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ABSTRACT

Human inborn errors of immunity (IEI) represent a diverse group of genetic disorders affecting the
innate and/or adaptive immune system. Some IEI entities comprise defects in DNA repair factors,
resulting in (severe) combined immunodeficiencies, bone marrow failure, predisposition to
malignancies, and potentially result in radiosensitivity (RS). While other IEI subcategories such as
common variable immunodeficiency (CVID) and immune dysregulation disorders also associate with
lymphoproliferative and malignant complications, the occurrence of RS phenotypes in the broader IEI
population is not well characterized. Nonetheless, identifying RS in IEI patients through functional
testing is crucial to reconsider radiation-related therapeutic protocols and to improve overall patient
management. This study aimed to investigate chromosomal RS in a diverse cohort of 107 IEI patients
using the GO cytokinesis-block micronucleus (MN) assay. Our findings indicate significant variability
in RS across specific genetic and phenotypical subgroups. Severe RS was detected in all ataxia-
telangiectasia (AT) patients, a FANCI deficient and ERCC6L2 deficient patient, but not in any other IEI
patient included in this cohort. Age emerged as the single influencing factor for both spontaneous and
radiation-induced MN vyields, while the manifestation of additional clinical features, including infection
susceptibility, immune dysregulation, or malignancies did not associate with increased MN levels. Our
extensive analysis of RS in the IEI population underscores the clinical importance of RS assessment in
AT patients and supports RS testing in all IEI patients suspected of having a DNA repair disorder
associated with radiosensitivity.
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INTRODUCTION

Human inborn errors of immunity (IEI) encompass a diverse group of 485 disease-causing gene defects
which are categorized into 10 subgroups (I-X) according to the International Union of Immunological
Societies (IUIS). These subgroups comprise a range of overlapping clinical and immunological features
including increased susceptibility to infections, autoimmunity, allergy, autoinflammatory diseases, and
bone marrow failure. Additionally, IEls often associate with lymphoproliferative disorders and early
incidence of malignancy, primarily of lymphoid origin [1-4]. Despite advancements in diagnostic
algorithms and next generation sequencing [5-7], the molecular diagnostic rate remains low due to
individual rarity and heterogeneity of IEIs [8,9]. Nonetheless, early diagnosis is crucial for appropriate
treatment and management, preventing life-threatening complications, and improving patient outcome
[10].

For some IEI entities, the immunodeficiency is caused by a genetic defect in one of the DNA damage
response (DDR) factors. While DNA double strand break (DSB) repair pathways are crucial for
preserving genomic integrity against exogenous damage like ionizing radiation (IR), similar
mechanisms are also utilized under normal physiological conditions. Development and diversification
of the adaptive immune system relies on V(D)J recombination and class switch recombination (CSR),
two somatic processes that require DSB repair. Depending on the DSB repair factors involved, IEI
patients display a variable degree of clinical features, including a syndromic appearance, increased
cancer predisposition, neurological deficits, and radiosensitivity (RS) [11-13]. Deficiencies in core
components of the non-homologous end-joining (NHEJ) DSB repair pathway, such as Artemis and DNA
ligase 1V, are linked to severe combined immunodeficiency (SCID, group 1) and RS [14,15]. The most
radiosensitive syndromes result from defects in ataxia-telangiectasia mutated (ATM) and Nijmegen
breakage syndrome 1 (NBS1) (categorized as syndromic combined immunodeficiencies (CID), group
I1) and both encode factors implicated in the initiation and coordination of DSB signaling, as well as
homologous recombination (HR) repair [16].

Therapeutic and monitoring procedures, including diagnostic imaging, often involve the use of radiation
or other genotoxic agents. However, radiosensitive IEI patients face an increased risk for adverse
reactions towards conventional radiotherapy and conditioning regimens for hematopoietic stem cell
transplantation (HSCT). Adapted therapeutic protocols are widely recognized for their ability to limit
these severe radiation-induced toxicities and enhance overall patient prognosis [17-19]. Assessing the
RS status of patients with a suspected DNA repair disorder through functional testing is thus highly
recommended to guide the deliberate use of DSB-inducing agents [17,20]. Moreover, even with a
definitive molecular diagnosis, functional RS testing remains important in DNA repair disorders [20].
Prediction of the radiation response based solely on the affected DNA repair gene is still challenging as
mildly impacting variants (e.g. leaky SCID, variant AT) may result in variable expression of clinical
features, including the RS phenotype [21-24]. Moreover, progressive implementation of genetic testing
continuously uncovers variants in novel 1EI-causing genes. In these diseases, RS may not have been
recognized as a phenotypic component [25-28].

Interestingly, a few reports have described increased in vitro RS in IEI disorders beyond the well-known
DSB repair syndromes. RS was suggested as a potential disease characteristic in ARPC1B deficiency,
LRBA deficiency, and hyper-IgM syndromes, including AID and CD40LG deficiency [29-32]. An
increase in RS was also reported in patients with genetically undefined common variable
immunodeficiency (CVID, group Il1), although the underlying mechanism remains unknown [33-36].
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Of note, an excess risk of lymphoproliferation and malignant diseases was documented for these
phenotypic subgroups.

This study aimed to comprehensively analyze chromosomal RS across a diverse spectrum of IEI patients
using the standard GO cytokinesis-block micronucleus (MN) assay, which primarily evaluates NHEJ-
dependent DSB repair. In addition to inclusion of patients with genetically confirmed DNA repair
defects, we focused on the following specific diagnostic categories: SCID, syndromic CID, CVID with
lymphoproliferative or malignant disease, and bone marrow failure (BMF). Here, we present the largest
study to date exploring RS testing in IEIs beyond DNA repair syndromes, validating its clinical
importance in diagnosing IEI patients.
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106 MATERIALS & METHODS

107 Study approval

108  This study was reviewed and approved by the Ethics Committee of the Ghent University Hospital
109  (reference no. 2012/593, 2019/0461, and 2019/1565). Written informed consent was obtained from all
110  participants in this study, in accordance with the 1975 Helsinki Declaration.

