10.1007/s00066-004-1200-y
https://www.ncbi.nlm.nih.gov/pubmed/15127159
https://doi.org/10.1186/s12877-018-0799-y
https://www.ncbi.nlm.nih.gov/pubmed/29728069
https://doi.org/10.3390/cimb45080418
https://www.ncbi.nlm.nih.gov/pubmed/37623237
https://doi.org/10.3238/arztebl.2017.0354
https://www.ncbi.nlm.nih.gov/pubmed/28610655
https://doi.org/10.1097/00130404-200311000-00005
https://www.ncbi.nlm.nih.gov/pubmed/14740974
https://doi.org/10.1016/j.ijrobp.2006.09.003
https://www.ncbi.nlm.nih.gov/pubmed/17236971
https://doi.org/10.3390/cells15201855

Cells 2026, 15, 1855 24 of 25

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Pinn, M.E,; Gold, D.G.; Petersen, I.A.; Osborn, T.G.; Brown, P.D.; Miller, R.C. Systemic lupus erythematosus, radiotherapy, and
the risk of acute and chronic toxicity: The Mayo Clinic Experience. Int. |. Radiat. Oncol. Biol. Phys. 2008, 71, 498-506. [CrossRef]
[PubMed]

Shah, D.J.; Hirpara, R.; Poelman, C.L.; Woods, A.; Hummers, L.K.; Wigley, EM.; Wright, J.L.; Parekh, A.; Steen, V.D.; Domsic, R.T.;
et al. Impact of Radiation Therapy on Scleroderma and Cancer Outcomes in Scleroderma Patients With Breast Cancer. Arthritis
Care Res. 2018, 70, 1517-1524. [CrossRef] [PubMed]

McCurdy, D.; Tai, L.Q.; Frias, S.; Wang, Z. Delayed repair of DNA damage by ionizing radiation in cells from patients with
juvenile systemic lupus erythematosus and rheumatoid arthritis. Radiat. Res. 1997, 147, 48-54. [CrossRef]

Carrillo-Alascio, P.L.; Sabio, ].M.; Nunez-Torres, M.L; Lopez, E.; Munoz-Gamez, J.A.; Hidalgo-Tenorio, C.; Jaimez, L.; Martin,
J.; Jimenez-Alonso, J.; Grupo Lupus Virgen De Las, N. In-vitro radiosensitivity in patients with systemic lupus erythematosus.
Lupus 2009, 18, 645-649. [CrossRef] [PubMed]

Cossu, F.; Rombi, G.; Aresu, G.; Pia, G.; Pascalis, L. Radiosensitivity of lymphocyte subpopulations in subjects with systemic
lupus erythematosus. An in vitro preliminary study. Minerva Med. 1991, 82, 239-249. [PubMed]

Rzepka, D.; Schenker, H.; Geinitz, H.; Silberberger, E.; Kaudewitz, D.; Schuster, B.; Kuhlmann, L.; Schonath, M.; Ayala Gaona, H,;
Aschacher, B.; et al. Chromosomal radiosensitivity in oncological and non-oncological patients with rheumatoid arthritis and
connective tissue diseases. Radiat. Oncol. 2023, 18, 98. [CrossRef] [PubMed]

Souliotis, V.L.; Vlachogiannis, N.I.; Pappa, M.; Argyriou, A.; Ntouros, P.A.; Sfikakis, PP. DNA Damage Response and Oxidative
Stress in Systemic Autoimmunity. Int. . Mol. Sci. 2019, 21, 55. [CrossRef] [PubMed]

Mireles-Canales, M.P.; Gonzalez-Chavez, S.A.; Quinonez-Flores, C.M.; Leon-Lopez, E.A.; Pacheco-Tena, C. DNA Damage and
Deficiencies in the Mechanisms of Its Repair: Implications in the Pathogenesis of Systemic Lupus Erythematosus. J. Immunol. Res.
2018, 2018, 8214379. [CrossRef] [PubMed]

Ben-Chetrit, E. Target antigens of the SSA/Ro and SSB/La system. Am. ]. Reprod. Immunol. 1992, 28, 256-258. [CrossRef]
[PubMed]

Zhang, J.; Dinh, T.N.; Kappeler, K.; Tsaprailis, G.; Chen, Q.M. La autoantigen mediates oxidant induced de novo Nrf2 protein
translation. Mol. Cell. Proteom. 2012, 11, M111 015032. [CrossRef] [PubMed]

