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Does CVID exist in children? A genetic architecture
and manifestation map derived from 7,525 patients

Antonios Gkantaras'®, ESID Registry Working Party and Markus G. Seidel?®

Diagnosing common variable immunodeficiency (CVID) in childhood remains contentious, as monogenic inborn errors of
immunity (IEIs) are increasingly recognized in CVID-like phenotypes. We analyzed 7,525 ESID Registry patients with a clinical
diagnosis of CVID to investigate age-dependent genetic architecture and associated phenotypes. Among living CVID patients,
monogenic defects were identified in 82 of 251 children younger than 18 years (32.7%) versus 447 of 5,225 adults (8.6%; OR:
5.18, 95% Cl: 3.86-6.92). Pediatric-onset disease (<18 years) likewise demonstrated increased monogenic underpinnings (OR:
1.88, 95% Cl: 1.56-2.27), strongest with onset before 4 years (OR: 2.99, 95% Cl: 2.38-3.78). Monogenic “CVID” was more likely

associated with immune dysregulation at presentation (OR: 1.98, 95% Cl: 1.66-2.36) and negatively linked to infection-
predominant manifestations (OR: 0.67, 95% Cl: 0.56-0.81). Physician-entered “additional-gene” annotations suggested
multigene constellations in 1.6% of patients and identified recurrently recorded variants in other IEl-associated genes,
including TCF3, PIK3CD, and KMT2D, among unresolved cases. These findings support “pediatric CVID” as a provisional label

requiring systematic genetic evaluation.

Introduction
Common variable immunodeficiency (CVID) is an “umbrella” di-
agnosis encompassing a wide spectrum of predominantly anti-
body deficiencies with marked clinical, immunological, and
genetic heterogeneity. Despite shared hallmark immunological
features, including hypogammaglobulinemia and impaired anti-
body responses to vaccination, patients with CVID vary consid-
erably with respect to age at disease onset, initial clinical
manifestations, presence of immune dysregulation, identification
of underlying pathogenic variants in immune-related genes, and
long-term outcomes (1, 2). The development of clinical working
definitions has been essential to navigate this heterogeneity,
improving diagnostic precision and guiding clinical decision-
making (3, 4, 5). According to the European Society for Im-
munodeficiencies (ESID) working definition, a clinical diagnosis
of CVID can be established after the fourth year of life and requires
the presence of CVID-like clinical features or a positive family
history, marked hypogammaglobulinemia with a functional B cell
deficit, and absence of profound T cell deficiency, after exclusion
of secondary causes of hypogammaglobulinemia and other well-
defined monogenic inborn errors of immunity (IEI) (Table S1) (4).
Simultaneously, the genetic landscape of CVID is rapidly
evolving (5, 6). Historically, fewer than 10% of patients were

found to have a defined monogenic cause (7). However, with the
widespread application of next-generation sequencing, recent
studies have demonstrated higher detection rates of monogenic
(~30%)—or occasionally oligogenic—defects in CVID-like pa-
tients, particularly in pediatric cohorts (1, 2, 5, 6, 8,9, 10). Adding
to the diagnostic complexity, identification of a pathogenic
variant associated with an IEI often leads to reclassification of
patients from CVID to a distinct genetically defined IEI—often
within a different IEI category, according to the International
Union of Immunological Societies (IUIS) classification (11, 12).
This is illustrated in the ESID Registry (ESID-R), where 27%
of children and 8% of adults initially diagnosed with CVID
were subsequently reclassified into over 20 distinct IEI diag-
noses, after applying stringent clinical criteria and incorpo-
rating genetic testing results (4). Nevertheless, within primary
antibody deficiencies, the majority of patients still lack an es-
tablished genetic diagnosis, and CVID represents the most
frequently attributed clinical diagnosis in this genetically un-
resolved group (13).

Despite this evolving landscape, major gaps remain, raising
a challenging question: to what extent does a CVID diagnosis
in childhood represent clinically defined but genetically
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unresolved CVID, rather than an evolving genetically defined IEI
potentially warranting targeted or definitive therapy? Diagnosis
of CVID during early childhood remains contentious, as ongoing
immune system maturation, transient hypogammaglobulinemia
of infancy, and other pediatric-specific immune dynamics may
mimic features of CVID, thereby limiting the applicability of
adult-derived CVID diagnostic criteria (1). While the genetic
basis of CVID is increasingly being elucidated, systematic com-
parisons of genetic architecture across age strata—including the
frequency of monogenic defects and the potential contribution
of oligogenic/polygenic inheritance—remain scarce. Moreover,
although clinical differences between pediatric-onset and adult-
onset CVID have been reported (14, 15, 16), large-scale or mul-
ticenter studies examining how genetic status relates to age
at diagnosis, age at disease onset, and presenting clinical mani-
festations remain limited. A better understanding of these
associations is essential for refining disease classification, im-
proving diagnostic strategies, and identifying patient subgroups
that may benefit most from early genetic testing.

Therefore, using data from 7,525 patients in the ESID-R, we
investigated the age-dependent genetic architecture of CVID.
Specifically, we examined whether monogenic defects are en-
riched among pediatric patients with CVID and whether genetic
findings are associated with the presenting clinical phenotype.
By addressing these questions in a large multicenter registry
cohort, we aimed to inform the ongoing debate as to whether
pediatric CVID represents clinically defined but genetically un-
resolved early-onset CVID or a biologically heterogeneous di-
agnostic entity enriched for various genetically defined IEL

Results

Cohort characteristics

The ESID-R contained 7,525 patients with a clinical diagnosis of
CVID, including 3,472 males and 4,053 females (Table 1). Overall,
646 patients (8.6%) had an identified monogenic defect. Among
5,476 patients alive at the time of analysis, 251 (4.6%) were pe-
diatric (<18 years), whereas 3,012 (55.0%) had pediatric disease
onset, and 529 (9.7%) had a monogenic defect. Across the full
cohort, age-at-onset analyses were restricted to 7,234 patients
with valid onset data, including 4,180 with pediatric-onset dis-
ease. Within the pediatric-onset group, disease onset occurred
before 4 years in 1,574 patients, at 4-7 years in 795 patients, at 8-
11 years in 440 patients, and at 12-17 years in 1,371 patients.
Genetic testing was not uniformly performed across the ESID-R
CVID cohort (28.5% of the cohort). Therefore, whole-cohort
analyses were retained to describe registry-level burden and
testing gaps, whereas analyses restricted to genetically tested
patients were used as the primary denominator for interpreting
age-dependent enrichment of monogenic diagnoses. This dis-
tinction is maintained throughout the Results and in the corre-
sponding table legends.