111 Study design and patient population

112 From January 2018 till March 2024, chromosomal RS was assessed in a cohort of patients with IEI at
113  the Radiobiology Lab, Department of Human Structure and Repair, Ghent University (Belgium). RS
114  testing was initially performed on IEI patients from Ghent University Hospital and was subsequently
115  expanded to include patients from other Belgian hospitals. Both pediatric and adult (> 18 years) patients
116  were included, identified with either a genetically or clinically confirmed IEI. Criteria provided by the
117  European Society for Immunodeficiency (ESID) were used to establish a definite IEI diagnosis [37]. IEI
118  patients were categorized into 10 subgroups (I-X) based on the IUIS phenotypical classification [2].
119  Patients were deemed not eligible for inclusion in the following cases: SCID patients with a maternal T
120 cell engraftment and patients for whom an insufficient yield of binucleated (BN) cells were obtained
121 upon MN scoring. Patients for whom an 1UIS classification could not be determined due to insufficient
122 available clinical information were also excluded. We additionally included healthy relatives carrying a
123 heterozygous (likely) pathogenic variant in a known DNA repair gene.

124 Retrospective collection of demographic and clinical information for all patients included age at blood
125  sampling for RS analysis, sex, age at onset of IEI symptoms, infection susceptibility, autoimmunity
126 (autoimmune cytopenias, organ specific and systemic autoimmune diseases), and benign
127  lymphoproliferation (overactivation of lymphoid organs: lymphadenopathies, splenomegaly, and
128  hepatomegaly) as immune dysregulation phenotypes, consanguinity, and history of malignancy. During
129  the time course of the study, information on the occurrence of malignancies or HSCT therapy post-RS
130  testing was also collected. Information on concurrent therapies (e.g. immunoglobulin replacement
131  therapy or immunosuppressive treatment) at the time of blood sampling was not recorded.

132 Genetic analysis

133  EDTA blood was drawn from the patients (and relatives) for DNA extraction and downstream molecular
134  studies using the MagCore® Genomic DNA Large Volume Whole Blood Kit (RBC Bioscience, Code
135  104) according to the manufacturer's protocols. For the generation of whole exome sequencing (WES)
136  data, we applied the SureSelectXT Human All Exon V7 (Agilent Technologies) or KAPA HyperExome
137 V1 (Roche) kits for target enrichment. Sequencing was performed on HiSeq 3000 or Novaseq 6000
138 (Illumina).

139  The BWA-MEM 0.7.17 algorithm was used for read mapping against the human genome reference
140  sequence (NCBI, GRCh38/hg38), duplicate read removal, and variant calling. Variant calling and
141 filtering were performed using our in house developed analysis platform Seqgplorer, a graphical web
142 interface that executes SQLite Gemini queries on an underlying database through straightforward
143 dropdown menus and presents the results in a clear manner (https://github.ugent.be/cmagg/seqgplorer).
144 The position of the called variants was based on NCBI build GRCh38. Nucleotide numbering was
145  according to the Human Genome Variation Society guidelines (HGVS). Potential copy number variants
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146 (CNV) of exons or entire genes were called using ExomeDepth, an algorithm which uses exome data to
147  detect read depth differences, and an in-house developed script [38]. Variants are classified using an in
148  house developed tool based on the ACMG [39] and ACGS [40] guidelines in the following classes: class
149 1= Denign, class 2 = likely benign (>95% certainty that variant is benign), class 3 = variant of unknown
150  significance, class 4 = likely pathogenic (>90% certainty that variant is pathogenic) and class 5 =
151  pathogenic.

152  Radiosensitivity assessment by the GO cytokinesis-block micronucleus assay

153  Astandard protocol for the GO MN assay was used, as described previously (for a detailed protocol: see
154  Supplementary Materials and Fig. S1) [41]. A group of 50 adult healthy individuals (38% male, median
155  age 32 years, age range of 22-58 years) was recruited to constitute reference values for RS classification
156  of IEI patients. In this study, we defined the criterium for chromosomal instability as spontaneous MN
157  vyields (0 Gy) exceeding the mean + 3SD of the reference healthy control group. To determine radiation-
158  induced MN values, spontaneous MN yields were subtracted from the MN values after 0.5 Gy and 1 Gy
159 irradiation. RS classification was based on the results of the 1 Gy radiation dose. Patients for whom the
160 1 Gy radiation-induced MN yields exceeded the mean + 3SD threshold of the reference healthy control
161  group were considered as ‘severe radiosensitive’. ‘Intermediate radiosensitivity’ was indicated when
162  these MN vyields ranged between the mean +2SD and +3SD threshold. Patients with MN vyields below
163  the mean + 2SD threshold were designated as ‘not radiosensitive’. RS classification was based on the
164  first sampling in all cases, although for some patients a second sample was obtained to investigate the
165  reproducibility of the assay.

166  Statistical analysis

167  Data were analyzed using GraphPad Prism Software (version 10). Spearman’s r was used to test
168  correlation of variables. Associations of clinical parameters with differential MN yields were assessed
169 by excluding patients with a confirmed defect in one of the DNA DSB repair-related genes. A two-tailed
170  t-test or a Mann-Whitney test was used for these analyses, in accordance with the normality assumption.
171  Statistical significance was set at p<0.05.
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172 RESULTS
173 Personally identifiable patient information was redacted in accordance with medRxiv requirements.

