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Abstract: Lymphoproliferation represents a common and clinically relevant feature across many Inborn Errors of Immunity (IEIs), 
reflecting the underlying immune dysregulation that characterizes these disorders. In affected individuals, lymphoproliferation may 
manifest along a broad clinical spectrum, ranging from benign forms such as lymphadenopathy, splenomegaly, and hepatomegaly to 
malignant transformation, including lymphoma and leukemia. Multiple and heterogeneous pathogenetic mechanisms contribute to 
lymphoproliferation in IEIs; however, they can be conceptually grouped into two major categories: excessive lymphocyte activation 
and proliferation, and defective control of proliferation. The association of lymphoproliferation with autoimmune cytopenia classically 
defined the Autoimmune Lymphoproliferative Syndrome (ALPS), caused by an impairment in FAS-mediated apoptosis. However, 
a growing number of IEIs present with overlapping autoimmune lymphoproliferative phenotypes driven by diverse monogenic defects 
or, in many cases, without an identifiable genetic cause. This expanding spectrum has led to the concept of autoimmune lymphopro
liferative immunodeficiencies (ALPID), encompassing a continuum of disorders characterized by lymphoproliferation, autoimmunity 
and diverse genetic backgrounds, requiring disease-specific therapeutic approaches. This narrative review provides an overview of the 
main IEIs associated with lymphoproliferation focusing on pathogenic pathways, diagnostic evaluation and classification, and current 
and emerging targeted therapeutic approaches. 
Keywords: lymphoproliferation, IEIs, pathways, ALPS, ALPID

Introduction
Inborn Errors of Immunity (IEIs) represent a heterogeneous group of genetic disorders mainly caused by pathogenic 
germline variants affecting genes involved in immune function and regulation.1–3 IEIs specifically affect the function of 
one or various components of the human immune system and may present clinically with increased susceptibility to 
infections, autoinflammation, autoimmune disease, severe allergy and neoplasms.4,5 Although each IEI is individually 
rare, collectively their estimated prevalence reaches 1:1000 to 1:5000. To date, more than 500 different genes and up to 
20 phenocopies have been detected to cause IEIs, and heterogeneity in resulting clinical phenotypes can be seen even for 
a single gene or variant. Thus, new challenges have emerged for identifying IEIs in patients with immune dysregulation 
and for understanding the link between a specific clinical phenotype and the underlying monogenic defect (Figure 1).6–9

Lymphoproliferation in IEIs refers to persistent monoclonal, oligoclonal, or polyclonal proliferation of lymphoid 
cells.10,11 Patients with IEIs frequently experience both benign and malignant lymphoproliferation, which can present at 
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disease onset or evolve over time, often in association with autoimmunity. This has recently led to the umbrella definition 
of autoimmune lymphoproliferative immunodeficiencies (ALPID).12

In the clinical setting, lymphoproliferation in patients with IEIs may present with lymphadenopathy, splenomegaly 
(defined as a palpable spleen or volume greater than 2 SDs at abdomen ultrasound compared with age-related normal 
values), hepatomegaly (defined as a palpable liver or volume greater than 2 SDs compared with age-related normal 
values), and/or proliferation of mucosa-associated lymphoid tissue (MALT). Benign lymphoproliferation is a prominent 
feature of immune dysregulation in many IEIs and may even be a dominant clinical feature in specific IEIs, a subgroup 
referred to as primary immune regulatory disorders (PRIDs).13,14 This condition frequently coexists with autoimmune 
manifestations, with a high prevalence of autoimmune cytopenias. In particular, autoimmune cytopenias comprise 
persistent or recurrent cytopenia marked by autoantibodies affecting at least one hematopoietic cell lineage or response 
to immunosuppression.15 Autoimmune lymphoproliferative syndrome (ALPS) caused by mutations in the genes respon
sible for the extrinsic apoptotic pathway is generally considered the paradigm of inherited disease presenting with 
ALPID.16–18 The ALPID study18 recently and prospectively investigated a cohort of pediatric patients with clearly 
defined symptoms of autoimmune lymphoproliferative disease initially lacking a genetical diagnosis. By applying strict 
clinical inclusion criteria this study improves the diagnostic classification of patients with ALPID to the diagnostic 
categories of ALPS, autosomal-dominant ALPID (AD-ALPID), other IEIs with lymphoproliferation, non-IEI diagnosis, 
unresolved ALPID (ALPID-U) and insufficient genetic workup.