Enrichment of monogenic diagnoses in pediatric CVID
Because genetic testing was not uniformly recorded, the primary
enrichment analysis was performed among patients with
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Table 1. Demographic, clinical, and genetic characteristics of the

analyzed CVID cohort (N = 7,525)

Characteristics

N (%) or median
(1QR)

Sex (male)

3,472 (46.1%)

Current age (years) (only for alive patients, N =

5,476)

50.0 (35.0-64.5)

Currently pediatric cases (out of alive patients, N =

5,476)

251 (4.6%)

Age at disease onset (years)

14.0 (4.5-32.8)

Pediatric-onset cases (out of patients with valid

data, N = 7,234)

4,180 (57.8%)

Age at clinical diagnosis (years)

32.8 (17.1-48.0)

Diagnostic delay (years)

6.2 (1.6-18.0)

Initial clinical manifestations

Infections

6,063 (80.6%)

Immune dysregulation

1,694 (22.5%)

Syndromic manifestations

111 (1.5%)

Malignancy

160 (2.1%)

Other

317 (4.2%)

Clinical manifestations during follow-up

Recurring infections (N = 489)

418 (85.5%)

Immune dysregulation (N = 443)

195 (44.0%)

Severe atopy (N = 430)

20 (4.7%)

Malignancy (N = 2,921)

347 (11.9%)

Current treatment

IgG replacement (N = 6,205)

5,210 (84.0%)

Immunosuppresants/biologicals (N = 2,632)

685 (26.0%)

-Corticosteroids

444 (16.9%)

(
208 (7.9%)
(

-Rituximab
Splenectomy (N = 4,706) 208 (4.4%)
HSCT (N = 7,303) 74 (1.0%)

Gene therapy (N = 7,284)

1(0.01%)

Genetically tested patients

2,145 (28.5%)

Age at genetic diagnosis (years)

34.2 (19.0-50.4)

Delay of genetic diagnosis (years)

12.8 (5.8-23.9)

Monogenic CVID cases

646 (8.6%)

Monogenic defects—affected gene

TNFRSF13B

239 (37.0%)

NFKB1 119 (18.4%)
NFKB2 74 (11.4%)
CTLA4 56 (8.7%)
LRBA 38 (5.9%)
IKZF1 29 (4.5%)
IRF2BP2 26 (4.0%)
ICOS 18 (2.8%)
CD19 11 (1.7%)
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Table 1. Demographic, clinical, and genetic characteristics of the
analyzed CVID cohort (N = 7,525) (Continued)

Characteristics N (%) or median
(IQR)
Other rare genes (<10 patients per gene) 36 (5.6%)

Current status

Alive

5,476 (72.8%)
817 (10.8%)
1,202 (16.0%)
30 (0.4%)

Deceased

Lost to follow-up/unknown

Discharged/complete recovery

Denominator for percentages is shown in parentheses and corresponds to
patient entries with valid and known data.

documented genetic testing. In this subgroup, monogenic diag-
noses were significantly more frequent among currently pedi-
atric patients than among adults: 82 of 142 pediatric patients
(57.7%) vs. 447 of 1,642 adults (27.2%) had a monogenic defect,
corresponding to an odds ratio (OR) of 3.65 (95% confidence
interval [CI]: 2.54-5.28; P < 0.001) (Table 2 A). The corre-
sponding whole-cohort analysis showed the same direction of
association, with monogenic diagnoses recorded in 82 of 251
pediatric patients (32.7%) vs. 447 of 5,225 adults (8.6%; OR: 5.18;
95% CI: 3.86-6.92; P < 0.001) (Table 2 B).

Using age at disease onset rather than current age, the same
pattern was observed. Among genetically tested patients with
available or valid age-at-onset data, 32.5% of pediatric-onset

Table 2. Associations between age categories and CVID type

D QD
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cases harbored a monogenic defect, compared with 23.3% of
adult-onset cases, yielding an OR of 1.59 (95% CI: 1.29-1.97; P <
0.001) (Table 2 C). Consistently, in the whole-cohort onset-based
analysis, monogenic CVID remained more frequent in pediatric-
onset than adult-onset cases (1.88; 95% CI: 1.56-2.27; P < 0.001)
(Table 2 D).

These patterns were further supported by continuous-age
group comparisons: compared with patients without known ge-
netic defect, those with monogenic CVID were younger among
alive patients (37.0 [22.0-54.0] vs. 51.3 [37.0-65.3] years; P
< 0.001) and exhibited earlier disease onset in the overall cohort
(10.0 [interquartile range [IQR] 2.0-21.1] vs. 14.0 [5.0-33.6] years;
P < 0.001), than their nongenetic CVID counterparts (Fig. 1).

Age-stratified gradient in monogenic CVID diagnoses

When current age was analyzed in predetermined finer strata,
the proportion of monogenic CVID diagnoses demonstrated a
clear inverse relationship with age, with the strongest enrich-
ment of monogenic defects observed in younger age groups.
Among genetically tested patients, the odds of monogenic CVID
were highest among children aged 4-7 years (OR: 13.88; P <
0.001), followed by those aged 8-11 years (OR: 4.25; P < 0.001)
and 12-17 years (OR: 3.34; P < 0.001), and young adults aged 18-
25 years (OR: 2.20; P < 0.001), compared with patients older than
25 years (Fig. 2 A, Table 3 A). It should be highlighted that genetic
testing had been performed more frequently in pediatric than
adult patients (OR: 2.84; 95% CI: 2.20-3.67; P < 0.001) (Table S2
A). The corresponding whole-cohort analysis showed the same-
age gradient, with the highest odds of monogenic CVID again

(A) Association between current age and CVID type among alive and genetically tested patients (N = 1,784)

Current-age category Monogenic CVID (N = 529)

No known genetic defect (N = 1,255)

OR (95% Cl); P value

Pediatric (N = 142) 82 (57.7%)

60 (42.3%)

3.65 (95% Cl: 2.54-5.28); P < 0.001

Adult (N = 1,642) 447 (27.2%)

1,195 (72.8%)

(B) Association between current-age category and CVID type among alive patients (N = 5,476)

Current-age category Monogenic CVID (N = 529)

No known genetic defect (N = 4,947)

OR (95% Cl); P value

Pediatric (N = 251) 82 (32.7%)

169 (67.3%)

5.18 (95% Cl: 3.86-6.92); P < 0.001

Adult (N = 5,225) 447 (8.6%)

4,778 (91.4%)

(C) Association between age at disease onset and CVID type among genetically tested patients (N = 2,046)

Age-at-disease-onset group Monogenic CVID (N = 597)

No known genetic defect (N = 1,449)

OR (95% CI); P value

Pediatric-onset (N = 1,303) 424 (32.5%)

879 (67.5%)

1.59 (95% Cl: 1.29-97); P < 0.001

Adult-onset (N = 743) 173 (23.3%)

570 (76.7%)

(D) Association between age at disease onset and CVID type among all patients (N = 7,234)

Age-at-disease-onset group Monogenic CVID (N = 597)

No known genetic defect (N = 6,637)

OR (95% Cl); P value

Pediatric-onset (N = 4,180) 424 (10.1%)

3,756 (89.9%)

1.88 (95% Cl: 1.56-2.27); P < 0.001

Adult-onset (N = 3,054) 173 (5.7%)

2,881 (94.3%)

Whole-cohort analyses (sections A and C) describe registry-level burden and should not be interpreted as diagnostic yield, because genetic testing was not
uniformly recorded. Analyses restricted to genetically tested patients (sections B and D) provide the primary denominator for interpreting age-dependent

enrichment of monogenic diagnoses.
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A Current age among alive patients by CVID type
Test: Wilcoxon rank-sum test; p = 6.85¢-43
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Current age (years)
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No known genetic defect Monogenic CVID

Age at disease onset by CVID type
Test: Wilcoxon rank-sum test; p = 2.37e-19
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Age at disease onset (years)

0 —

No known genetic defect Monogenic CVID

Figure 1. Violin plots comparing age distributions between patients with monogenic CVID and patients with no known genetic defect. (A) Current
age among alive patients, stratified by CVID type. (B) Age at disease onset, stratified by CVID type. Violin plots depict the kernel density distribution of age.
Embedded boxplots show the median (line) and IQR (25th-75th percentiles), with whiskers extending to 1.5 x IQR. Black dots indicate the mean. Between-
group comparisons were performed using the Wilcoxon rank-sum test. IQR, interquartile range.

observed in children aged 4-7 years (OR: 14.37; P < 0.001) (Fig. 2
B; Table 3 B).

