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Abstract

Non-remitting neutropenia in children and chronic idiopathic neutropenia (CIN) in adults
have been described previously as peculiar subgroups of neutropenic patients carrying
similar clinical and immunological features. The present collection comprising 25 subjects
(16 adults and 9 children) mostly affected with mild (84%) and moderate (16%) neutropenia
aimed to identify the underlying (possibly common) genetic background. The phenotype
of these patients resemble the one described previously: no severe infections, presence of
rheumathological signs, leukopenia in almost all patients and lymphocytopenia in one-third
of the cohort. The pediatric patients did not share common genes with the adults, based on
the results of the multisample test, while some singular variants in neutropenia potentially
associated with immune dysregulation likely consistent with the phenotype were found.
SPINK5, RELA and CARD11 were retrieved and seem to be consistent with the clinical
picture characterized by neutropenia associated to immune dysregulation. The enrichment
and burden tests performed in comparison with a control group underline that the products
of expression by the variants involved belong to the autoimmunity and immune regulation
pathways (i.e., SPINK5, PTPN22 and PSMB9). Even with the limitation of this study’s
low number of patients, these results may suggest that non-remitting neutropenia and
CIN in adults deserve deep genetic study and enlarged consideration in comparison with
classical neutropenia.

Keywords: non-remitting neutropenia; chronic idiopathic neutropenia; whole exome
sequencing; genetic burden test

1. Introduction

Children affected with non-remitting neutropenia, defined as late onset (LO) or long
lasting (LL) neutropenia either with or without antibodies against neutrophils, have been
classified within the provisional category of “likely Acquired Neutropenia”, according
to the International Neutropenia Guidelines [1]. This group of patients shows a peculiar
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immunological pattern characterized by a reduction in absolute lymphocyte count and
an immunophenotypic T- and B-cell profile similar to known autoimmune disorders,
i.e., increased HLADR* and CD3* TCRy? cells, reduced T-regulatory cells, increased
CD27~IgD™ (double negative) naive B-cells and a tendency toward reduced B-memory
cells. In a minority of patients, pathogenic and likely pathogenic variants related to primary
immuno-deregulatory disorders have been found by next generation sequencing (NGS) [2].

Adult patients with persistent and unexplained neutropenia who do not fulfil the diag-
nostic criteria of any underlying disease are characterized as chronic idiopathic neutropenia
(CIN). A significant proportion of CIN patients also display an immune dysregulation
pattern similar to LO/LL neutropenic children [3-6]. Specifically, CIN patients frequently
display immunoglobulin disturbances, lymphopenia, activated T-lymphocytes with in-
creased expression of HLA-DR and reduced memory B-cells [3-6]. The shared immunoreg-
ulatory disturbances between LO/LL neutropenia and CIN prompted us to investigate
for a common genetic background between the two entities, testing the hypothesis that
they may both belong to the same disease spectrum. We have, therefore, analyzed, by
whole exome sequencing (WES), samples from pediatric LO/LL neutropenia and adult
CIN patients, and the results are presented herein. To the best of our knowledge, no similar
data are currently available in the literature.