174  Study population characteristics

175 IEI patients across all different 1UIS subgroups were included, except autoinflammatory disorders
176 (group VII) and complement deficiencies (group VIII). Predominantly antibody deficiencies (PAD)
177  (1UIS group 11 (n =30, 28%) was the most common IUIS category (Table 1 and Fig. 1). Twenty-three
178  patients (21%) were classified as CID with associated or syndromic features (group I1), and 24 (22%)
179  as BMF (group IX). The global male-to-female ratio was 1.02, with a median age of 15 years (range: 4
180  months to 61 years). Out of 107 patients, 69 (64%) were younger than 18 years at the time of RS testing.
181  Consanguinity in the parents was recorded for a minority of the patients (n = 8, 7%). Most patients
182  displayed an early childhood-onset of IEI symptoms: 21 (20%) before the age of one and 57 (53%)
183  between 1-10 years of age. First symptoms started after 20 years of age for 27 patients (25%). Recurrent
184  infections were common (n = 72, 67%) in all IUIS categories, except group IX. Notably, signs of
185  immune dysregulation were noted in 42 patients (39%), categorized in groups I, I, ll1, IV, VI, and IX.
186  Thirty-three (31%) and 18 (17%) patients suffered from autoimmunity and lymphoproliferation,
187  respectively. Seventeen (16%) patients underwent hematopoietic stem cell transplantation (HSCT) post-
188 RS testing, while a history of malignancy was recorded for 21 (20%) patients. The malignant neoplasms
189  were primarily of hematological origin and included nephroblastoma (n = 1), Hodgkin lymphoma (n =
190  4), non-Hodgkin lymphoma (n = 4), leukemia (n = 3), and myelodysplastic syndrome (n = 9) (Table
191  S1). Further details of the cohort are provided in Table 1 and Fig. 1.

192 A definitive genetic diagnosis was obtained for 45 patients (42%), either prior to RS testing or during
193  follow-up. The diagnostic yield was particularly low in groups Il and IX (Table 1 and Fig. 1). We
194  identified 52 pathogenic variants across 21 distinct IEI-related genes, including 18 novel variants (not
195  reported in ClinVar). Five out of these 21 genes are well-described to be implicated within one of the
196  DNA DSB repair pathways [20], affecting a total of 18 patients. Within group I, 9 patients harbored
197  biallelic defects in ATM and two harbored biallelic alterations in BLM [42]. Biallelic inactivation was
198  detected in 5 patients of group IX (BMF): FANCA (n = 3), FANCI (n = 1), or ERCC6L2 (n = 1). Several
199  other IEI-causing variants were identified more than once: LRBA (n = 5), IKZF1 (n = 6) [43], SBDS (n
200 = 3), RNU4ATAC (n = 2) [44], and STAT3 (gain-of-function, GOF) (n = 2). The remaining 11 genetic
201  disorders were found in single cases, involving pathogenic variants in IRAK4, NFKB1, PIK3CD (GOF),
202  USB1, TTC37, UNC13D, SLC46A1, ADA, RMRP, WAS (loss-of-function, LOF), and CD40LG. Full
203  details regarding all identified variants are provided in Tables S2-8. Additionally, RS analysis was
204 performed for 12 healthy heterozygous ATM carriers (Table S9), and three healthy heterozygous
205  relatives of an Artemis patient (DCLRELC), previously described by Strubbe et al. [45].

206  Evaluation of chromosomal instability and radiosensitivity within the total 1EI cohort

207  Spontaneous and radiation-induced MN vyields for 1 Gy are presented for the entire healthy control and
208 IEl patient population, together with the threshold MN values for chromosomal instability and
209  chromosomal RS (Fig. 2a). Next to IUIS group | (immunodeficiencies affecting cellular and humoral
210 immunity), groups Il (CID with syndromic features) and IX (BMF) are well-known to encompass
211  monogenetic disorders of the DNA DSB repair pathways [3]. Among the 12 patients with elevated
212 spontaneous MN values, one was categorized in group I, 9 in group Il, and two in group Il (PAD).
213  Analysis of radiation-induced MN scores showed that chromosomal RS was absent in the majority of
214 the patients (n =92, 86%) (Fig. 2a). Intermediate RS was found in 4 patients: one patient in groups I, 11,
7
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215 IV (diseases of immune dysregulation), and IX. Eleven patients were considered as severe
216  radiosensitive, of which 9 were categorized in group Il and two in group IX. Importantly, none of the
217  healthy controls exceeded the mean + 3SD threshold for 0 Gy or the mean + 2SD threshold for both
218  radiation doses (Fig. 2a and Fig. S2a). For all doses, the coefficients of variation (CV) of the reference
219  MN values were in accordance with those previously reported for healthy individuals (Table 2) [46,47].
220  When considering all healthy controls and patients together, a moderate but significant correlation
221  (r=0.60, p<0.0001) was observed between the radiation-induced MN vyields of 0.5 Gy and 1 Gy (Fig.
222 S2b). Given that the comparison between the two radiation doses did not reveal major discrepancies, a
223 single dose (1 Gy) can be effectively used for RS classification.