When stratified by age at disease onset, genetically tested
patients with disease onset before 4 years of age had nearly
twofold higher odds of harboring a monogenic defect than those
with onset after 25 years of age (OR: 2.24; 95% CI: 1.72-2.92; P <
0.001). More modest enrichment was observed for onset at 8-
11 years and 12-17 years, whereas onset at 4-7 years and 18-
25 years was not significantly enriched in the genetically tested
subgroup, indicating that the association between pediatric
onset and monogenic disease is driven predominantly by the
earliest onset group (Fig. 2 C; Table 3 C). In addition, genetic
testing was performed more frequently in pediatric-onset than
adult-onset disease (OR: 1.41; 95% CI: 1.27-1.57; P < 0.001) (Table
S2 B). The corresponding whole-cohort analysis showed en-
richment across all onset strata below 25 years, with the largest
effect again observed for onset before 4 years (OR: 2.99; 95% CI:
2.38-3.78; P < 0.001) (Fig. 2 D; Table 3 D).

Overall, these analyses support a graded, age-dependent ge-
netic architecture, with the strongest enrichment of monogenic
CVID diagnoses in childhood and preadolescence (<12 years) and
in patients with the earliest disease onset (<4 years of age).

In a sensitivity analysis excluding patients with a recorded
age at clinical CVID diagnosis before 4 years (n = 309), disease
onset before 4 years remained enriched for monogenic CVID
compared with onset after 25 years, both in the whole cohort
(OR: 2.74; 95% CI: 2.14-3.50; P < 0.001) and among genetically
tested patients (OR: 2.01; 95% CI: 1.52-2.66; P < 0.001). Thus, the
enrichment observed in the earliest onset stratum was not solely
driven by patients assigned a clinical CVID diagnosis before
4 years of age.

Clinical phenotype associations with age at disease onset and
genetic background

To evaluate whether the age-dependent enrichment of mono-
genic CVID was accompanied by phenotypic differences, we
examined both initial and current clinical manifestations ac-
cording to age at disease onset and genetic background.
For current manifestations, analyses were restricted to patients

Gkantaras et al.
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with available follow-up data and should therefore be in-
terpreted with caution, as a reduced-denominator, exploratory
subanalysis.

At presentation, pediatric-onset CVID was associated with a
distinct clinical profile. Compared with adult-onset patients,
pediatric-onset CVID more frequently presented with syndro-
mic features (OR: 3.59, 95% CI: 2.17-6.25; P,g; < 0.001), and, to
a lesser extent, “other” manifestations (OR: 1.28, 95% CI: 1.01-
1.64; P, = 0.036), and infection-predominant phenotype (OR:
117, 95% CI: 1.03-1.33; P,g; = 0.016). Syndromic features were
defined as nonimmunological or multisystem manifestations
suggestive of a syndromic IEI, including dysmorphism, neuro-
developmental involvement, congenital anomalies, skeletal or
ectodermal features, or other organ-system manifestations re-
corded by the treating physician, whereas “other” manifes-
tations included features not classifiable under the main clinical
categories, such as failure to thrive, endocrine disorders, and
incidental laboratory abnormalities. In contrast, immune dys-
regulation (OR: 0.82, 95% CI: 0.73-0.91; Pagj < 0.001) and espe-
cially malignancy (OR: 0.35, 95% CI: 0.25-0.50; P,g; < 0.001)
were more common first manifestations in adult-onset cases
(Table 4 A and Fig. 3 A). Among alive patients stratified by
current age, pediatric CVID cases likewise demonstrated en-
richment of syndromal and “other” manifestations, whereas
malignancy at presentation was absent. In contrast, both infec-
tious and immune dysregulation presenting phenotypes did not
differ significantly between current pediatric and adult patients
after multiple-testing correction (Table 4 B).

A complementary pattern emerged when presenting clinical
phenotypes were investigated by genetic background. Com-
pared with patients without a known genetic defect, monogenic
CVID was more frequently associated with immune dysregula-
tion (OR: 1.98, 95% CI: 1.66-2.36; P,g; < 0.001) and “other”
manifestation at presentation (OR: 2.41, 95% CI: 1.75-3.27; Pyg; <
0.001). Conversely, infections as the presenting manifestation
were less frequent in monogenic CVID cases (OR: 0.67, 95% CI:
0.56-0.81; P,g; < 0.001). Neither malignancy nor syndromic
features at presentation differed significantly by genetic back-
ground (Table 4 C and Fig. 3 B). It should be highlighted that
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A Current Age Group x CVID type (Alive & genetically tested patients)

<447 811 12-17 18-25

B Current Age Group x CVID type (All alive patients)

A44-78-1112-17  18-25

225

Al %
i i
o £ o £
o - [N -
> 2 > 2
Q =]
o o
3 3
2 2
H 5
2 2
Age group (years) Age group (years)
Age group (years) No known genetic defect Monogenic CVID Age group (years) No known genetic defect Monogenic CVID
<4 2 (50.0%) 2 (50.0%) <4 2 (50.0%) 2 (50.0%)
4-7 3(17.6%) 14 (82.4%) 4-7 12 (46.2%) 14 (53.8%)
8-11 14 (41.2%) 20 (58.8%) 8-11 31(60.8%) 20 (39.2%)
12-17 41 (47.1%) 46 (52.9%) 12-17 124 (72.9%) 46 (27.1%)
18-25 112 (57.4%) 83 (42.6%) 18-25 293 (77.9%) 83 (22.1%)
>25 1083 (74.8%) 364 (25.2%) >25 4485 (92.5%) 364 (7.5%)
c Age group at disease onset x CVID type (Genetically tested D Age group at disease onset x CVID type (All patients)
12-17 18-25 7 811 12-17 18-25
i
H i
g2 i g %
2 £ 2§
o % o
[}
3
2 o
: iy —1 —1
2

Age group at disease onset (years)

Age at onset group (years) No known genetic defect Monogenic CVID

Age group at disease onset (years)

Age at onset group (years) No known genetic defect Monogenic CVID

<4 332 (61.0%) 212 (39.0%) <4 1362 (86.5%) 212 (13.5%)
4-7 202 (77.7%) 58 (22.3%) 4-7 737 (92.7%) 58 (7.3%)