2. Results
2.1. Immunological and Clinical Characteristics

The most important immunological characteristics are presented in Table 1. Leukope-
nia, defined as white blood cell counts below 4.0 x 10° /L in adults [7] and according to
a different threshold for age in children, adolescents and young adults [8], was present
in almost all patients (22/25; i.e., 88%), while lymphocytopenia, defined as counts below
1.5 x 10° in adults [9] and below the lower limit according to age [8] in the younger group,
affected 7/25 (i.e., 28%) patients. Based on the age-related reference values, none of the
patients had decreased main class immunoglobulin levels. However, in accordance with
the previously reported data, 5/25 (i.e., 20%) showed IgM above the threshold, and 3/25
(i.e., 12%), 7/25 (i.e., 28%) and 5/25 (i.e., 20%) patients displayed low IgG1, IgG3 and IgG4
subclass levels [10]. The most relevant reduction in lymphocyte subsets was related to
natural killer cells (8/25, 32%), followed by depletion of CD19 in 3/25 subjects (12%). All
patients had hemoglobin and platelet values within the normal range. As for the clini-
cal/laboratory characteristics (Table 1), arthralgia without objective signs of arthritis was
present in 7/25 (i.e., 28%) patients, fatigue was shown in 4/25 (i.e., 16%), mostly pediatric
cases, and aphthae was referred by 4/25 (i.e., 16%) subjects. Two subjects had psoriasis,
and one showed HLA-B27+ positivity with no symptoms/signs of ankylosis spondylitis.
Anti-nuclear antibodies (ANA) were positive in 5/25 (i.e., 20%), antibodies against thyroid
were present in 2/25 (i.e., 8%), and antibodies against neutrophils were present in 9/25
(ie., 36%).
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Table 1. Clinical and hemato/immunological features of the whole cohort.
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Pl F C* N° 1991 16 27 41 Fatigue/Apthae/ NR # ANA+ 23 05 13 03 153 1171 193 752 369 384 92 827 503 184 116 40
Arthralgias Ab AN+
P2 F C* N° 2008 2 16 32 Fatzi\grltlﬁi ﬁgak;ae/ NR # Ab AN+ 17 05 097 015 220 1028 67 546 435 193 53 849 570 201 54 83
. e R ANA+ Ab
P38 M C* N° 2002 12 13 72 Apthae Early Cancer AN 35 04 22 03 222 119 156 949 328 109 84 780 450 277 86 134
P4 F C* N° 208 11 13 66 Fatigue/Apthae \eurodegenerative  ANA+Ab 27 045 16 04 136 1436 305 881 437 372 112 780 587 24 143 50
disease ® AN+
P65 M C* N° 2011 2 4 64 Nothing NR # Ab AN+ 29 095 15 024 116 1207 6/ 1060 189 74 80 774 434 252 121 66
P6 F C* N° 205 0 03 66 Nothing Early Cancer © Ab AN+ 48 048 19 035 54 905 75 677 221 36 24 670 390 190 110 184
P7 F C* N° 2000 17 19 12 Nothing NR # AntiThy Ab+ 22 032 14 04 58 1322 223 873 313 371 122 821 544 208 130 40
P8 F C* N° 2000 17 18 41 Nothing o ﬂiafr;ffﬂy a Ab AN+ 19 022 11 04 185 1308 68 748 692 52 12 784 395 223 120 56
P9 M C* N° 2008 15 15 34 Fatigue NR # Al}if;&i‘b* 19 035 11 03 165 959 75 750 189 22 118 813 344 311 99 69
PtI0 M C* N° 1993 25 26 48 Mild psoriasis Ne;gﬁﬁgmc Ab AN+ 29 08 13 06 245 1340 166 785 417 292 192 765 480 253 147 7.8
Prll F  C* N° 1968 50 50 60 Arthralgias NR # Neg 31 15 11 04 117 1230 130 82 393 521 07 663 440 194 166 1638
Pti2 F  C* N° 1964 36 38 240 Arthralgias NR# Neg 30 12 15 03 144 1040 82 615 391 254 25 686 520 150 144 143
P13 F C* N° 1979 18 18 372 Arthralgias N e;gﬁggmc Neg 33 12 16 03 253 1100 135 651 598 340 411 710 380
P4 M C* N° 1957 32 32 156 Nothing NR # Neg 28 07 14 05 307 720 45 367 35 135 356 747 309 412 96 148
PtI5 F  C* N° 193 54 56 36 Ankylosis NR# Neg 24 11 10 03 22 930 187 610 340 353 484 797 524 225 116 88
spondylitis
Pl F  C* N° 1951 35 35 180 Arthralgias NR # ANA+ 33 13 15 04 189 1330 37 925 226 674 30 780 582 238 64
Ply M C* N° 1973 27 27 209 Nothing NR# Neg 32 05 20 04 252 1340 647 703 570 310 575 797 389 385 136 53
P8 M C* N° 1973 26 30 9% Psoriasis NR # Neg 27 14 10 03 265 1420 63 895 436 139 500 512 292 265 107 282
P19 F  C* N° 1953 60 66 60 Nothing NR# Neg 25 04 15 05 120 1380 79 949 423 83 1080 650 390 350 163 137
P20 F  C* N° 1954 35 35 276 Nothing NR# ANA+ 38 16 17 04 381 1120 48 872 185 181 03 710 370 340 180 80
P2l F  C* N° 1968 32 32 288 Nothing NR # Neg 37 15 17 03 155 1200 193 717 260 240 1070
P22 F C* N° 1958 23 25 276 Nothing NR# Neg 40 15 16 05 145 790 120 363 370 167 169 722 442 277 163 114
P23 F  C* N° 1968 41 50 72 Arthralgias NR# Neg 30 10 16 03 244 981 121 630 388 163 947 638 350 230 123 138
P24 M C* N° 199 18 18 120 Nothing NR Neg 28 10 15 02 62 1150 183 721 269 287 594 770 574 196 81
P25 F  C* N° 1966 40 40 216 Nothing NR Neg 40 16 18 05 104 836 29 440 201 191 1080 849 549 288 91 117

In light grey (from Pt1 to Pt9) is highlighted the pediatric population. Ethnicity: C * = Caucasian, Consanguinity: N° = Non-consanguineous, # NR = Not reported. Cancer in detail:
(*) Early prostate cancer (father); ®) Neurodegenerative disease (sister); () Early Hodgkin disease (mother); (9) Pediatric acute lymphoblastic leukemia (first cousin). WBCs, white blood
cells; ANA, anti-nuclear antibodies; Anti Thy Ab, antibodies against thyroid; Ab AN, anti-neutrophil antibodies.
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2.2. Genes Potentially Associated with Neutropenia

The results obtained through the multisample genetic analysis, the singleton analysis
and the in silico panel of 538 genes associated with IEI (inborn error of immunity) (Figure 1)
are summarized in Table 2 (for details, see Supplementary Tables S1-54). Only genes known
to be associated with the phenotype or potentially related to immunological disorders
are reported.