Wei, W.; Ren, Y.; Lan, J; Yi, ], Wang, M.; Zhang, Y.; Wang, S.; Xu, Y,; Han, G.; Fu, Y,; et al. Ionizing radiation: Molecular
mechanisms, biological effects, and therapeutic targets. Mol. Biomed. 2026, 7, 3. [CrossRef] [PubMed]

Tzioufas, A.G.; Yiannaki, E.; Sakarellos-Daitsiotis, M.; Routsias, ].G.; Sakarellos, C.; Moutsopoulos, H.M. Fine specificity of
autoantibodies to La/SSB: Epitope mapping, and characterization. Clin. Exp. Immunol. 1997, 108, 191-198. [CrossRef] [PubMed]
Lord, C.J.; Ashworth, A. The DNA damage response and cancer therapy. Nature 2012, 481, 287-294. [CrossRef] [PubMed]
Distel, L.V.; Neubauer, S.; Keller, U.; Sprung, C.N.; Sauer, R.; Grabenbauer, G.G. Individual differences in chromosomal aberrations
after in vitro irradiation of cells from healthy individuals, cancer and cancer susceptibility syndrome patients. Radiother. Oncol.
2006, 81, 257-263. [CrossRef] [PubMed]

Auer, J.; Keller, U.; Schmidt, M.; Ott, O.; Fietkau, R.; Distel, L.V. Individual radiosensitivity in a breast cancer collective is changed
with the patients” age. Radiol. Oncol. 2014, 48, 80-86. [CrossRef] [PubMed]

Woods, D.; Turchi, J.J. Chemotherapy induced DNA damage response: Convergence of drugs and pathways. Cancer Biol. Ther.
2013, 14, 379-389. [CrossRef] [PubMed]

Nickoloff, J.A.; Taylor, L.; Sharma, N.; Kato, T.A. Exploiting DNA repair pathways for tumor sensitization, mitigation of resistance,
and normal tissue protection in radiotherapy. Cancer Drug Resist 2021, 4, 244-263. [CrossRef] [PubMed]

Kim, HJ.; Kim, K.H.; Hann, H.J; Han, S.; Kim, Y.; Lee, S.H.; Kim, D.S.; Ahn, H.S. Incidence, mortality, and causes of death in
physician-diagnosed primary Sjogren’s syndrome in Korea: A nationwide, population-based study. Semin Arthritis Rheum. 2017,
47,222-227. [CrossRef] [PubMed]

Goulabchand, R.; Malafaye, N.; Jacot, W.; Witkowski Durand Viel, P.; Morel, J.; Lukas, C.; Rozier, P.; Lamure, S.; Noel, D.; Molinari,
N.; et al. Cancer incidence in primary Sjogren’s syndrome: Data from the French hospitalization database. Autoimmun. Rev. 2021,
20, 102987. [CrossRef] [PubMed]

Fahrig, A.; Koch, T.; Lenhart, M.; Rieckmann, P; Fietkau, R.; Distel, L.; Schuster, B. Lethal outcome after pelvic salvage
radiotherapy in a patient with prostate cancer due to increased radiosensitivity: Case report and literature review. Strahlenther.
Onkol. 2018, 194, 60-66. [CrossRef] [PubMed]

Ocolotobiche, E.E.; Dauder, R.M.; Guerci, A.M. Radiosensitivity of radiotherapy patients: The effect of individual DNA repair
capacity. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2021, 867, 503371. [CrossRef] [PubMed]

Palumbo, E.; Piotto, C.; Calura, E.; Fasanaro, E.; Groff, E.; Busato, F; El Khouzai, B.; Rigo, M.; Baggio, L.; Romualdi, C.; et al.
Individual Radiosensitivity in Oncological Patients: Linking Adverse Normal Tissue Reactions and Genetic Features. Front.
Oncol. 2019, 9, 987. [CrossRef] [PubMed]

Calvaruso, M.; Pucci, G.; Alberghina, C.; Minafra, L. Radiation Therapy Personalization in Cancer Treatment: Strategies and
Perspectives. Int. ]. Mol. Sci. 2025, 26, 6375. [CrossRef] [PubMed]