8-11 98 (66.2%) 50 (33.8%) 8-11 390 (88.6%) 50 (11.4%)
12-17 247 (70.4%) 104 (29.6%) 12-17 1267 (92.4%) 104 (7.6%)
18-25 139 (73.5%) 50 (26.5%) 18-25 517 (91.2%) 50 (8.8%)

>25 431 (77.8%) 123 (22.2%) >25 2364 (95.1%) 123 (4.9%)

Figure 2. Mosaic plots depicting the age-stratified distribution of monogenic CVID diagnoses across distinct age groups. Mosaic plots show the
proportion of patients with monogenic CVID versus no known genetic defect across predefined age strata. (A) Current-age group among living patients with
documented genetic testing. (B) Current-age group among all patients alive. (C) Age-at-disease-onset group among genetically tested patients with available
age-at-onset data. (D) Age-at-disease-onset group among all patients with available age-at-onset data. In each panel, columns correspond to age groups and
are scaled according to the number of patients within each age stratum, while the vertical division within each column represents the relative proportion of
patients with monogenic CVID and those with no known genetic defect. Red areas indicate monogenic CVID, while blue areas indicate no known genetic defect.
Tables below each mosaic plot provide the corresponding absolute patient numbers and percentages within each age group. Together, the plots illustrate the
age-dependent enrichment of monogenic diagnoses, particularly among younger patients and patients with pediatric disease onset, and show that this pattern
persists after restriction to genetically tested individuals. Interactive HTML versions of the figure panels are available at the following links: (A) https://esid.org/
html-pages/Fig2A_Interactive_Mosaic_A_CurrentAge_CVID_Filtered.html; (B) https://esid.org/html-pages/Fig2B_Interactive_Mosaic_B_CurrentAge_CVID_

Alive.html; (C) https://esid.org/html-pages/Fig2C_Interactive_Mosaic_C
Mosaic_D_AgeOnset_CVID_AlLhtml.

genetic testing was more frequently offered in CVID patients
presenting with immune dysregulation (OR: 3.00, 95% CI: 2.66-
3.38; P < 0.001), while patients with infectious-predominant
presenting phenotypes had less frequently undergone genetic
evaluation (OR: 0.72, 95% CI: 0.63-0.82; P < 0.001) (Table S2 C
and D).

Current clinical manifestations showed a distinct pattern. In
the disease onset-based analysis restricted to patients with re-
corded follow-up data, pediatric-onset patients were less likely
to experience immune dysregulation (OR: 0.58, 95% CI: 0.38-
0.87; P,g; = 0.019) and malignancies (OR: 0.48, 95% CI: 0.38-0.61;
P,4j < 0.001) during follow-up, compared with adult-onset
patients (Fig. 3 C). Regarding specific immune dysregulation
manifestations, pediatric-onset CVID was associated with higher

Gkantaras et al.
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_AgeOnset_CVID_Filtered.html; (D) https://esid.org/html|-pages/Fig2D_Interactive_

rates of autoimmune endocrinopathies (OR: 8.88, 95% CI: 1.31-
380.27) and lower rates of lung involvement including granu-
lomatous-lymphocytic interstitial lung disease (OR: 0.36, 95%
CI: 0.20-0.64).

In contrast, current clinical manifestations were not signifi-
cantly associated with genetic background after multiple-testing
correction. Although monogenic CVID demonstrated higher
rates of immune dysregulation (OR: 1.60, 95% CI: 0.90-2.87) and
lower rates of recurring infection (OR: 0.65, 95% CI: 0.34-1.32)
during follow-up, none of these associations reached statis-
tical significance. Regarding specific immune dysregulation
manifestations, among 426 patients with available current-
manifestation registry data, borderline trends were observed
for neurological involvement (OR: 5.56, 95% CI: 1.32-26.89;
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Table 3. Associations between age groups and CVID type

(A) Association between current age and CVID type among alive and genetically tested patients (N = 1,784)

Current age (years) Monogenic CVID (N = 529) No known genetic defect (N = 1,255) OR (95% Cl) P value
<4 2 (50.0%) 2 (50.0%) 2.98 (0.36-24.87) 0.276 (NS)
4-7 14 (82.4%) 3 (17.6%) 13.88 (4.5-60.48) <0.001
8-11 20 (58.8%) 14 (41.2%) 4.25(2.14-8.67) <0.001
12-17 46 (52.9%) 41 (47.1%) 3.34 (2.16-5.19) <0.001
18-25 83 (42.6%) 112 (57.4%) 2.2 (1.62-3) <0.001
>25 364 (25.2%) 1,083 (74.8%) NA

(B) Association between current-age group and CVID type among alive patients (N = 5,476)

Current age (years) Monogenic CVID (N = 529) No known genetic defect (N = 4,947) OR (95% ClI) P value
<4 2 (50.0%) 2 (50.0%) 12.32 (1.47-102.94) 0.012
4-7 14 (53.8%) 12 (46.2%) 14.37 (6.59-31.85) <0.001
8-11 20 (39.2%) 31(60.8%) 7.95 (4.42-13.98) <0.001
12-17 46 (27.1%) 124 (72.9%) 457 (3.18-6.47) <0.001
18-25 83 (22.1%) 293 (77.9%) 3.49 (2.66-4.54) <0.001
>25 364 (7.5%) 4,485 (92.5%) NA

(C) Association between age at disease onset and CVID type among genetically tested patients (N = 2,046)

Age at onset (years) Monogenic CVID (N = 597) No known genetic defect (N = 1,449) OR (95% Cl) P value
<4 212 (39.0%) 332 (61.0%) 2.24 (1.72-2.92) <0.001
4-7 58 (22.3%) 202 (77.7%) 1.01(0.70-1.43) 0.973 (NS)
8-11 50 (33.8%) 98 (66.2%) 1.79 (1.20-2.65) 0.004
12-17 104 (29.6%) 247 (70.4%) 1.48 (1.09-2.00) 0.012
18-25 50 (26.5%) 139 (73.5%) 1.26 (0.86-1.84) 0.233(NS)
>25 123 (22.2%) 431 (77.8%) NA

(D) Association between age-at-disease-onset group and CVID type among all patients (N = 7,234)

Age at onset (years) Monogenic CVID (N = 597) No known genetic defect (N = 6,637) OR (95% ClI) P value
<4 212 (13.5%) 1,362 (86.5%) 2.99 (2.38-3.78) <0.001
4-7 58 (7.3%) 737 (92.7%) 1.51 (1.09-2.08) 0.012
8-11 50 (11.4%) 390 (88.6%) 2.46 (1.73-3.46) <0.001
12-17 104 (7.6%) 1,267 (92.4%) 1.58 (1.20-2.07) <0.001
18-25 50 (8.8%) 517 (91.2%) 1.86 (1.31-2.60) <0.001
>25 123 (4.9%) 2,364 (95.1%) NA

Whole-cohort analyses (sections A and C) describe registry-level burden and should not be interpreted as diagnostic yield, because genetic testing was not
uniformly recorded. Analyses restricted to genetically tested patients (sections B and D) provide the primary denominator for interpreting age-dependent
enrichment of monogenic diagnoses. OR outcome (monogenic vs. no known genetic defect) using >25 age group as reference. NA, not applicable; NS, not

significant.