WES Analysis

e AF equal or lower 5%
in GnomAD or novel,
CADD 2 15

e Coding and splicing
variants shared by 2 2
patients

e Pediatric Cohort only,
Adult cohort only or
shared

Multisample file with Multisample file with
Neutropenic LO/LL + CIN Neutropenic LO/LL + CIN
(n = 25) vs. healthy controls
(n =100)
Multisample Singleton WES Custom Panel Case-Control

Analysis of 538 IEI A“’a'ys_"s

e Unique Variants, CADD Genes

2 20, absent in the
internal database e Variants present in a
single patient, CADD 2

Fisher Exact Rare variant

15 Test association

o Rare and deleterious test

variants o In silico gene panel
(538 IEI genes), rare
variants with MAF <0.05,
CADD 2 20 or without
CADD

Figure 1. WES analysis pipeline. The flowchart summarizes the WES analysis pipeline used in this
study. It begins with multisample variant calling from pediatric and adult cohorts, followed by
filtering based on population frequency and deleteriousness (CADD score). Variants were compared
across groups (shared, pediatric only, adult only), with additional singleton analysis applying stricter
criteria. A custom gene panel (538 IEl-related genes) was then used to identify potentially pathogenic
variants. Finally, a case-control approach was applied, incorporating statistical association tests
(Fisher’s exact test, SKAT, SKAT-o, Cm C, VT) to detect gene-level enrichment of rare damaging
variants in patients versus healthy controls.

Table 2 shows all genes shared by at least two patients within the entire cohort or
present only in the pediatric or in the adult cohort, with variants characterized by a CADD
(combined annotation dependent depletion) score greater than or equal to 15 and present
in heterozygosity in a maximum of 10 controls from the Gaslini dataset. The genes carrying
variants present only in a single subject, according to more stringent criteria such as a
CADD score greater than or equal to 20, and variants not present in any healthy control
in the Gaslini dataset are also shown. Lastly, the genes specifically associated with IEI
but not emerged from the previous analyses because they (i) were not shared among
patients, (ii) had a CADD score lower than 20 and (iii) were present in heterozygosity in not
more than 10 controls from the Gaslini dataset are also presented. The Franklin database
(https:/ /franklin.genoox.com/clinical-db/home, accessed on 29 January 2025) was used to
verify the prediction of each variant according to the ACMG criteria [11].
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Table 2. Overview of all genetic variants found with three different methods.

Inborn Errors of Immunity (IEI)
Pt_ID MULTISAMPLES Test SINGLETON Test | py oo (28 oo
MSTIR MPEGI CARDI0
Pt1 CASDS TAT
DNM2/MRE11/IRE7/CD36
P2 XRCC2/NBAS TGFBR2
SIGLECT/MPO/ZNFXT RELA/TRNTI
BRCA1/MPO/CAGPS TFNARL/SLC7A7
Pt3 EPX/RIET
RANBP2/DOCKI/DOCKS/
Ptd PLCH2,/PIEZO1
SPINKS
EP300/VPS13B/ZNEX1 ADP3DI
Pt5 ATP7B/PLCL2
BCLAF1/EPX/MYOOB/
Pt6 POCERE/ I SCa0 CASP4 ADAM]17/IL18BP/IPO8,/LRRC32
Pe7 FANCM/MRELT SLCO2AT/NLRP1
PLCG2 POLDI
Pt8 ATD7B/CXCR1/CD36
POLE,/DOCKS/
Pt9 MAP3K21/SIGLEC1/DNM2 FiS35T6
SPINKS5/CXCR1/DOCKI/PLCL2 POLR3A
Pt10 HYOUT,/POLE/RANBP2
EP300/ORAIL PSMBI1
Ptl1 CHD7,/PIK3C3/RAD50
MYOO9B/NBAS,/PDGERB/XRCC2 NLRCA
Pt12 ORAIT/PIK3C3/CTC1/PEPD CBLB
P13 DOCK1/EPX/FANCM,/HYOUT TICAMI
ADAMTS13/PRKCH/ZNEXT HAXT CTNNBI
Ptl4 EP300
CASP5/DOCKS/PIEZOT GATA2
Pt15 PRKCH
Pti6 ARHGAD21/PRKCH TET2 PSMG2/SP110
BRCA1/MRELL/RIF1/ ADAMTSI3 REXAD
Pt17 PEPD/RAD50
ABCB6/IREF7/MSTIR/PLCG2 AEN/ATGAD/RSFL
Pt18 ALPI/LYST/PEPD/RAD50/RASAL
BRCA1/MAP3K21/RIFT ARDPCIB/C6
Pt19 VPS13B/RAGAI3/CTCT/MYOF
P20 CASDP8/DOCKS/SIGLECT GJB&/OVCAZ/ZYX | MEEV/PLG
ATP7B/N4BP2L2/PEPD,/RAD50 DCLREIC
P21 MSTIR RTELT
EP300/MSHA ACTNI/G6PC3 | FANCC
P22 PLCH2/ALDI TCF3/PGD
N4BP2L2 STEADS
TTGB3/1GSF6/
P23 PIK3C2G/MYOF MSRA/SERPINE3 | EXTL3/POLAL
PDGERB/ ARAGAD2] TTB NEAT5/TLNT
Pt24 MSH4,/LYST
BCLAF1/PIEZO1 SAMDO CARDI1
P25 CHD7/PEPD CXCR4/RADD3A