224 To investigate the reproducibility of the categorization of chromosomal instability and RS used in this
225  study, a second sample was analyzed for 11 healthy controls, 3 heterozygous carriers, and 12 patients
226 (Fig 2b and Fig. S2c). For all examined healthy controls (n = 11) and heterozygous mutation carriers (n
227 = 3), repeated sampling confirmed the absence of chromosomal instability or RS phenotypes (Fig. 2b).
228  Of the 12 retested IEI patients, interpretation of chromosomal instability was inconsistent for 4 patients
229  as spontaneous MN yields exceeded the threshold in only one of the two samples. Importantly, for two
230  of the eleven severe RS patients, a second sampling readily confirmed this initial classification (Fig 2b).
231 Of the 4 patients initially identified as intermediate radiosensitive, we were able to retest three patients,
232  revealing a non-RS phenotype for the second sample (Fig. 2b). It must be noted that the criterium for
233  intermediate RS is strict due to the narrow range between the mean +2SD and +3SD threshold (306-345
234 MN per 1000 BN). The results of the repeated sampling prompted us to interpret the intermediate RS
235  category with more caution. Taken together, these findings demonstrate the reliability of the GO MN
236  assay to identify severe RS phenotypes but suggest that a second sampling is required for cases with
237  intermediate RS results.

238 IEI patients with specific DNA repair gene defects display chromosomal instability and
239  radiosensitivity

240  Within group |, increased spontaneous MN values were detected in one of the 6 related patients with an
241  lkaros deficiency (IKZF1) (Fig. 2b and Fig. 3a). The absence of a chromosomal instability phenotype
242  inthe affected relatives of this patient (female; 40-49 years) suggests that this increase does not originate
243  from the IKZF1 variant. Intermediate RS was observed in another patient presenting with a CID
244 phenotype of unknown cause (group 1) (Fig. 2b, Fig. 3a, and Fig. S3a). Due to HSCT therapy early in
245 life, we were unable to perform lymphocyte-based RS analysis in patients with defects in core NHEJ
246  factors causing T'B- RS-SCID, such as Artemis [3].

247  For both patients deficient in BLM (group Il), a protein involved in HR-dependent DSB repair, a
248  pronounced elevation in spontaneous MN was detected, albeit radiation-induced MN vyields were not
249  increased (Fig. 3b and Fig. S3b). All 9 radiosensitive cases within group Il harbored biallelic ATM
250  mutations. As AT is a known severe RS syndrome, these data support the validity of the mean + 3SD
251  value as a threshold for RS. Importantly, the severe RS classification of one AT patient — identified with
252  anovel homozygous ATM variant of uncertain significance (VUS) — underscores the added value of RS
253  testing in supporting the pathogenic character of VUS (Table S3). Notably, considerable variability was
254  noted among MN results of the AT patients (Fig 3c). Spontaneous MN values were only elevated for 6
255  of the 9 AT patients, with values varying from 18-96 MN per 1000 BN cells. Similarly, a broad range
256  of radiation-induced MN scores was observed: 168-412 and 380-816 MN per 1000 BN for 0.5 and 1
257 Gy, respectively. These MN yields correspond to a fold increase over healthy controls ranging from 1.7-
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258 4.9, consistent with previous reports [48,49]. Despite this variability, the GO MN assay displayed
259  sufficient sensitivity to effectively categorize all AT patients as severe RS. A more detailed analysis of
260  the MN data based on the variant type suggested a genotype-phenotype correlation. Patients carrying
261  two truncating ATM variants appeared to display higher MN scores for both spontaneous and radiation-
262  induced conditions compared to a patient with biallelic missense variants, showing a more attenuated
263 RS phenotype. MN scores of patients with both truncating and missense ATM variants in a compound
264  heterozygous state ranged between these extremes. These results suggest that the variant type in ATM
265  contributed to the different levels of chromosomal RS.

266  Increased spontaneous MN values were detected in a patient with Roifman syndrome (RNU4ATAC,
267  group II), but not in the patient’s sibling (Fig. 2b and Fig. 3b). Intriguingly, one patient with SLC46A1
268  deficiency (group II), causing hereditary folate malabsorption, displayed an intermediate RS phenotype,
269  but we were unable to repeat the MN assay for this patient (Fig. 3b, and Fig. S3b). RS has not been
270  studied in this specific disorder, although folate deficiency was described to interfere with DNA integrity
271 by causing various types of DNA breaks that are not repaired efficiently [50,51].

272  No chromosomal instability or RS phenotypes were observed among the heterozygous carriers of a
273 monoallelic variant in either DCLRELC (h = 3) or ATM (n = 12) (Fig. 3d and Fig. S3c).

274 Within group Ill (PAD), twenty patients were diagnosed with CVID. While no RS phenotypes were
275  detected, two CVID patients (age range: 40-49 years) with unidentified genetic defects displayed
276  chromosomal instability (Fig. 2b, Fig. 3e and Fig. S3d). Neither patient displayed signs of immune
277  dysregulation (autoimmunity and lymphoproliferation) or had a history of malignancy.

278  Apart from one of the 5 LRBA patients with an intermediate RS phenotype (group IV, diseases of
279  immune dysregulation), no other increases in spontaneous or radiation-induced MN vyields were
280  observed in the patients categorized in group 1V, V (congenital defects of phagocyte number and
281  function), or VI (defects in intrinsic and innate immunity) (Fig. 2b, Fig. 3f and Fig. S3e).