https://doi.org/10.3390/ cells15201855


https://doi.org/10.1016/j.ijrobp.2007.10.014
https://www.ncbi.nlm.nih.gov/pubmed/18164848
https://doi.org/10.1002/acr.23505
https://www.ncbi.nlm.nih.gov/pubmed/29316366
https://doi.org/10.2307/3579442
https://doi.org/10.1177/0961203309103150
https://www.ncbi.nlm.nih.gov/pubmed/19433466
https://www.ncbi.nlm.nih.gov/pubmed/2041614
https://doi.org/10.1186/s13014-023-02291-8
https://www.ncbi.nlm.nih.gov/pubmed/37287050
https://doi.org/10.3390/ijms21010055
https://www.ncbi.nlm.nih.gov/pubmed/31861764
https://doi.org/10.1155/2018/8214379
https://www.ncbi.nlm.nih.gov/pubmed/30116756
https://doi.org/10.1111/j.1600-0897.1992.tb00809.x
https://www.ncbi.nlm.nih.gov/pubmed/1285896
https://doi.org/10.1074/mcp.M111.015032
https://www.ncbi.nlm.nih.gov/pubmed/22207702
https://doi.org/10.1186/s43556-025-00358-4
https://www.ncbi.nlm.nih.gov/pubmed/41507636
https://doi.org/10.1046/j.1365-2249.1997.d01-1003.x
https://www.ncbi.nlm.nih.gov/pubmed/9158085
https://doi.org/10.1038/nature10760
https://www.ncbi.nlm.nih.gov/pubmed/22258607
https://doi.org/10.1016/j.radonc.2006.10.012
https://www.ncbi.nlm.nih.gov/pubmed/17113667
https://doi.org/10.2478/raon-2013-0061
https://www.ncbi.nlm.nih.gov/pubmed/24587784
https://doi.org/10.4161/cbt.23761
https://www.ncbi.nlm.nih.gov/pubmed/23380594
https://doi.org/10.20517/cdr.2020.89
https://www.ncbi.nlm.nih.gov/pubmed/34337349
https://doi.org/10.1016/j.semarthrit.2017.03.004
https://www.ncbi.nlm.nih.gov/pubmed/28729155
https://doi.org/10.1016/j.autrev.2021.102987
https://www.ncbi.nlm.nih.gov/pubmed/34718160
https://doi.org/10.1007/s00066-017-1207-9
https://www.ncbi.nlm.nih.gov/pubmed/28887683
https://doi.org/10.1016/j.mrgentox.2021.503371
https://www.ncbi.nlm.nih.gov/pubmed/34266627
https://doi.org/10.3389/fonc.2019.00987
https://www.ncbi.nlm.nih.gov/pubmed/31632918
https://doi.org/10.3390/ijms26136375
https://www.ncbi.nlm.nih.gov/pubmed/40650150
https://doi.org/10.3390/cells15201855

Cells 2026, 15, 1855 25 of 25

48. Nocturne, G.; Pontarini, E.; Bombardieri, M.; Mariette, X. Lymphomas complicating primary Sjogren’s syndrome: From
autoimmunity to lymphoma. Rheumatology 2021, 60, 3513-3521. [CrossRef] [PubMed]

49. Price, EJ.; Benjamin, S.; Bombardieri, M.; Bowman, S.; Carty, S.; Ciurtin, C.; Crampton, B.; Dawson, A ; Fisher, B.A.; Giles, I; et al.
Executive summary: British Society for Rheumatology guideline on management of adult and juvenile onset Sjogren disease.
Rheumatology 2025, 64, 396-408. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ cells15201855


https://doi.org/10.1093/rheumatology/kez052
https://www.ncbi.nlm.nih.gov/pubmed/30838413
https://doi.org/10.1093/rheumatology/keae218
https://www.ncbi.nlm.nih.gov/pubmed/38785300
https://doi.org/10.3390/cells15201855

	Introduction 
	Materials and Methods 
	Study Design and Setting 
	Study Population 
	Inclusion and Exclusion Criteria 
	Clinical Data Collection 
	Three-Color Fluorescence In Situ Hybridization Assay 
	Image Acquisition and Analysis 
	Statistics and Figure Generation 
	Ethics Approval and Consent to Participate 

	Results 
	Cohort Characteristics 
	Radiosensitivity in Sjögren’s Syndrome Compared with Healthy Controls, Breast Cancer, and SLE Cohorts 
	Influence of Cancer Subtype Within the Oncological Sjögren Cohort 
	Influence of Demographic and Disease-Related Factors on Radiosensitivity in Sjögren’s Syndrome 
	Clinical Features and Their Association with Radiosensitivity in Sjögren’s Syndrome 
	Autoantibody Profiles and Additional Serological Features in Relation to Radiosensitivity 
	Influence of Immunosuppressive Therapy on Radiosensitivity in Sjögren’s Syndrome 

	Discussion 
	Conclusions 
	References