Figure 1 The clinical red flags of IEIs-associated lymphoproliferation. Anatomical mapping of key clinical manifestations which are indicative of lymphoproliferation in IEIs. 
Features include lymphadenopathy, hepatomegaly, infections, hypogammaglobulinemia, granulomatous lymphocytic interstitial lung disease (GLILD), autoimmune cytopenia, 
splenomegaly and enteropathy. The critical observation of these “red flags” is essential for early diagnosis and timely evaluation of IEIs. Created with BioRender.com.
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Malignant lymphoproliferation is the most common neoplasm associated with IEIs. In patients with CVID, the most 
prevalent IEI, B cell non-Hodgkin lymphoma (NHL) is among the lymphoproliferative complications. The exact 
prevalence of lymphomas in CVID remains unclear; however, from patient registries it is possible to estimate that it 
may be up to 2.9%19–21 and from single-center studies up to 9.1%22–25 and that are associated with markedly reduced 
survival.21,22,26–28

Although the pathways of lymphoproliferation in IEIs are not entirely clear, both intrinsic (such as failed apoptotic 
signaling, hyperactivation of proliferation, or defective immune checkpoint control) and extrinsic factors (such as 
Epstein-Barr virus (EBV)) are known to contribute to the development of IEIs-associated lymphoproliferation.

This review highlights the pathobiology of the most frequent IEIs-associated lymphoproliferative disorders with 
a particular focus on updated genetic defects, related pathways and associated phenotypic characteristics, laboratory and 
immunological abnormalities, diagnostic strategies and therapeutic options.

Molecular Pathways Driving Lymphoproliferation in IEIs
The homeostasis of the lymphocyte compartment relies on a dynamic balance between signals which promote prolifera
tion, differentiation and survival, and signals driving apoptosis and contraction of the immune response.29–38 The 
disruption of this tightly regulated balance, due to defective signaling or impaired apoptosis, represents a key mechanism 
underlying lymphoproliferation in IEIs.3,34,35,39–42 Several molecular pathways are critical in this pathological context, 
and genetic alterations related to them result in sustained lymphocyte accumulation, immune dysregulation, and 
increased risk of autoimmunity or malignancy (Figure 2).1,2,9,41,43

Defective Apoptotic Signaling: FAS/FASL
The FAS/FASL pathway represents a critical extrinsic apoptotic pathway,44–49 essential for triggering activation-induced 
cell death (AICD),48,50 the process by which expanded T and B cell clones are eliminated after immune activation.50,51

This T cell-driven mechanism relies on cell-cell interactions, as apoptosis is initiated when FAS-expressing cells, 
primarily activated macrophages and T cells, bind to other cells expressing FASL on their surface, as in the case of 
activated T cells and NK cells.47,51–56 Following the binding of FAS by FASL, FAS undergoes trimerization. 
Consequently, the FAS-associated death domain adaptor protein (FADD) is recruited to the trimerized FAS cytoplasmic 
region, leading to the assembly of the death-inducing signaling complex (DISC) and the following activation of caspase- 
8 and −10, which initiate a cell-extrinsic apoptotic cascade, inducing activated caspase-8 release into the cytosol, thereby 
triggering apoptosis.51,57–64 This pathway is crucial not only for the termination of the immune response through the 
elimination of effector lymphocytes but also for the maintenance of peripheral self-tolerance by depleting potentially 
autoreactive clones.51,65,66

Conversely, alterations affecting FAS, FASL, or downstream caspases, impair this process, resulting in the develop
ment of ALPS, which is characterized by chronic lymphoproliferation, autoimmune cytopenias and increased risk of 
lymphoma.67