282  All three Fanconi anemia (FA, group IX, BMF) patients with pathogenic variants in FANCA showed
283  normal spontaneous and radiation-induced MN yields, in contrast to one FANCI patient who displayed
284  a severe RS phenotype (Fig. 3g and Fig. S3f). This patient developed a secondary malignancy (acute
285  myeloid leukemia) at age 44 and succumbed to infectious complications during induction chemotherapy.
286  Due to the rarity of reported FANCI cases and the lack of in vitro data, it remains unclear whether these
287  clinical events and the observed chromosomal RS are connected [52]. Of note, impaired interstrand
288  crosslink (ICL) DNA repair is a known hallmark of FA, which can be demonstrated by testing sensitivity
289  to the interstrand crosslinkers Mitomycin C (MMC) or diepoxybutane (DEB) [53]. All FA patients
290  exhibited MMC sensitivity (data not shown), supporting a definite diagnosis of FA. Intriguingly, a
291  second patient in group 1X exhibited severe RS with normal spontaneous MN values (Fig. 3g and Fig.
292  S3f). Five years post-RS analysis, this patient was identified with a pathogenic biallelic ERCC6L2
293  variant. Unfortunately, HSCT prevented repeated analysis to confirm these results. One patient with
294 BMF of unknown cause showed intermediately elevated radiation-induced MN values, but not upon re-
295  analysis (Fig. 2b, Fig. 3g, and Fig. S3f).

296  Absence of significant association between MN yields and clinical manifestations

297  Given the heterogeneity observed in immunological and clinical features among IEI patients, we
298  conducted an extended analysis to explore potential associations between these features and differences
299  in spontaneous or radiation induced MN vyields (Fig. 4 and Fig. S4). Interestingly, no significant
300  differences in MN yields were detected between male and female patients (Fig. 4a and Fig. S4a).
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301  Pediatric patients (<18 years at time of RS analysis) exhibited lower levels of spontaneous MN,
302  accompanied with higher levels of radiation-induced MN compared to adult patients (Fig. 4b and Fig.
303  S4b). While MN vyields did not appear to be affected by the occurrence of recurrent infections and
304  lymphoproliferative disorders, patients with autoimmunity unexpectedly exhibited lower MN values
305  compared to patients without autoimmune conditions, an observation that was only significant for the
306 0.5 Gy irradiated samples (Fig. 4c-e and Fig. S4c-¢). A history of malignancy in IEI patients, diagnosed
307  either before or after RS testing, did not associate with a difference in MN scores (Fig. 4f and Fig. S4f).

308  MN yields correlate with age

309  Considering that the comparison between pediatric and adult IEI patients suggested a potential
310  correlation between age and MN yields, we performed a more in-depth analysis using a pooled dataset
311  of patients, healthy controls, and heterozygous mutation carriers (Fig. 5 and Fig. S5). Consistent with
312  previous reports, we observed that spontaneous MN Yyields significantly increased with age (Fig. 5a)
313  [54-57]. Markedly, 0.5 and 1 Gy radiation-induced MN yields tended to decrease with age, showing a
314  weak negative correlation for both radiation doses. This correlation was also observed when considering
315 all individuals together (healthy controls, patients, and heterozygotes) (Fig. 5b and Fig. S5). Although
316  careful interpretation is warranted due to the clinical diversity of the individuals in our dataset, these
317  results indicate that pediatric IEIl patients are potentially characterized by a slightly increased
318  chromosomal RS profile compared to adult IEI patients and adult healthy controls.
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319 DISCUSSION

320  Among the 10 phenotypic categories in the IUIS classification for IEIs, three subgroups include defects
321  in DSB repair pathways [3]. Although radiosensitivity (RS) is often considered a characteristic of these
322  subgroups — with ataxia telangiectasia (AT) as the prototypic RS disorder — the characterization and
323 understanding of RS in the broader IEI population, including certain DNA repair disorders, remains
324 limited. Here, we conducted a comprehensive investigation into chromosomal RS across a diverse range
325  of IEls, including patients with confirmed or suspected DSB repair defects and those with additional
326 complications such as lymphoproliferation and/or malignant diseases. The principal findings of this
327  study include: (1) a potential genotype-phenotype correlation among the severe RS AT patients as
328  indicated by the striking variability in MN yields, (2) the detection of increased RS in single patients
329  with a FANCI-deficiency and ERCC6L2-deficiency, (3) the lack of severe RS phenotypes among all
330  the other IEI patients tested in this cohort, and (4) the observation that the investigated clinical and
331  immunological features did not correlate with increased MN Yyields, except for age. These findings
332 provide additional insights into the chromosomal RS status associated with specific DNA repair defects
333 and underscore the need for guidelines on RS testing within the IEI patient population for routine clinical
334  practice, to improve both diagnosis and management.

335  Cytogenetic tests such as the GO MN assay have repeatedly been recognized for their potential to detect
336 RS in AT patients [48,49,58,59]. In our analysis of patients with syndromic CID (group II), all AT
337  patients included indeed displayed a distinct RS phenotype. Our data additionally suggested a correlation
338  between MN vyields and the underlying ATM mutation type, indicating a potential link between the
339  genotype and the degree of chromosomal RS. Analogous, the spectrum of clinical manifestations in AT
340  patients correlates with ATM expression levels, with severe phenotypic patients generally harboring
341  nonsense or truncating variants and milder or atypical cases harboring missense or splice-site variants,
342  which often allow some kinase activity [60-62]. Presumably, a high variety in chromosomal RS among
343 AT patients could reflect a clinically relevant range of radiation responses. Given that the GO MN assay
344 effectively differentiated between grades of severe RS and proved valuable in validating novel VUS,
345  we recommend RS assessment as a crucial component in the diagnostic process of all newly identified
346 AT patients.

347  Although ATM carriers are well-known to have a relatively higher risk for breast cancer, their association
348  with increased in vitro RS remains unclear. While some studies, applying other RS assays, reported
349  differentiation between ATM heterozygous carriers and healthy controls [48,63], a previous study using
350  the GO MN assay was not able to demonstrate increased RS, consistent with our findings [48]. Generally,
351  ATM carriers do not exhibit an increase in clinical adverse responses to radiation and do not require
352  adaptations in treatment protocols involving IR exposure [64].