In red: P/LP/hot VUS homozygous or compound heterozygosity in AR transmitted diseases or heterozygous in
AD transmitted diseases. In orange: P/LP /hot VUS variants (i) in heterozygosity in AR transmitted disease or
(ii) in gene of unknown inheritance or (iii) that would deserve attention due to their role in cancer predisposition,
DNA repair or telomer disorders or other disorders (i.e., bleeding). Light grey: cold VUS.
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Overall, variants of uncertain significance (VUS), likely pathogenic (LP) variants and
pathogenic (P) variants are reported. The Franklin database allows for the classification of
VUS as either “hot” or “cold”, depending on whether the parameters used by the system
lean towards a likely benign or LP variant, respectively. Hot VUS, represented in red
according to this system, are “relevant”, having some probable roles in pathogenicity, while
the cold VUS may not have any impact.

Hot VUS/LP/P variants that exhibit zygosity consistent with the gene’s inheritance
pattern are highlighted in red. Furthermore, variants requiring special attention are marked
in orange; these include (i) those affecting cancer predisposing genes, (ii) variants in genes
involved in DNA repair or telomere maintenance, (iii) heterozygous variants in autosomal
recessive (AR) inherited genes and (iv) variants in genes not yet associated with disease but
potentially related to immune dysregulation. Finally, the cold VUS are indicated in grey.

In the following paragraphs, only the P/LP /hot VUS variants consistent with zygosity
emerged through (i) the multisample test as for variants shared by children and adults,
(ii) singleton analysis as for individual variants and (iii) genes belonging to an IEI panel by
using a “more sensible” filter are described. The mechanisms of the disorders caused by
the single variant and the consistency with the clinical features are extensively discussed.

2.2.1. Multisample Analysis

A pathogenic homozygous variant in SPINK5 (c.1302+4A>T) was found in Patient
10 (Pt#10), while Pt#4 is a heterozygous carrier of the SPINKS5 (p.R217*) variant (Table 2
and Supplementary Table S1). SPINKS5 is a serine protease inhibitor important for the
anti-inflammatory and/or antimicrobial protection of mucous epithelia. It contributes
to the integrity and protective barrier function of the skin by regulating the activity of
defense-activating and desquamation-involved proteases. Interestingly, Pt#10 is affected
by psoriasis (Table 1) [12].

Heterozygous BRCA1 variants were seen in three patients, but one variant has a
pathogenic prediction (LP) and was found in Pt#3 (p.D1692G) (Table 2 and Supplementary
Table S1). A BRCA1 mutation in a homozygous state is causative of Fanconi anemia (MIM
#617883); otherwise, cancer predisposition is related to a single mutated allele. Breast
cancer type 1 susceptibility protein plays a central role in DNA repair by facilitating cellular
responses to DNA damage. Pt#10 has a family history of a very aggressive and precocious
form of cancer. He inherited the mutation from his father who has been affected by prostatic
carcinoma very early in life [13].

Two MSTIR variants, ¢.1880+2T>G and p.V323Wfs*15, classified as two hot VUS, were
detected in Pt#21 and Pt#1, respectively (Table 2 and Supplementary Table S1). Macrophage-
stimulating protein receptor alpha chain (MSTIR) regulates many physiological processes
by binding to the MST1 ligand, including cell survival, migration and differentiation.
Ligand binding at the cell surface induces autophosphorylation of RON (alias for MSTIR)
on its intracellular domain that provides docking sites for downstream signaling molecules.
Following activation by the ligand, MSTIR interacts with the PI3-kinase subunit PIK3R1,
PLCGI1 or the adapter GAB1 [14].

2.2.2. Singleton Analysis

This analysis showed two hot VUS and one LP variant only in the adult cohort,
affecting the GATA2, GJB4 and ITGB3 genes, with a zygosity consistent with the expected
inheritance (Table 2 and Supplementary Table S2).

In detail, the GATA2 (p.H127N) hot VUS was identified in Pt#15. The patient has mild
neutropenia discovered in a routine checkup and remains asymptomatic to date. She also
screened as HLA-B27 positive but with the absence of any musculoskeletal symptoms. The
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GATA transcription factors have emerged as candidate regulators of gene expression in
hematopoietic cells, usually dendritic cells, monocytes, B lymphocytes and NK lympho-
cytes. Interestingly, this patient had lymphopenia with particularly low NK cells [15,16].

GATA2 is involved in familial leukemia and in a complex congenital immunodeficiency
that evolves over decades and leads to predisposition to infection and myeloid malignancy.
The patient is not showing any signs of dysplasia or any susceptibility to infections to date.

The GJB4 hot VUS (p.I30T) was identified in Pt#20. Erythrokeratodermia variabilis et
progressive (MIM #617524) is the phenotype associated with the presence of a causative
variant in this gene, characterized by persistent plaque-like or generalized hyperkerato-
sis and transient red patches of variable size, shape and location. The patient has had
mild neutropenia for the last 35 years and does not show any signs of skin abnormities
or infections.