P4 = 0.055) and enteropathy (OR: 2.50, 95% CI: 1.19-5.03;
P,4j = 0.055) (Fig. 3 D).

Overall, these analyses indicate that age at disease onset and
genetic background capture overlapping but nonidentical di-
mensions of clinical heterogeneity in CVID, with earlier onset
disease linked to extra-immune features and monogenic disease
particularly enriched for immune dysregulation phenotypes.

Regression model-derived predicted probabilities further
suggested that monogenic CVID enrichment varied jointly by age
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and presenting phenotype. In the current-age model, the highest
predicted probabilities were observed among currently pediatric
patients with neither infection nor immune dysregulation as the
initial manifestation (80.8-83.4%), consistent with enrichment
of syndromic or other noninfectious presentations in this group
(Fig. S1). In the onset-based model, predicted probabilities were
highest among pediatric-onset patients presenting with immune
dysregulation only (35.6-36.5%), compared with the infection-
only (31.7-32.6%), both infection and immune dysregulation
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Table 4. Associations between age categories or CVID types and initial clinical manifestations

(A) Association between age-at-disease-onset group and initial clinical manifestations among all patients (N = 7,234)

Initial Pediatric—yes (%) Adult—yes (%)

OR(95% Cl)  Pvalue FDR-adjusted P

manifestation value

Syndromal 92 (2.2%) 19 (0.6%) 3.59 (2.17-6.25) <0.001 <0.001

Other 200 (4.8%) 115 (3.8%) 1.28 (1.01-1.64) 0.036 0.036

Infection 3,538 (84.6%) 2,518 (82.4%) 117 (1.03-133) 0.013  0.016

ImmDys 915 (21.9%) 779 (25.5%) 0.82(0.73- <0.001 <0.001
0.91)

Malignancy 53 (1.3%) 107 (3.5%) 0.35 (0.25- <0.001 <0.001
0.50)

(B) Association between current-age category and initial clinical manifestations among alive patients (N = 5,476)

Initial Pediatric—yes (%) Adult—yes (%) OR(95% CI)  Pvalue FDR-adjusted P

manifestation value

Syndromal 11 (4.4%) 45 (0.9%) 5.27 (2.43- <0.001 <0.001
10.52)

Other 25 (10.0%) 205 (3.9%) 2.71(1.68-4.22) <0.001 <0.001

Infection 200 (79.7%) 4,238 (81.1%) 0.91(0.66- 0.564  0.564 (NS)
1.28)

ImmDys 49 (19.5%) 1,240 (23.7%) 0.78 (0.55- 0.128  0.160 (NS)
1.08)

Malignancy 0 (0.0%) 114 (2.2%) 0.0 (0-0.67) 0.001  0.017

(C) Association between CVID types and initial clinical manifestations among all patients (N = 7,525)

Initial Monogenic CVID (N = 646)—yes  No known genetic defect (N = 6,879)—yes OR(95% CI) P value FDR-adjusted P

manifestation (%) (%) value

Other 56 (8.7%) 261 (3.8%) 2.41(1.75-3.27) <0.001 <0.001*

ImmDys 226 (35.0%) 1,468 (21.3%) 1.98 (1.66-2.36) <0.001 <0.001*

Malignancy 20 (3.1%) 140 (2.0%) 1.54 (0.90- 0.085  0.107 (NS)
2.49)

Syndromal 9 (1.4%) 102 (1.5%) 0.94 (0.42- 1.000  1.000 (NS)
1.87)

Infection 480 (74.3%) 5,583 (81.2%) 0.67 (0.56- <0.001 <0.001*
0.81)

Variables are presented in descending order of OR. ImmDys, immune dysregulation; FDR, false discovery rate; NS, not significant.

(31.4-32.3%), or neither manifestation (30.4-31.2%) (Fig. S2)
category.

Gene enrichment analysis and investigation of broader
genetic architecture
Among patients with an identified monogenic defect, the most
frequent affected genes were TNFRSFI3B (n = 239), NFKBI (n =
119), NFKB2 (n = 74), CTLA4 (n = 56), LRBA (n = 38), IKZFI (n = 29),
IRF2BP2 (n = 26), ICOS (n = 18), CD19 (n = 11), PTEN (n = 7), CR2/
CD21 (n = 7), TNFRSFI3C (n = 6), BACH2 (n = 5), ATP6API (n = 4),
MS4A1/CD20 (n = 3), TNFSFI2 (n = 2), CD8I (n = 1), and TRNTI (n =
1), yielding a total of 646 monogenic CVID cases (Table 1).
Exploratory gene enrichment analyses refined the age-
associated genetic signal within patients with a clinical diagno-
sis of CVID. Among genetically tested living patients, current
pediatric age was associated with enrichment of TNFRSFI3B (OR:
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3.46, 95% CI: 2.15-5.38, P,g; < 0.001), NFKBI (OR: 4.84, 95% CI:
2.69-8.30, P,g; < 0.001), NFKB2 (OR: 6.01, 95% CI: 2.94-11.49, Pyg;
< 0.001), IKZFI (OR: 6.78, 95% CI: 2.42-16.64, P,g; = 0.001),
IRF2BP2 (OR: 6.37, 95% CI: 2.07-16.63, P,g; = 0.003), and PTEN
(OR: 15.76, 95% CI: 2.30-93.76, P,q; = 0.008). When stratified by
age at disease onset, significant enrichment persisted primarily
for NFKB2 (OR: 3.18, 95% CI: 1.71-6.34, P,g; < 0.001) and emerged
for LRBA (OR: 26.52, 95% CL: 4.46-1071.50, P,g; < 0.001), sug-
gesting that these genes remained preferentially represented in
earlier onset CVID-like disease (Fig. 4).

To investigate broader genetic architecture, an exploratory
analysis incorporating variants recorded in the ESID-R “addi-
tional genes” field was performed. On this basis, a probable
monogenic defect was identified in 838 patients (11.1%) across
the cohort, whereas 83 (1.1%) and 35 (0.5%) patients harbored
variants in multiple genes suggestive of potential digenic
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Figure 3. Associations of presenting or current clinical manifestations with age or genetic background in patients with CVID. (A-D) Forest plots
illustrating associations between (A) presenting clinical phenotypes and age at disease onset; (B) presenting clinical phenotypes and genetic background; (C)
current clinical manifestations and age at disease onset; and (D) specific immune dysregulation manifestations and genetic background. Current-manifestation
analyses in panel C were restricted to reduced-denominator subsets, because the corresponding ESID-R fields were introduced only in December 2024. In the
present extraction, current-manifestation data were available for 426 patients for immune dysregulation, 467 for recurring infections, 283 for systemic in-
fections, 408 for severe atopy, and 2,465 for malignancy. Specific immune dysregulation subcategories shown in panel D were analyzed within the subset of
patients with available immune dysregulation current-manifestation data (N = 426). Severe atopy, malignancy, and recurring and systemic infections were
captured as ESID-R current-manifestation categories without standardized subfields in the dataset analyzed. Points indicate ORs, and horizontal bars indicate
95% Cls. The vertical dashed line denotes OR = 1, corresponding to no association between the compared variables. In panels, comparing age at disease onset (A
and C), ORs >1 indicate enrichment among pediatric-onset cases. In panels comparing genetic background (B and D), ORs >1 indicate enrichment among
patients with monogenic CVID. All forest plots are displayed on a logarithmic x axis. Cls, confidence intervals; CNS, central nervous system; Gl, gastrointestinal;