353  Chromosomal instability, predisposition to early-onset cancer, and variable immunodeficiency are
354  common features of Bloom syndrome (group I1). The BLM protein has a well-defined role in the HR
355  pathway for DSB repair, with the association of Bloom syndrome with RS remaining controversial in
356 literature [25,65]. The two patients presented here showed a profound increase in spontaneous MN, but
357  did not display RS. An increase in sister chromatid exchanges (SCEs) represents the standard diagnostic
358  marker, although our results also support the diagnostic value of spontaneous MN for determining
359  chromosomal instability in Bloom syndrome patients [20].

360  To date, 22 causal genes for Fanconi anemia (FA, group 1X) have been identified. FA is associated with
361  bone marrow failure (BMF), increased cancer predisposition, and a range of developmental
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362  abnormalities. Many FA proteins are involved in both the HR and ICL repair pathway [66]. Despite the
363  description of FA as a chromosomal instability syndrome, we did not detect increased spontaneous MN
364  values in any of the 4 FA patients. Interestingly, chromosomal RS was absent in all three FANCA
365  patients, while one FANCI patient presented with severe RS. These results indicate that the GO MN test
366  does not emerge as a suitable diagnostic marker for this syndromes, in contrast to ICL sensitivity assays
367  [53,66]. Due to the large number of genes involved and the variety of RS assays used, in vitro studies
368  have been unable to consistently demonstrate RS in FA patient cells [25,52,67-69].

369 ERCC6L2 deficiency, an autosomal recessive inherited BMF syndrome, was first identified by
370  Tummala et al. and is clinically characterized by developmental abnormalities, progression to
371 myelodysplastic syndrome, and acute myeloid leukemia, often necessitating HSCT therapy [70].
372  Multifaceted roles were considered for ERCC6L2, including a contribution to NHEJ repair. Similar to
373  the severe RS phenotype exhibited by our ERCC6L2 patient, Zhang et al. reported an increased
374 sensitivity to IR in SV40-transformed ERCC6L2 deficient fibroblasts [21]. Further research into this
375  disease is warranted as ERCC6L2 deficiency may underlie excessive radiation-related toxicities, which
376  was recently described in a ERCC6L2 deficient breast cancer patient [71].

377 Besides ATM, ERCC6L2, BLM, FANCA, and FANCI, none of the other 16 IEl-causing genes identified
378 in this study have defined roles in DSB repair. Accordingly, severe RS was not detected in any of the
379  patients affected by these other IEIs. In single studies, RS was demonstrated for patients deficient for
380 LRBA (6/11 patients), ADA (1/1 patient), WASP (1/1 patient), and CD40LG (8/11 patients) [30-32,69].
381  In contrast to those previous reports, we did not observe severe RS in any of the 5 LRBA patients, nor
382 in the single patients deficient for ADA, WASP, or CD40LG. Of note, one LRBA patient showed
383 intermediate RS based on the first sample, but not upon retesting. Moreover, our group of CVID patients
384  did not exhibit differences in radiation-induced MN yields as compared to healthy controls, contrary to
385  reports of significant increases in RS in four other CVID cohorts [33-36]. However, it should be noted
386  that RS was tested using another methodology throughout most of these studies. As cells are irradiated
387  inthe G2 and GO phase respectively, the G2 chromatid and GO MN assay may produce distinct results
388  due to evaluation of cell cycle-specific repair mechanisms and different cell cycle checkpoints. For
389  instance, Schrank et al. described that the nuclear actin polymerization factors WASP and the ARP2/3
390 complex are specifically required for HR, but not NHEJ [72]. Accordingly, increased levels of G2
391  chromatid-type aberrations were recently reported in patients deficient for ARPC1B and WASP [30].

392 CIDs, CVIDs, bone marrow failures, and immune dysregulation disorders represent the main IEI
393  subtypes predisposing to malignancies [19,73,74]. While genomic instability and defective DNA repair
394  are recognized as key factors in the tumorigenesis of monogenetic diseases such as AT, Bloom
395  syndrome, and FA, the genetic etiology and mechanisms driving oncogenic processes in other IEls
396  remain largely undefined [73,75]. We could not document a potential link between chromosomal
397  instability or RS and the occurrence of lymphoproliferative disorders or malignancies in our IEI patient
398  cohort. Consequently, our findings do not allow to further define whether genomic instability and/or
399  disrupted DNA DSB repair are key cancer hallmarks for these IEI entities.

400 Inline with our data, a progressive increase in spontaneous MN frequencies has been reported in ageing

401  individuals [54-57]. However, few studies have explored the effects of ageing on in vitro RS or extended

402  the investigation by including pediatric individuals, with some controversy remaining due to small

403  cohorts, limited age ranges, or variable methodologies [76-79]. Although our study cohort mainly

404  consisted of IEI patients, the availability of MN data of both children and adults offered a valuable

405  opportunity to investigate the effects of ageing more thoroughly. We observed a minor but negative
12
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406  correlation between age and radiation-induced MN yields, suggesting higher in vitro sensitivity to IR in
407  younger individuals. Interestingly, multiple reports identified ageing and sex as confounding factors,
408  with sex affecting MN yields in older adults but not in children [55,57]. Consistent with this, we found
409  no significant differences between male and female patients in our predominantly pediatric cohort.
410  Together, these results point towards the requirement of age-matched, but not sex-matched, controls to
411  obtain references values for analyzing chromosomal instability and/or RS.