The ITGB3 (p.A754T) LP variant was detected in Pt#23. The ITGB3 gene encodes
glycoprotein I1la (GP Illa), the beta subunit of the platelet membrane adhesive protein
receptor complex GP IIb/Illa. The mutation in this gene is responsible for a bleeding
disorder, platelet-type 24 and Glanzmann thrombasthenia 2 (MIM #607759), which is
a feature not consistent with neutropenia. Indeed, the patient is suffering from mild
neutropenia, with no major infections and diffuse bone pain and myalgia [17,18].

2.2.3. Inborn Error of Immunity Panel Analysis

According to the 538 gene custom panel compiled from the International Union
of Immunological Societies (IUIS) Expert Committee and PanelApp England (Primary
immunodeficiency or monogenic inflammatory bowel disease (Version 4.0)), two hot VUS
and one P variant were found (Table 2 and Supplementary Table S3): TGFBR2 (p.R224H)
in Pt#2; CARD11 (p.S1026C) in Pt#25; MEFV (p.M694V) in Pt#20.

The hot VUS of TGFBR2 (p.R224H), which is basically associated with Loeys—Dietz
syndrome (MIM #610168), has no clinical consistency in Pt#2. On the contrary, heterozygous
VUS in the RELA gene (p.S536del), carried again by Pt#2, consistently causes familial Bechet-
like autoinflammatory disease-3 (MIM #618287). Patients” ulcerations occur specifically
in the oral, gastrointestinal and vaginal mucosa rich in microbiota, suggesting they may
have served as inflammatory stimuli inducing TNF release, resulting in mucosal injury and
impaired epithelial recovery [19]. The symptoms of Pt#2 fit with this description.

Pt#25 carried an LP variant (p.51026C) in CARD11. The gene encodes a protein that
acts as a scaffold for nuclear factor kappa-B (NF-«B) activity in the adaptive immune
response controlling peripheral B-cell differentiation and a variety of critical T-cell effector
functions. CARD11 is associated with immunodeficiency (MIM #617638/615206/616452).
Indeed, the patient displays reduced levels (borderline) of IgG1 and IgG3 subclasses.

MEFYV is the gene of familial Mediterranean fever (FMF) (IM #134610/249100), one
of the most common monogenic autoinflammatory diseases. Pt#20 carried a P variant
(p-M694V) in MEFV. This gene is involved in inflammatory reactions through altered
leukocyte apoptosis, secretion of interleukin-1beta (IL-1p) and activation of the NF-«B
pathway, and, thereby, the degree of inflammation. The patient had no features of clinical
FMF and was just suffering from mild neutropenia [20].

2.3. Gene Clustering

In Supplementary Table S4, all genes resulting from the previous analyses are collected,
and the contribution of the variants found in each gene is highlighted with different colors
according to the pathogenicity prediction described by Franklin. The genes are divided
according to the functional pathway they belong to using EnrichR and Reactome Pathways
2024 (https:/ /maayanlab.cloud/Enrichr/, accessed on 11 July 2025). The categorization
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of the genes revealed a diverse array of biological functions, highlighting the complexity
of cellular processes that may be associated with the neutropenia phenotype. Prominent
among these are pathways related to the innate immune system and adaptive immune
system (response and inflammation), suggesting a potential strong link between immune
dysregulation and neutropenia occurrence. Additionally, a significant portion of the genes
contribute to DNA repair and genome stability. Overall, this classification underscores the
diverse roles these genes may have in contributing to the neutropenia phenotype (Figure 2).

’Innate Immune System 7.16 x 1010

’Immune System 7.66% 1010

’Cytosolic Sensors of Pathogen-Associated DNA 6.82 % 1098

’HDR Through Homologous Recombination (HRR) 1.16x 1007

’Disease 1.23% 1097

’DNA Repair o

’DNA Double-Strand Break Repair 1.88 x 1007

’Resolution of D-loop Structures Through Synthesis-Dependent Strand Annealing (SDSA) 3.68x 107

’Nucleotide-binding Domain, Leucine Rich Repeat Containing Receptor (NLR) Signaling Pathways 1.16 x 10-%

’Resolution of D-Loop Structures 1.65 x 10-6
0 1 2 3 4 5 6 7 8 9
—logio(p-value)

Figure 2. The top 10 enriched terms for the input gene set are displayed based on the —logo(p-value),
with the actual p-value shown next to each term.

Multisample Analysis of Total Patient Group vs. Healthy Controls

The multisample dataset, including both neutropenic patients (n = 25) and healthy
controls (n = 75), was used to assess the enrichment of rare, deleterious, hot VUS, LP,
and P variants. Several comparisons were performed, including LL/LO patients versus
healthy controls, CIN patients versus healthy controls, and total neutropenia patients (i.e.,
LL/LO plus CIN) versus healthy controls. In this latter test, SPINK5 almost reached the
nominal p threshold (p-value: 0.06), suggesting a potential burden of pathogenic variants.
Additionally, in the CIN versus healthy controls comparison, RAD50 exhibited a significant
enrichment after multiple testing correction (p-value: 0.019), indicating an enrichment
of suggestive variants in this gene. The same vcf file was used for testing rare variant
association, focusing on rare and deleterious variants with high, moderate or modifier
impact on transcripts. Using RVTEST, different statistical models were applied: (1) the CMC
model (Burden test) considers variants as if they contribute equally, and in this particular
model, all variants are collapsed into a single score; (2) for the SKAT analysis, the variants
are analyzed individually, with weights assigned based on MAF (rarer variants have higher
weights); (3) the SKAT-O approach is considered the optimal test, combining SKAT and
Burden. If all variants have a similar effect (all deleterious or all protective), it behaves like
Burden. If variants have mixed effects (some increase and some decreased risk), it behaves
like SKAT.