The most common genetic defects involve the FAS/TNFRSF6 gene (FAS, also reported as CD95/APO-1),45,48 where 
mutations can be germline or somatic.1,45,68,69 In particular, germline mutations (responsible for over 70% of cases) often 
act through dominant-negative effects or haploinsufficiency,44,45,68,70,71 whereas somatic mutations may confer 
a proliferative advantage to FAS-controlled T cells.45

Mutations in FASLG/TNFSF6 (FASL), FADD, CASP10 and, less frequently, in CASP81,12,68,72–75 also impair this 
apoptotic checkpoint and have been reported to cause ALPS or ALPS-like phenotypes.45,73 Notably, a significant 
proportion of patients (20–30%) meet the diagnostic criteria for ALPS in the absence of mutations in known causative 
genes (termed ALPS-U).76

Clinically, patients with ALPS typically present with signs of chronic lymphoproliferation, such as lymphadenopathy 
and/or splenomegaly, along with multi-lineage autoimmune cytopenias. Although ALPS most commonly manifests in 
early childhood, with a median age of onset around 3 years, late-onset cases in adulthood have also been documented, 
often in association with somatic mutations.77,78
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The pathognomonic laboratory hallmark of ALPS is the expansion of autoreactive double-negative T cells (DNTs; 
CD3+ TCRαβ+ CD4− CD8−). While their precise role in disease pathogenesis remains incompletely understood, it is 
noteworthy that DNTs expansion has also been observed in other autoimmune disorders, such as systemic lupus 
erythematosus (SLE).79,80

Other relevant ALPS biomarkers are the elevation of vitamin B12, IL-10, sFASL and the impairment of FAS- 
mediated apoptosis.1,68,81

Figure 2 Molecular pathways driving lymphoproliferation in IEIs. Schematic overview of the key mechanisms underlying pathological lymphoproliferation in inborn errors of 
immunity. Each panel reports each single involved molecular pathway and the related biological implication in disease in bold text. From left to right: defective FAS-mediated 
apoptosis, dysregulated proliferative pathways (JAK/STAT, PI3Kδ, TACI, ADA2, NF-κB, CD25, CD122) cause aberrant lymphocyte proliferation, survival and activation. 
Other contributing factors include genetic defects leading to EBV driven proliferation and genomic instability affecting immune surveillance. Upward (↑), and diagonal (↗) 
arrows indicate an increase, downward (↓) arrows indicate a decrease. Crosses (x) denote inhibition or blockade of the corresponding pathway or process. All associated 
genes are listed above each panel. In the first three panels, from left to right, available treatment strategies are reported with representative symbols and related names in 
bold text. Created with BioRender.com.
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These biomarkers, in conjunction with the percentage of DNTs and the patient’s clinical features, are part of the latest 
ESID diagnostic criteria for ALPS (Table 1).82 Interestingly, a similar ALPS phenotype can also be observed in the case 
of RAS-associated autoimmune leukoproliferative disease (RALD), driven by mutations harbored in NRAS or KRAS 
genes.1,13,83

Beyond the apoptotic function, it is important to note that FAS signals can also activate non-apoptotic pathways such 
as NF-kB, MAPK and PI3K/AKT/mTOR, which regulate immune responses and promote proliferation, survival and cell 
migration. Dysregulation of these pathways may further amplify immune activation and contribute to lymphoid 
malignancies.12,47

Indeed, patients with ALPS face a significantly elevated risk of developing lymphoma. Specifically, the relative risk 
for Hodgkin lymphoma is up to 40-fold higher than that of the general population, and the cumulative incidence of 
developing any type of lymphoma reaches approximately 15% by the third decade of life.143

Hyperactivated Signaling Pathways Driving Lymphoproliferation: PI3Kδ, JAK/STAT, NF- 
kB, TACI, ADA2, CD25/CD122
PI3Kδ
The phosphoinositide 3-kinase delta (PI3Kδ) pathway plays a key role in the regulation of lymphocyte activation, 
proliferation and survival.144–146 PI3Kδ is predominantly expressed in leukocytes and is activated as a downstream 
mediator of multiple receptors, including the T cell receptor (TCR), B cell receptor (BCR) and various cytokine 
receptors.144,145,147,148 Upon activation, PI3Kδ catalyzes the conversion of phosphatidylinositol-4,5-bisphosphate 
(PIP2) into phosphatidylinositol-3,4,5-trisphosphate (PIP3), a critical second messenger which triggers downstream 
signaling cascades, notably the AKT/mTOR pathway, thereby promoting metabolic fitness, cell growth and lymphocyte 
survival.149,150