412 Although the GO MN assay is a well-established cytogenetic tool with extensive applications in
413  radiobiological research, its clinical implementations can be limited due to intrinsic inter- and intra-
414  individual variability [80-85]. In this study, severe RS phenotypes were reliably identified, but the
415  substantial individual variability prevented consistent and unequivocal interpretation of the intermediate
416 RS category. A second sampling is thus strongly recommended when intermediate RS phenotypes are
417  encountered in the initial analysis. Nevertheless, MN form a valuable cellular endpoint for RS as they
418  represent both unrepaired and misrepaired DSBs, indicative for radiation-induced cell death and
419  mutagenic processes, respectively. Importantly, MN vyields remain to be used with caution as general
420  predictive biomarkers of radiation-related adverse tissue reactions and radiation-induced cancer risks
421 [86].

422  Based on our extensive investigation into chromosomal RS within the IEI population, we recommend
423 RS testing in individual cases with concerns of an underlying DNA repair defect, especially prior to the
424 therapeutic use of IR. Although the associated phenotypic features of these patients are often
425  heterogeneous, early manifestation of an immunodeficiency in addition to a syndromic appearance,
426  developmental and neurologic abnormalities, malignant disease, and/or BMF should raise suspicion of
427  such inherited disorder [20]. We additionally emphasize the need for special awareness towards highly
428  rare or newly identified IEl-associated genes with unknown RS associations. Our study also supports
429  the use of RS testing as a guiding tool for genetic analysis. RS assays can aid in the validation of
430  pathogenic VUS in known RS-associated genes (e.g. ATM) or can be indicative for the involvement of
431  a DNA repair defect (e.g. ERCC6L2).
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TABLES

Table 1. Demographic and clinical characteristics of I1EI patients and heterozygous carriers.
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Patients with

Patients with

patoms  Seneie S chnica B ™
(n =107) (n = 45) (n = 62) (n =15)
IUIS classification, n (%) NA
I. Immunodeficiencies affecting cellular and humoral immunity 10 (9) 8 (18) 2(3)
Il. CID with associated or syndromic features 23 (21) 17 (38) 6 (10)
IIl. Predominantly antibody deficiencies 30 (28) 2(4) 28 (45)
IV. Diseases of immune dysregulation 13 (12) 8 (18) 5(8)
V. Congenital defects of phagocyte number or function 4 (4) 4(9) 0 (0)
VI. Defects in intrinsic and innate immunity 2(2) 1(2) 1(2)
IX. Bone marrow failure 24 (22) 5(11) 19 (31)
X. Phenocopies of inborn errors of immunity 1(2) 0 (0) 1(2)
Male sex, n (%) 54 (50) 20 (44) 34 (55) 8 (53)
Age at inclusion, n (%)
<10 years 29 (27) 16 (36) 13 (21) 1(7)
10-19 years 49 (46) 20 (44) 29 (47) 1(7)
20-29 years 13 (12) 4(9) 9 (15) 2(13)
30-39 years 3(3) 1(2) 2(3) 6 (40)
40-49 years 8(7) 2(4) 6 (10) 2(13)
> 50 years 5(5) 2(4) 3(5) 3(20)
Consanguinity, n (%) 8(7) 7 (16) 1(2) NA
Onset of IEl related symptoms, n (%) NA
<1vyear 21 (20) 12 (27) 9 (15)
1-10 years 57 (53) 25 (56) 32 (52)
11-20 years 20 (19) 5(11) 15 (24)
21-30 years 3(3) 0 (0) 3(5)
> 30 years 4(4) 1(2) 3(5)
History of recurrent infections, n (%) 72 (67) 32 (71) 40 (65) NA
History of immune dysregulation, n (%) 42 (39) 17 (38) 25 (40) NA
Lymphoproliferation 18 (17) 8 (18) 10 (16)
Autoimmunity 33(31) 14 (31) 19 (31)
History of malignancy, n (%) 21 (20) 3(7) 18 (29) NA
Hematopoietic stem cell transplantation, n (%) 17 (16) 6 (13) 11 (18) NA
Chromosomal instability, n (%) 12 (112) 10 (22) 2(3) 0(0)
Chromosomal radiosensitivity (RS) , n (%)
No RS 92 (86) 32 (71) 60 (97) 15 (100)
Intermediate RS 4 (4) 24 2(3) 0 (0)
Severe RS 11 (10) 11 (24) 0 (0) 0 (0)

IEl: Inborn error of immunity; IUIS: International Union of Immunological Societies
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Table 2. Reference GO MN values of the healthy control population (n = 50),

expressed as MN per 1000 BN.

Parameter 0 Gy 0.5 Gy (RI) 1Gy (RI)
Mean 21.4 83.6 227.9
SD 11.3 16.1 39.1
Range 5-54 42-111 165-295
Mean +2SD 44.0 115.7 306.2
Mean +3SD 55.3 131.8 345.3
CV (%) 52.7 19.2 17.2

MN, micronuclei; RI, Radiation-induced; SD, Standard deviation;

22

CV, Coefficient of variation
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691
692 Figure 1. Study population characteristics of the inborn error of immunity (1EI) patient cohort (n = 107).

693 Patients were classified according to the 10 IUIS subgroups of IEls. Distribution of the patients across these
694  subgroups is displayed, including the occurrence of the following clinical parameters and immunological
695 manifestations: genetic or clinical IEI diagnosis, sex, age at inclusion, consanguinity, age at onset IEl symptoms,
696 infection susceptibility, lymphoproliferation, autoimmunity, history of malignancy, and hematopoietic stem cell
697  transplantation (HSCT).

698
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699
700 Figure 2. Evaluation of chromosomal instability and radiosensitivity (RS) of the entire IEI patient cohort.