Among these analyses, PTPN22 and PSMB9 showed a significant enrichment of rare
variants using the CMC model (Supplementary Table S5), even after multiple testing
correction (Benjamini-Hochberg method). Additionally, MYOF reached an FDR < 0.05 in
the SKATO analysis (Supplementary Table S6).
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Overall, 23 genes from the 538 genes tested in the custom panel showed at least one
FDR-adjusted p-value < 0.08 between the two approaches. These genes were further
categorized into four key biological processes: cellular growth and cellular development,
inflammation and immunological regulation, cellular metabolism and cellular transport
(Figure 3).

FDR P-value Heatmap
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Figure 3. Heatmap showing genes identified as slightly significant (FDR-corrected p-value between
0.08 and 0.05, light red) and significant (FDR-corrected p-value < 0.05, dark red). The columns
indicate, with corresponding colors, genes identified as nominally significant or significant using
the CMC and SKAT approaches, as described in the Materials and Methods Section 4. The legend
categorizes these genes into broader functional groups.

Among the significant enriched genes, PTPN22 is a lymphoid-specific intracellular
phosphatase that interacts with the adaptor protein CBL and plays a role in regulating
T-cell receptor signaling. The gene PSMBJ is particularly important for inflammation
and immunoregulatory pathways. Notably, this latter gene, located in the MHC class II
region, encodes a beta subunit of the 20S core of the immunoproteasome, whose expression
is induced by interferon-gamma and is involved in antigen processing. Finally, MYOF
encodes a type Il membrane protein structurally related to dysferlin, involved in membrane
repair and regeneration through calcium-mediated fusion events, with mutations leading
to muscle weakness affecting both proximal and distal muscles.
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3. Discussion

CIN in adults and LL/LO neutropenia in children and adolescents, respectively, are
two categories of neutropenic patients who seem to have peculiar clinical and biochemical
features when compared to other forms of neutropenia, either acquired or congenital.
In these patients, previous studies identified a subgroup whose immune dysregulation
background was sustained by the presence of pathogenic variants of IEI [2-5]. The hypoth-
esis is that neutropenia may not represent “the” disease but rather an epiphenomenon of
immune dysregulation.

In this perspective, the application of WES analysis intended to look for any common
genetic background in CIN and in LO/LL able to justify a common “root” of these entities.
The immunological and clinical characteristic of the population described in the present
paper basically resembled those described previously [2-5], thus delineating again the
different composition of these groups compared to the “classical neutropenia” categories;
this was further confirmed by the absence of any common neutropenia variants.

The genes found with the multisample test using “less stringent” parameters than
the ones applied in the IEI panel were SPINK5, BRCA1 and MSTIR1. SPINKS5 is related
to a skin disorder and is consistent with the clinical picture of Pt#5, who is affected with
psoriasis; the possible connection with neutropenia might be explained by the expected
reduced expression of LEF1, which in turn deregulates lymphocyte activity.

SPINKS is a serine protease inhibitor that plays a pivotal role in a wide variety of
immune and inflammatory processes, including T- and B-cell differentiation, activation
of cytokines and complement and recruitment of inflammatory cells. It is difficult to say
whether neutropenia may be the result of such mechanisms [21].

Pt#3 was found to be a carrier of BRCAI; indeed, a high incidence of early and severe
cancer in this patient’s family has been documented. His father, affected with an aggressive
form of prostatic cancer, did carry the same mutation. As for the MSTIR gene, only hot VUS
have been found; being that this gene is involved in cellular traffic, it could be hypothesized
that neutropenia could be the result of neutrophil migration, but again, this remains only
a hypothesis. As for the singleton analysis, GATA2, G]JB4 and ITGB3 mutations were
identified. GATA? is a transcription factor that plays an essential role in the development
and proliferation of hematopoietic and endocrine cell lineages. Pathogenic variants in
this gene cause autosomal-dominant GATA2 deficiency, which may present clinically as
Emberger syndrome, immunodeficiency 21, susceptibility to acute myeloid leukemia or
myelodysplastic syndrome, WILD syndrome (warts, immunodeficiency, lymphedema),
MonoMAC or DCML (dendritic cells, monocytopenia and lymphopenia) deficiency. GATA2
germline mutations are also reported in patients with myeloid malignancy without evidence
of preceding immunodeficiency or other disturbances [22].