Dysregulation of PI3Kδ signaling, due to genetic alterations which hyperactivate the pathway, underlies a group of 
IEIs collectively referred to as Activated PI3Kδ Syndrome (APDS).3,13,46,73 APDS results from either gain-of-function 
(GOF) mutations in PIK3CD (encoding the p110δ catalytic subunit; APDS1 phenotype) or functionally equivalent splice- 
site variants in PIK3R1 (encoding the p85ɑ regulatory subunit; APDS2 phenotype), both leading to constitutive PI3Kδ 
signalling.1,3,151,152

This persistent activation further drives the hyperactivation of downstream mTORC1, leading to excessive lympho
cyte proliferation, impaired apoptosis and accumulation of terminally differentiated senescent effector T cells, including 
the expansion of CD57+CD8+ T cells. Biologically, in T and B cells of APDS patients these effects are reflected by the 
increased phosphorylation of AKT and S6 proteins (upstream and downstream regulators of the mTORC1 complex 
respectively), highlighting the crucial role of the PI3Kδ/AKT/mTOR/S6K axis in immune cell 
homeostasis.1,12,13,73,151,152 Clinically, this translates into immune dysregulation characterized by recurrent bacterial 
and viral infections, hypogammaglobulinemia, autoimmunity and a strong predisposition to lymphoproliferation, often 
manifesting as lymphadenopathy, severe hepatosplenomegaly, and an increased risk of B cell lymphomas.1

JAK/STAT
The Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway represents a central signaling axis 
in immunity and hematopoiesis, transducing signals from cytokine receptors into transcriptional programs which control 
lymphocyte proliferation, differentiation, and survival.91,153–155 After cytokine binding, receptor-associated JAKs 
become activated through transphosphorylation, subsequently phosphorylating STAT proteins, which dimerize and 
migrate into the nucleus to regulate gene expression.153,156 Given its central role in immune homeostasis, genetic 
dysregulation in the JAK/STAT signaling pathway can trigger a spectrum of IEIs characterized by immunodeficiency, 
autoimmunity and pathological lymphoproliferation.91,92,154

In particular, GOF mutations in STAT1 result in increased phosphorylation and delayed dephosphorylation of STAT1, 
disrupting the balance of cytokine signaling. This leads to immune dysregulation with lymphoproliferation, multi-organ 
autoimmunity and heightened susceptibility to chronic mucocutaneous candidiasis, as well as recurrent viral, bacterial 
and mycobacterial infections.91,92
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Table 1 Overview on Inborn Errors of Immunity Associated with Lymphoproliferation, Aligned with IUIS 2024 Classification

Disease Gene(s) IUIS 2024 
Category

Inheritance/ 
Type of 
Genetic 
defect

Affected Pathway(s) Clinical and 
Immunological Features 
(incl. age onset)

Therapy/ 
Management

References

ALPS FAS/ 
TNFRSF6, 
FASLG/ 
TNFSF6, 
FADD, 
CASP10, 
CASP8

Diseases of immune 

dysregulation 

AD/AR, 

Germline, 
Somatic

Defective FAS-mediated 

apoptosis (AICD failure)

● Childhood onset (later 

onset cases in adulthood 

in association with 
somatic mutations)

● Chronic 

lymphadenopathy
● Splenomegaly
● Multilineage autoimmune 

cytopenias
● Lymphoid malignancies 

(especially Hodgkin 

Lymphomas)
● ↑ DNT cells; ↑ sFASL, ↑ 

IL-10, ↑ Vit. B12

Sirolimus, MMF, 

steroids

[1,9,44,45,68–81,84–86]

RALD NRAS, KRAS Phenocopies of IEIs 

associated with 

somatic mutations

Somatic GOF RAS/MAPK hyperactivation ● Childhood onset
● Splenomegaly
● Lymphadenopathy
● Autoimmune cytopenias
● Granulocytosis, 

monocytosis
● Autoantibodies
● ALPS-like

Sirolimus, steroids [1,13,83]
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APDS PIK3CD, 
PIK3R1