701 (a) Spontaneous (0 Gy) and radiation-induced (1 Gy) MN vyields are displayed per IUIS subgroup for all patients.
702 Chromosomal instability was indicated when MN values exceed the mean + 3SD threshold (dashed line) for 0 Gy.
703  Patients with radiation-induced MN yields (1 Gy) higher than the mean + 2SD threshold (dotted line) or higher
704 than the mean + 3SD threshold (dashed line) were classified as intermediate or severe radiosensitive, respectively.
705 Patients were considered as not radiosensitive when the MN yields were lower than the mean + 2SD threshold. (b)
706 Reproducibility of the GO MN assay was assessed by comparing spontaneous (0 Gy) and radiation-induced (1 Gy)
707 MN vyields of the first and second sampling for 11 healthy controls, 3 heterozygous carriers, and 12 patients.
708 Patients that exceeded the 0 Gy and/or 1 Gy threshold are annotated on both panels.

709
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711

712 Figure 3. Chromosomal instability and radiosensitivity phenotypes according to specific gene defects.

713 Spontaneous (0 Gy) and radiation-induced MN vyields (1 Gy) are shown for healthy controls (HCs), heterozygous
714 mutation carriers and patients with a confirmed genetic diagnosis, displayed per 1UIS group. (a) Patients with a
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confirmed genetic defect in IUIS group | (immunodeficiencies affecting cellular and humoral immunity) (b)
Patients with an identified defect in 1UIS group Il (combined immunodeficiency (CID) with associated or
syndromic features). (c) Variability in MN results (0 Gy, 0.5 Gy, and 1 Gy) among the 9 ataxia telangiectasia (AT)
patients, distinguished according to the mutation type. Four patients carried two truncating variants, one harbored
a biallelic missense variant, and 4 were compound heterozygous for a truncating and a non-truncating variant. (d)
Relatives of IEI patients carrying a heterozygous mutation in ATM or DCLREL1C (Artemis). () Patients classified
in group 111 (predominantly antibody deficiencies), displayed separately for common variable immunodeficiency
(CVID) and non-CVID (other) patients. (f) Patients with a confirmed genetic defect in IUIS group 1V (diseases of
immune dysregulation), group V (congenital defects in phagocyte number and function) or group VI (defects in
intrinsic and innate immunity). (g) Patients with an identified genetic defect, categorized in IUIS group IX (bone
marrow failure). Dotted and dashed lines indicate the mean + 2SD and mean + 3SD threshold values, respectively.

26


https://doi.org/10.1101/2024.08.14.24311337
http://creativecommons.org/licenses/by/4.0/

732
733

734
735
736
737
738
739
740

741
742
743
744
745
746

medRXxiv preprint doi: https://doi.org/10.1101/2024.08.14.24311337; this version posted August 20, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in
perpetuity.
It is made available under a CC-BY 4.0 International license .

a Sex b Age
0 Gy 1Gy 0 Gy 1Gy
=0.3973 _ = 0.0062 _
100- P - 4007 p=04614 O Male 100 4 > 4007 p=0.1280 [ Pediatric
2 1 Female | = | O Adult
4 =] b — =3 1
g 8o g 3009 I g %0 S 300 -
o r 5 o ._ o
8 604 7 g 8 60 g
< =z 200 < 2 200
2 a0 2 2 401 2
S S 1001 g S 100
20 E] 20+ 2
£ £
0- 0- 0 04
C Recurrent infections d Lymphoproliferation
0 Gy 1 Gy 0Gy 1Gy
p=0.6124 _ _ p=0.3635 _ _
1001 = 400 p=09311 o No 100 - 400 p = 0.5087 o No
a2 O Yes 2 O Yes
- (=] - =4
z 8 S 300+ z 80 8 300
o P o -
S 60 2 S 601 g
g z 200 E z 200
g 404 & 401
z T 1004 S € 1001
20 2 204 2
£ F =
0- 0- 0- 0-
e Autoimmunity f Malignancy
0 Gy 1Gy oGy 1Gy
p=0.2479 _ . p=0.2439 _ N
1001 = 400 p02674 £l No 100 ~ 400 ""_|“2” O No
@ O Yes = . 0 Yes
- o - o
z 80 S 300+ z 80 S 300
o i o [
S 60 2 8 60 a
- = 2004 i = 200
8 401 = g 40 s
S 3 100 S g 100
o -1 o -1
20 2 204 2
£ £
0- 0- 0 0

Figure 4. The occurrence of IEl-related co-morbidities are not associated with increased spontaneous or
radiation-induced MN frequencies.

Association between MN yields and the following clinical features and immunological manifestations were
investigated: (a) sex, (b) age at inclusion, (c) recurrent infections, (d) lymphoproliferation, (e) autoimmunity, and
(f) history of malighancy. Spontaneous (0 Gy) and radiation-induced MN vyields (1 Gy) are displayed for each
parameter. Boxplots depict the median, lower and upper quartiles of the MN vyields, whiskers indicate minimum
and maximum values. Statistical significance was assessed using the Mann-Whitney test (0 Gy) or unpaired t-tests
(1 Gy). Patients with a confirmed defect in one of the DNA DSB repair-related genes were excluded for this
analysis.
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Figure 5. Age-related variation in spontaneous and radiation-induced MN vyields in the entire cohort of IEI
patients, heterozygous carriers, and healthy controls.

A correlation analysis was performed between age and (a) spontaneous (0 Gy) and (b) radiation-induced MN
yields (1 Gy), by calculating the Spearman's rank correlation coefficient (r). The healthy control and IEI patient
cohort were analyzed separately, as well as the entire study population together (healthy controls, patients, and
heterozygous carriers). Patients with a confirmed defect in one of the DNA DSB repair-related genes were

excluded for this analysis.

28


https://doi.org/10.1101/2024.08.14.24311337
http://creativecommons.org/licenses/by/4.0/