In our patient (Pt#15), we detected the GATA2 (p.H127N) variant, a missense mutation
affecting codon 127 that is predicted to be deleterious and has not been reported in GnomAD
before. The patient is not showing any GATA2-related clinical signs. Regarding the hot VUS
GJB4 (p.I30T) variant identified in Pt#20, an association with the neutropenia phenotype
cannot be established. The same applies for the ITGB3 (p.A754T) LP variant detected
in Pt#23. When the panel of IEI is studied with a high sensitivity, some interesting data
are found, at least for RELA and CARD11, showing more consistent connection with the
neutropenia feature.

RELA haploinsufficiency causes an autosomal-dominant, mucocutaneous disease
named autoinflammatory disease, familial, Bechet-like-3. This disorder provides a coun-
terpoint to autoinflammatory diseases characterized by increased inflammatory cytokine
signaling. Defects in the genes encoding the NF-«B regulatory proteins result in NF-kB
overactivation and multisystemic autoinflammation characterized by oral ulcers, arthritis,
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uveitis and/or vasculitis [23,24]. The history of Pt#2 began as isolated chronic mild symp-
tomatic autoimmune neutropenia with occasional mouth ulcers. At the age of 17 years,
the patient developed frank arthritis, which required anti-TNF therapy. Autoimmune
cytopenia has been reported in patients carrying this variant too [24].

CARD11 is a membrane protein acting as a key signaling scaffold that controls antigen-
induced lymphocyte activation during the adaptive immune response (NF-«B, JNK and
mTOR pathway). Germline CARD11 mutations can result in gain/loss of function of the
protein, leading to different phenotypes (SCID, BENTA disease, atopy, CVID). Several
heterozygous hypomorphic/dominant negative variants of CARD11 have demonstrated
a loss of protein function, exhibiting high penetrance and variable expressivity [25,26].
The largest heterozygous germline loss-of-function case series is composed of 48 patients
with a broad phenotype, including atopy, viral infections of the skin and respiratory
tract, hypogammaglobulinemia and autoimmunity. Nonetheless, 14% of this cohort were
neutropenic [27]. In the case of our patient, neutropenia is chronic and asymptomatic, and
the patient has no history of infections and other immunodeficiency-related clinical signs
apart from slightly reduced IgG1 and IgG3 levels.

Pt#20 was a heterozygous carrier of the MEFV gene (p.M694V) encoding pyrin, which
functions as an innate immune sensor that can trigger the formation of an inflammasome,
allowing for the production of inflammatory mediators during infection [28].

The p.M694V mutation is very common in the Mediterranean population, probably
due to the selective advantage based on heightening the inflammatory response to some
pathogens endemic in this geographic region [29,30]. The clinical spectrum of p.M694V
carriers is wide, from a silent phenotype (mainly in heterozygous individuals) to severe
forms (i.e., amyloidosis); several reports outline that fever, chest pain and abdominal pain
are the main presentation symptoms shown either from homozygous or heterozygous
carriers. Cytopenia and, in particular, neutropenia are not described as associated factors;
probably, this mutation is not consistent with the actual picture. Indeed, the patient does
not demonstrate any typical clinical manifestations associated with FMF.

The lack of shared genes between the adults and the pediatric population may be due
to the small size of our sample. Moreover, the direct correspondence between the LP /P
variants and the role of a number of hot VUS in the clinical phenotype have to be better
defined to understand the real weight in the clinical settings.

We can hypothesize that the neutropenia phenotype may result from the combined
effects of multiple genetic variants rather than a single causative mutation, thus considering
that these disorders are rather far from the classical monogenic disorders. This concept,
known as oligogenic or polygenic inheritance, is increasingly recognized in complex dis-
eases such as ulcerative colitis [31,32]. In this view, the pathway enrichment analysis,
utilizing tools like EnrichR and Reactome Pathways 2024 and including all the genes being
mutated in our cohort of patients, was performed.

This analysis highlighted the involvement of key biological functions in neutropenia.
Interestingly, the enrichment of pathways related to the innate and adaptive immune
systems seems to suggest that immune dysregulation plays a critical role in the development
of this condition. Furthermore, the identification of genes involved in DNA repair and
genome stability indicates that genomic integrity may also be compromised in neutropenia
patients. This categorization of affected pathways provides valuable insights into the
cellular mechanisms that may be disrupted in the disease and underlines the importance of
the longitudinal follow-up.

In the search for candidate genes, we also performed comparisons between neu-
tropenia patients and healthy controls as well as rare variant association testing. The
identification of SPINK5 and RADS50 as potentially significant suggested their involvement
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in the LL/LO and CIN groups, respectively. Furthermore, the rare variant association
testing, using models like CMC, SKAT and SKAT-O, revealed additional genes, such as
PTPN22, PSMB9 and MYOF, that may contribute to the disease phenotype. These findings
underscore the utility of SKAT-O and CMC in uncovering rare variant associations within
biologically relevant genes, particularly in complex immune-mediated conditions. The
convergence of immune regulatory pathways and membrane dynamics observed here
warrants further investigation, potentially offering novel mechanistic insights.

Moreover, the fact that 23 genes showed some level of significance across these ap-
proaches underscores the complexity of the genetic landscape of neutropenia. Despite the
heterogeneity of the genetic variants identified, many of the implicated genes are involved
in the regulation of immune responses.