Predominantly 
antibody 

deficiencies

AD PI3Kδ–AKT–mTOR 
hyperactivation

● Childhood onset
● Severe bacterial 

infections
● Reduced memory B cells
● Increased transitional 

B cells
● EBV ± CMV viremia
● Lymphadenopathy
● Splenomegaly
● Autoimmunity
● Lymphoproliferation
● Lymphoma
● Developmental delay
● ↑ CD57+CD8+; ↑ pAKT/ 

pS6

Leniolisib, HSCT [1,3,13,46,73,87–90]

STAT1 GOF STAT1 Defects in intrinsic 
and innate immunity

AD, GOF STAT1 hyperphosphorylation ● Childhood-adult onset
● Lymphadenopathy
● Splenomegaly
● CMC
● Various fungal, bacterial 

and viral infections
● Autoimmunity (thyroidi

tis, diabetes, cytopenias)
● Enteropathy

JAK inhibitors [1,91,92]

STAT3 GOF STAT3 Diseases of immune 

dysregulation 

AD, GOF Constitutive STAT3 signaling ● Childhood onset
● Lymphoproliferation
● Solid organ autoimmunity
● Recurrent infections
● Enteropathy
● Splenomegaly
● ↑ DNT cells

JAK inhibitors, HSCT [1,92–98]

(Continued)
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Table 1 (Continued). 

Disease Gene(s) IUIS 2024 
Category

Inheritance/ 
Type of 
Genetic 
defect

Affected Pathway(s) Clinical and 
Immunological Features 
(incl. age onset)

Therapy/ 
Management

References

SOCS1 haploinsufficiency SOCS1 Diseases of immune 

dysregulation 

AD Loss of JAK/STAT inhibition ● Childhood-adult onset
● Lymphoproliferation
● Solid organ autoimmunity
● Recurrent infections
● Enteropathy
● Splenomegaly
● Early-onset severe multi

systemic autoimmunity
● Neutropenia
● Lymphopenia
● ITP
● AIHA
● SLE
● GN
● Hepatosplenomegaly
● Psoriasis
● Arthritis
● Thyroiditis
● Hepatitis
● Recurrent bacterial 

infections

JAK inhibitors [1,91,92]

JAK1 GOF JAK1 Diseases of immune 

dysregulation

AD, GOF Hyperactive JAK1 ● Childhood onset
● Lymphoproliferation
● Eosinophilia and eosino

philic enteritis
● Multiorgan autoimmunity
● Hepatosplenomegaly
● Poor growth
● Viral infections

JAK inhibitors [1,92,99]

https://doi.org/10.2147/IT
T.S582718                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

Im
m

unoTargets and Therapy 2026:15 
8 G

ualtiero et al                                                                                                                                                                      

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



NFKB1 deficiency NFKB1 Predominantly 
antibody 

deficiencies

AD NF-kB pathway dysregulation ● Childhood-adult onset
● COPD
● EBV proliferation
● Autoimmune cytopenias
● Alopecia
● Autoimmune thyroiditis

Anti-TNF [1,73,100,101]

TACI deficiency TNFRSF13B Predominantly 
antibody 

deficiencies

AR or AD Impaired B cell maturation 
and survival

● Adolescence-adult onset
● Splenomegaly
● Lymphadenopathy
● Malignant lymphoproli

feration (cerebral lympho

mas, low-grade B cell 

lymphomas, T cell 
lymphomas)

● GLILD
● Autoimmunity
● Hypogammaglobulinemia
● ↑ CD21low cells
● ↓ Switched memory 

B cells

Rituximab [1,18,102–111]

ADA2 deficiency 
(DADA2)

CECR1/ 
ADA2

Autoinflammatory 
disorders

AR Macrophage dysfunction ● Childhood onset
● Intermittent fevers
● Rash
● Central nervous system 

involvement
● Splenomegaly
● Lymphadenopathy
● ALPS-like phenotype 

(chronic non-malignant 

lymphoproliferation and 

autoimmune cytopenias) 

Anti-TNF [1,43,112–118]

(Continued)
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Table 1 (Continued). 