GLILD, granulomatous-lymphocytic interstitial lung disease.

and oligogenic/polygenic architecture, respectively. Exploratory
inspection of recurrent multigene combinations showed marked
heterogeneity, with nearly all putative digenic/oligogenic com-
binations observed in only a single patient each. The only re-
current pair was TNFRSFI3B/NFKBI, identified in four patients,
whereas the remaining digenic combinations represented iso-
lated pairs and most commonly involved TNFRSFI3B, NFKBI, or
LRBA paired with another IEI-associated gene (Table S3).
Across the cohort, among patients without an established
monogenic diagnosis, the most frequently recorded validated
additional genes included TNFRSFI3B (n = 19), NFKBI (n = 14),
LRBA (n = 12), CTLA4 (n = 8), NFKB2 (n = 8), as well as TCF3 (n =
12), PIK3CD (n = 10), NOD2 (n = 8), CR2 (n = 7), VPSI3B (n = 7), and
KMT2D (n = 7) (full list in Table S4). The first group reflects
variants recorded in genes already known to underlie monogenic
CVID-like phenotypes, whereas the latter includes genes more
typically linked to other IEI entities. Nevertheless, regarding that
these analyses relied on registry-based free-text string annota-
tions rather than systematic variant adjudication, they should be
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regarded as descriptive and hypothesis-generating rather than
equivalent to variant-level genetic classification.

Importantly, inclusion of these additional genes did not gen-
erate new robust age-specific enrichment signals, whereas the
sparsity of recurrent combinations precluded reproducible
phenotype-association analyses. Moreover, age at disease onset
was significantly lower in monogenic CVID cases (median 12 years;
IQR: 3-24.5; P = 0.003) compared with both nongenetic CVID
(median 13 years; IQR: 4-28) and probable oligogenic/polygenic
CVID cases (median 13 years, IQR: 5.7-28.4), between which no
significant difference was observed. These findings suggest that
the major age-dependent signal observed in this cohort is driven
primarily by established monogenic disease rather than by a strong
and recurrent multigene pattern detectable at the registry level.

Discussion
This large ESID-R analysis demonstrated a clear age-dependent
enrichment of established monogenic diagnoses among patients
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Figure 4. Visualization of the genetic spectrum of monogenic CVID patients and the results of the gene enrichment analysis. (A and B) Marimekko
plots illustrating the distribution of genetic defects among patients with monogenic CVID between (A) pediatric and adult patients and (B) pediatric-onset and
adult-onset cases. (C and D) Volcano plots depicting the enrichment of CVID-associated genes in (C) pediatric vs. adult patients and (D) pediatric-onset and
adult-onset cases. Regarding Marimekko plots, the width of each colored segment is proportional to the absolute number of patients carrying a defect in the
corresponding gene, while the black vertical line markers distinguish between the compared age groups. Genes outside the 10 most frequently affected genes in
the overall monogenic CVID cohort were grouped as “Other.” Regarding volcano plots, the x axis represents the log(OR) for enrichment in the pediatric or
pediatric-onset group, and the y axis represents -log10(P value). Positive log(OR) values indicate enrichment among pediatric cases. Points are colored
according to false discovery rate (FDR) significance. The vertical dashed line indicates log(OR) = 0, corresponding to no enrichment, and the horizontal
dashed line indicates the nominal significance threshold. Interactive HTML versions of the Marimekko plots are available at the following links:
(A) https://esid.org/html-pages/FigdA_Interactive_Marimekko_PrimaryGenes_CurrentAge.html; (C) https://esid.org/html-pages/Fig3C_Interactive_

Marimekko_PrimaryGenes_AgeOnset.html.

clinically labeled as CVID, particularly among children and in-
dividuals with pediatric disease onset. This pattern was consis-
tent whether patients were stratified by current age or by age at
disease onset, and it remained significant after restriction to
genetically tested individuals. Importantly, the strongest en-
richment of monogenic diagnoses was observed in the earliest
onset strata, particularly among patients with disease onset
before 4 years of age, supporting the view that early childhood
“CVID” frequently represents a genetically defined IEI present-
ing with a CVID-like phenotype rather than classical, mostly
genetically unresolved, CVID (1, 3, 8, 17, 18, 19). Notably, this is
concordant with the ESID working definition for clinical diag-
nosis of CVID (Table S1), which necessitates that the diagnosis
is established after the fourth year of life, thereby formally
acknowledging the diagnostic instability of CVID in early
childhood (4).

Accordingly, the youngest age strata require cautious inter-
pretation. In keeping with ESID and other diagnostic criteria,
CVID is generally not considered a stable diagnosis before
4 years of age, and very young children with severe or immune
dysregulation phenotypes may be preferentially reclassified
into other IEI categories after genetic testing (4). Therefore, the
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<4-year current-age subgroup should be interpreted descrip-
tively only. Importantly, disease onset before 4 years of age
should not be equated with CVID diagnosis before 4 years of
age, but indicates that symptoms later contributing to a CVID or
CVID-like registry diagnosis began in early childhood. Consis-
tent with this interpretation, a sensitivity analysis excluding
patients with clinical CVID diagnosis before 4 years showed that
pediatric-onset disease remained significantly associated with
monogenic CVID in both the whole-cohort and the genetically
tested subgroup.

This distinction matters conceptually, as CVID has long
functioned as an umbrella or provisional clinical diagnosis that
is frequently revised once a specific genetic etiology is identified
(4, 5, 20). Furthermore, in adults, CVID serves as a residual
category that remains genetically unresolved, with probable
unexplained polygenic or multifactorial disease, despite in-
creasing molecular insight, whereas in children, the CVID label
appears substantially less coherent (2, 5, 20, 21). The younger the
patient—and especially the earlier the onset—the greater the
prior probability that a CVID label is capturing the early pre-
sentation of a genetically defined IEI, especially if it presents
with immune dysregulation features, as supported by our
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analyses (8, 22, 23, 24, 25). This is clinically relevant because
the differential diagnosis of pediatric CVID-like disease is
broad, including evolving monogenic IEI, such as combined
immunodeficiencies, primary immune regulatory disorders or
syndromic IEI, and transient hypogammaglobulinemia of in-
fancy and secondary causes of hypogammaglobulinemia, par-
ticularly those related to B cell-depleting medications (1). Our
findings support viewing “pediatric CVID” less as a clearly
delimited disease entity and more as a provisional phenotype-
based label that warrants ongoing genetic evaluation and lon-
gitudinal reassessment. This view aligns with current literature
highlighting the diagnosis of CVID in childhood is inherently
challenging due to developmental immunological immaturity,
overlap with other IEIs, and the increasing recognition of mon-
ogenic immunological defects (3, 12, 26).