This observation supports the hypothesis that immune dysregulation may play a
crucial role in the pathogenesis of neutropenia.

4. Materials and Methods

The WES analysis was carried out according to the multisample method, combining,
in a single variant call format (vcf) file, the data of 9 pediatric patients collected at the
Hematology Giannina Gaslini Institute (Genoa, Italy) and 16 adult patients selected at the
Department of Hematology, University Hospital of Heraklion (Crete, Greece). Variants
reported in GnomAD (https://gnomad.broadinstitute.org/) v3.1.2 with an allele frequency
equal to or lower than 5% or never seen before and with a combined annotation dependent
depletion (CADD) score v1.6 (https://cadd.gs.washington.edu/) equal to or greater than
15 were selected. An internal database of the Giannina Gaslini Institute, consisting of over
7000 WES of pediatric patients affected with various disorders and their healthy parents,
was used to verify the possible presence and consequent frequency of these variants
also in the reported healthy adult population. It was arbitrarily decided to still consider
variants present in heterozygosity in up to 10 healthy controls. In this multisample analysis,
coding region variants and splicing variants shared by at least two patients were selected,
regardless of whether the variants were identical or distinct but located within the same
gene. Applying these criteria, we looked at mutant genes and variants shared between both
the pediatric and adult cohorts, only in the pediatric cohort and only in the adult cohort.
Subsequently, the WES data from the 25 patients of this study were analyzed individually
(singleton analysis) using more stringent criteria: unique variants with a CADD score equal
to or greater than 20 and absent in the internal database of healthy controls.

Finally, an in silico custom panel of 538 genes associated with inborn errors of im-
munity (IEI) compiled from the International Union of Immunological Societies (IUIS)
Expert Committee [33] and PanelApp England (Primary immunodeficiency or monogenic
inflammatory bowel disease, Version 4.0) (https:/ /panelapp.genomicsengland.co.uk, ac-
cessed on 11 July 2025) was applied to the multisample file, looking for variants present
in a single patient, with CADD more than or equal to 15 and more likely associated with
the phenotype.

A case-control approach was also adopted comparing the total patient group with a
control group consisting of 75 healthy individuals (median age 62 years, range 52-71 years)
from the cohort described above. This cohort included patients with mild COVID-19
and no need for hospitalization or advanced respiratory support. Clinical and laboratory
parameters did not indicate either leukopenia or neutropenia.

Starting from this enlarged dataset, two types of analyses were conducted: (1) a
Fisher exact test corrected for false discovery rate (FDR) to compare the total patient
group (LL/LO plus CIN) with healthy controls, testing the presence and enrichment of
rare, deleterious, hot VUS, likely pathogenic and pathogenic variants; (2) a rare variant
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association test by means of the RVTESTS software (version: 20181226) [34] using the silico
gene panel composed of 538 associated genes cited above and considering rare variants
with minor allele frequency (MAF) less than 0.01 in the study cohort; CADD > 20 or
without CADD; and high, moderate or modifier impact. The variants were first annotated
with ANNO (github.com/zhanxw/anno, accessed on 11 July 2025) and then analyzed
using different tests: Kernel method (SKAT and SKAT-O), Burden test (ExactCMC) and
variable threshold method (Price model). The significance threshold was determined by
applying the FDR correction.

5. Conclusions

Even with the limits of the present collection, mainly related to the low numbers of
enrolled patients whose ancestry was not extensively collected, the working hypothesis of
neutropenia as a result of genetically driven disimmunity takes shape.

The genetic landscape of LO/LL and CIN neutropenias is complex, involving a
combination of rare and common variants in genes mainly involved in immune regulation.

The present findings suggest that these conditions are not classical monogenic dis-
orders but rather complex diseases resulting from the interplay of multiple genetic and
environmental factors.

All the premises are the basis to design future goals aimed, firstly, at increasing the
sample size to find out shared variants and to analyze any possible epigenetic/epigenomic
influence. Recognizing specific patterns of immune dysregulation emerged as neutropenia,
interpreting complex genetic testing and choosing any possible target treatment can be
challenging but might definitely change the future of the affected subjects.
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Abbreviations

The following abbreviations are used in this manuscript:

AR Autosomal Recessive

ACMG American Council of Medical Genetic
CADD  Combined Annotation Dependent Depletion
CIN Chronic Idiopathic Neutropenia

CVID  Common Variable ImmunoDeficiency

IEI Inborn Errors of Immunity

LEF1 Lymphoid Enhancer-Binding Factor 1
LL Long Lasting

LO Late Onset

MHC Major Histocompatibility Complex
NF-«kB  Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B-Cells
NGS Next Generation Sequencing

P Pathogenic
LP Likely Pathogenic
TNF Tumor Necrosis Factor

WES Whole Exome Sequencing

PLCG1 Phospholipase C (PLC) y1

GAB1 GRB2-Associated Binder 1

JNK c-Jun N-Terminal Kinase

mTOR  Mammalian Target of Rapamycin
SCID Severe Combined Immunodeficiency
Vus Variant of Unknown Significance
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