The clinical phenotype data add nuance to this interpretation.
In our cohort, monogenic CVID was significantly associated with
immune dysregulation at presentation, whereas the genetically
unresolved group more often retained the classic infection-
predominant profile. These findings are consistent with
previous studies demonstrating that immune dysregulation—
including autoimmunity and lymphoproliferation—is a hall-
mark feature of many genetically defined IEIs (22, 27, 28, 29).
However, immune dysregulation itself was not enriched among
pediatric patients in our age-stratified analyses, being more
frequent in adult-onset cases. This inconsistency could be at-
tributed to ascertainment and classification bias: children pre-
senting with early-onset immune dysregulation may be more
likely to undergo genetic testing and, once a causal defect is
identified, to be reclassified into another IEI category rather than
to remain captured within the CVID dataset (25, 30, 31). This may
explain the reduced representation of immune dysregulation
phenotypes within the pediatric CVID subgroup that remained
available for analysis. Moreover, the lack of association between
monogenic CVID and immune dysregulation features during
follow-up may be attributed to limited registry completeness of
the “current manifestations” fields that were introduced only in
December 2024.

Gene enrichment analyses further refined the age-dependent
genetic architecture of CVID, demonstrating that the pediatric
signal was mainly driven by monogenic defects, rather than by
an emerging multigenic signature. Several genes, including
TNFRSFI3B, NFKBI, NFKB2, IKZF1, IRF2BP2, and PTEN, were
enriched in the pediatric CVID subgroup, whereas in the onset-
based analysis, the most consistent associations with pediatric-
onset emerged primarily for NFKB2 and LRBA, both of which are
strongly linked in the literature to early-onset disease pre-
sentations (32, 33). Many of these genes are involved in immune
regulatory pathways and lymphocyte signaling, consistent with
the immune dysregulation phenotypes observed in monogenic
CVID-like disease (3, 5). Furthermore, exploratory analyses
among CVID patients without an established monogenic diag-
nosis identified several recurrent candidate genes, including
TCF3, PIK3CD, and KMT2D, which have been associated with
immune dysregulation features in literature (34, 35, 36). How-
ever, these recurrent genes are best interpreted as biologically
plausible and need variant-level functional confirmation.
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Beyond the enrichment of established monogenic diagnoses
in CVID-like patients, our exploratory analyses suggested that a
small subset of patients may not conform to a strictly monogenic
model. Potential digenic or oligogenic/polygenic constellations
were identified in ~1.6% of the cohort based on registry-
recorded additional-gene annotations. This figure should be
interpreted as the frequency of such annotations in the ESID-R
dataset, rather than as the true prevalence of multiple rare
variants detected by genetic testing in CVID. These observations
support the concept that some patients labeled as CVID may lie
along a continuum between clearly defined monogenic IEI and
more complex multigenic immune dysregulation (1, 3, 9, 37).
However, almost all putative digenic pairs were observed only
once across the cohort, arguing against a strong and shared
multigenic architecture. Instead, these data indicate that
broader genetic contributions, where present, are likely to be
individually variable and with inconsistent genotype-phenotype
correlation. Notably, TNFRSFI3B emerged as the most frequent
recurring primary gene within putative digenic pairs, being
consistent with its reported involvement in epistatic interac-
tions (38, 39). Overall, these findings are more compatible with a
model of occasional modifier or epistatic effects superimposed
on a heterogeneous CVID genetic background than with
a reproducible multigenic architecture that explains the age-
dependent signal observed in our cohort. In this context,
multigenic inheritance may become relatively more relevant in
late-onset or adult CVID, where the burden of clearly established
monogenic disease is lower, although this remains an inference
rather than a demonstrated age-specific pattern in our data.
Accordingly, these hypothesized multigenic constellations
should be interpreted cautiously and as hypothesis-generating,
since they were derived from registry annotations rather than
systematic variant adjudication and functional confirmation.

Taken together, these findings raise an important conceptual
question: does CVID exist in children? Our data do not justify
abolishing the term outright, as not all pediatric cases with
CVID-like phenotype were attributed to an identifiable mono-
genic defect. However, they do indicate that the CVID diagnosis
should be applied with substantially greater caution in early-
onset disease, particularly in children presenting before
4 years of age or with features of immune dysregulation, in-
cluding autoimmune cytopenias or other organ-specific auto-
immunity, lymphoproliferation, enteropathy, granulomatous
disease, and rheumatological and/or autoinflammatory mani-
festations. In such settings, CVID may be better regarded as a
provisional clinical designation, pending iterative genetic in-
vestigation, and repeated clinical and immunological reevalua-
tion, rather than as a definitive endpoint diagnosis. Given that a
substantial proportion of pediatric cases represent genetically
defined IEI, the CVID label may obscure the underlying disorder
and delay appropriate genetic evaluation. Our findings therefore
support systematic genetic testing in early-onset antibody defi-
ciency and/or immune dysregulation. Although current ESID
diagnostic criteria allow the diagnosis of CVID in children, they
also emphasize exclusion of defined IEI (4). In this context, our
results suggest that age should be considered more explicitly
in future diagnostic frameworks, as pediatric cases show a
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markedly higher likelihood of underlying monogenic disease,
including many disorders or manifestations that are amenable to
targeted immune-modifying drugs (28).

This study has several limitations inherent to registry-based
analysis. Firstly, it has to be acknowledged that the ESID-R
preserved physician-entered clinical diagnoses and does not
overrule them after molecular results become available, unless
the treating physician decides to reclassify the patient (13).
Consequently, a proportion of patients harboring monogenic
defects may have remained classified as CVID, which explains
both the enrichment of LRBA mutations in pediatric-onset dis-
ease and the presence of variants in genes such as TCF3, PIK3CD,
and KMT2D, associated with other well-defined IEI Conversely,
some of the clearest monogenic pediatric cases may already have
been reclassified out of the CVID cohort before this analysis,
implying that the present cohort reflects a population already
shaped by partial genotype-driven diagnostic sorting (4). Sec-
ondly, testing and ascertainment bias must be considered, as
children with early-onset, severe, syndromal, familial, or im-
mune dysregulation phenotypes are more likely to undergo ge-
netic testing than adults with milder infection-predominant
disease, which is reflected also by our results (25). Accordingly,
whole-cohort estimates should not be interpreted as genetic
diagnostic yield, but rather as registry-level indicators of the
burden of genetically defined IEI among patients still recorded
under a clinical diagnosis of CVID. However, the persistence of
the age-dependent enrichment of monogenic disease in the ge-
netically tested subset suggests that differential testing alone
does not account for the findings. Finally, exploratory analyses
of digenic or oligogenic architecture were based on physician-
entered free-text registry annotations of gene names only rather
than systematic variant-level adjudication, CADD-score filter-
ing, raw sequencing reanalysis, or functional validation and
should therefore be interpreted as hypothesis-generating rather
than as evidence for confirmed multigenic inheritance. Variant-
level information is not systematically captured in the ESID-R, in
part due to data-protection considerations under General Data
Protection Regulation (GDPR). Therefore, additional-gene en-
tries may include variants of unknown significance, candidate
variants, potential modifier variants, or other physician-entered
genetic annotations, and should be interpreted as exploratory
registry annotations rather than evidence for established digenic
or oligogenic inheritance. Nevertheless, the large sample size
and the multicenter nature of the ESID-R provide robust real-
world evidence regarding the genetic architecture of CVID.

These limitations also point toward constructive next steps. A
structured ESID-R re-adjudication study of genotype-positive
patients still labeled clinically as CVID could help clarify
whether such cases should remain under a CVID-like designa-
tion or be reassigned to a more specific IEI category, while
preserving transparency and the clinical judgment of the treat-
ing physician. More broadly, future ESID-R and classification
frameworks may benefit from a dual-axis diagnostic classifica-
tion model, recording both a clinical and a molecular diagnosis in
parallel, even when they are not fully aligned. This strategy
may better capture the phenotypic overlap and the diagnostic
evolution that characterize IEI, particularly in childhood,

Gkantaras et al.
Does CVID exist in children?

D QD
\,3'0

where a CVID-like phenotype may precede the final molecular
diagnosis.

In conclusion, this ESID-R analysis delineates an age-
dependent map of genetic architecture and clinical manifes-
tations in CVID, demonstrating that a substantial proportion of
pediatric cases labeled as CVID likely represent genetically de-
fined IEI, especially those with the earliest onset. These findings
challenge the validity of CVID as a stable diagnostic entity in
childhood and highlight the need for systematic genetic evalu-
ation in early-onset CVID-like disease and/or immune dysre-
gulation at presentation, while recognizing that genetic testing
remains clinically relevant in adult CVID for diagnosis, prog-
nosis, family counseling, and targeted management. Future di-
agnostic or classification frameworks should incorporate age
more explicitly to better distinguish genetically defined IEI from
genetically unresolved CVID across the full age spectrum.

Materials and methods

In this retrospective study, we analyzed patients recorded in the
ESID-R under the current diagnosis of CVID as entered by the
treating physician, requiring the fulfillment of the ESID clinical
diagnostic criteria for CVID (Table S4) (4), regardless of the
presence of an identified genetic defect. Registered patients or
their parents/legal representatives provided written informed
consent. The study was conducted with approval from the ESID-
R Steering Committee and local ethics committees (on the basis
of the latest amendment from Institutional Review Board
00002556/24-334ex11/12).

Data extraction included demographic variables, current age,
age at disease onset, genetic status, and initial and current
clinical manifestations. Current-age categories were defined
using January 17, 2026, as the reference date. Genetic status
included information recorded in the ESID-R “current IEI diag-
nosis” field, as well as the additional genes section.

Monogenic CVID was defined as a current IEI diagnosis with
an underlying genetic defect associated with a CVID-like phe-
notype (ATP6API, BACH2, TNFRSFI3C/BAFFR, CDI19, MS4A1/CD20,
CR2/CD21, CD81/TAPA1, CTLA4, ICOS, IKZF1, IRF2BP2, LRBA,
MOGS, NFKBI, NFKB2, PTEN, TNFRSFI3B/TACI, TRNT1, TTC37/
SKIC3, TNFSF12/TWEAK). It should be highlighted that some of
the aforementioned genes (CTLA4, LRBA) are currently classified
in different IUIS categories, namely, among diseases of immune
dysregulation or primary immune regulatory disorders (12).
This discrepancy is attributed to the fact that, historically, the
ESID-R allowed physicians to enter a clinical diagnosis of CVID
based on clinical criteria and, subsequently, record a genetic
defect, even if the gene had been or was later assigned to a dis-
tinct IEI entity. Consequently, certain genetically defined IEIs
remain recorded under CVID in the ESID-R dataset. To preserve
the original physician-reported diagnosis and avoid retrospec-
tive system-caused reclassification, these cases were retained in
the analysis. Since the latest iteration of the ESID-R platform,
however, genetic diagnoses are prioritized and automatically
determine the diagnosis classification, but physicians may still
assign different clinical diagnoses depending on the presenting

phenotype.
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Age was analyzed using two complementary approaches: (1)
current-age category (pediatric [<18 years] vs. adult [>18 years]);
and (2) age at disease onset (pediatric-onset [<18 years] vs.
adult-onset [>18 years]). Additional stratified analyses were
performed across predefined age subgroups (<4, 4-7, 8-11, 12-17,
18-25, and >25 years of age).

Associations between age categories, genetic status, and
presenting clinical manifestations were evaluated using con-
tingency analyses, ORs, and Pearson’s x2 or Fisher’s exact test, as
appropriate. Mosaic and Marimekko plots were used to visualize
associations between age categories and monogenic CVID status,
whereas volcano plots were used to illustrate enrichment of
CVID-associated genes in pediatric versus adult cases.

To explore the potential contribution of secondary variants
and possible polygenic inheritance, a string-mining approach
was applied to the additional genes free-text field in the ESID-R
dataset. Gene names reported in these entries were extracted,
standardized, and analyzed to identify recurrent candidate
variants among patients without an established monogenic di-
agnosis. Additional genes refer to further physician-entered
genetic annotations recorded in the ESID-R, and may therefore
include variants of uncertain significance, candidate variants,
potential modifier variants, or other physician-entered genetic
annotations, as variant-level information is not systematically
captured in the ESID-R due to data-protection considerations
under GDPR.

Data cleaning and all statistical analyses were performed
using R programming language version 4.1.3 (40).
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Figure S1. Heatmap illustrating regression model-derived predicted odds of monogenic CVID across current-age strata and presenting phenotype in
ESID-R CVID patients. Panels distinguish currently pediatric patients, adults with pediatric-onset disease, and adults with adult-onset disease. The highest
predicted probabilities were observed among currently pediatric patients with neither infection nor immune dysregulation as the initial manifestation (80.8-
83.4%). Interactive HTML version of the heatmap is available at the following link: https://esid.org/html-pages/FigS1_Interactive_HeatMap_CurrentAge_
Manifestations.html.
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Figure S2. Heatmap illustrating regression model-derived predicted odds of monogenic CVID across age-at-disease-onset strata and initial man-
ifestation categories in ESID-R CVID patients. Panels distinguish pediatric-onset and adult-onset disease. Among pediatric-onset patients, predicted
probabilities were highest in those presenting with immune dysregulation only (35.6-36.5%). Interactive HTML version of the heatmap is available at the
following link: https://esid.org/html-pages/FigS2_Interactive_Interactive_HeatMap_AgeOnset_Manifestations.html.

Provided online are Table S1, Table S2, Table S3, Table S4, and Table S5. Table S1 shows ESID-R working definition for a clinical
diagnosis of CVID (modified from [4]). Table S2 shows associations between genetic testing status and (A) current-age category;
(B) age-at -disease-onset category; (C) presence of infections as initial manifestation; and (D) presence of immune dysregulation as
initial manifestation. Table S3 shows most common digenic/oligogenic pairs by primary gene in our CVID cohort. Table S4 shows
additional genes identified in patients without an established monogenic diagnosis. Table S5 lists ESID Registry Working Party
members.
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