Disease Gene(s) IUIS 2024 
Category

Inheritance/ 
Type of 
Genetic 
defect

Affected Pathway(s) Clinical and 
Immunological Features 
(incl. age onset)

Therapy/ 
Management

References

CD25 deficiency IL2RA Diseases of immune 
dysregulation

AR Impaired IL-2/JAK/STAT5 
signaling 

● Early childhood onset
● Chronic 

lymphoproliferation
● Autoimmunity
● Impaired T-cell prolifera

tion in vitro
● Lymphadenopathy
● Splenomegaly
● Multiorgan lymphoid 

infiltrations

Immunosuppressants, 
HSCT

[1,43,119–122]

CD122 deficiency IL2RB Diseases of immune 

dysregulation

AR Dysfunctional IL2 receptor 

which causes disturbed IL-2/ 
IL-15 and impaired IL-2/JAK/ 

STAT5 signaling

● Early childhood onset
● Lymphoproliferation
● Lymphadenopathy
● Hepatosplenomegaly
● Autoimmune hemolytic 

anemia
● Dermatitis
● Enteropathy
● Hypergammaglobulinemia
● ↑ CD8+ T cells
● ↑ memory T cells
● ↑ NK cells
● ↓ Tregs
● Recurrent viral infections 

(EBV, CMV)

Immunosuppressants, 

HSCT

[1,43,123–125]
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CTLA- 

4 haploinsufficiency

CTLA4 Diseases of immune 

dysregulation

AD Impaired CTLA-4 inhibitory 

function 

● Childhood-adult onset
● Autoimmune cytopenias
● Enteropathy
● Interstitial lung disease
● GLILD
● Extralymphoid lymphocy

tic infiltration
● Splenomegaly
● Lymphadenopathy
● Recurrent infections
● AIHA
● ITP
● Encelophalopathy
● Type 1 diabetes

Abatacept, CTLA-4 [1,3,126–130]

LRBA deficiency LRBA Diseases of immune 

dysregulation

AR Defective CTLA-4 vesicular 

trafficking 

● Childhood onset
● ALPS-like phenotype
● Splenomegaly
● Lymphadenopathy
● Recurrent infections
● Inflammatory bowel 

disease
● Autoimmunity
● Interstitial lung disease
● GLILD
● Extralymphoid lymphocy

tic infiltration
● Splenomegaly
● Lymphadenopathy
● Recurrent infections
● AIHA
● ITP
● Encelophalopathy
● Type 1 diabetes

Abatacept, HSCT [1,3,103,126–129,131– 

135]

(Continued)
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Table 1 (Continued). 

Disease Gene(s) IUIS 2024 
Category

Inheritance/ 
Type of 
Genetic 
defect

Affected Pathway(s) Clinical and 
Immunological Features 
(incl. age onset)

Therapy/ 
Management

References

NBEAL2 deficiency NBEAL2 Diseases of immune 
dysregulation

AR Defective CTLA-4 vesicular 
trafficking 

● Childhood onset
● Gray platelet syndrome
● Splenomegaly
● Progression to 

myelofibrosis
● ALPS
● EBV reactivation
● MAS

Abatacept [1,73]

PD-1 deficiency PDCD1 Diseases of immune 

dysregulation

AR Immune checkpoint 

dysregulation

● Childhood onset
● Tuberculosis
● Autoimmunity
● Fatal pulmonary 

autoimmunity
● Hepatosplenomegaly
● Decreased proportions 

of CD56bright NK, Vδ2 

+ɣδ T and MAIT cells
● Expansion of CD4-CD8- 

DN αβ cells

Supportive [1,136]

PD-L1 deficiency CD274 Diseases of immune 

dysregulation

AR Immune checkpoint 

dysregulation

● Variable onset
● Neonatal onset autoim

munity including T1 

diabetes
● Decreased proportions 

of CD56bright NK, Vδ2 

+ɣδ T and MAIT cells

Supportive [1,137]

https://doi.org/10.2147/IT
T.S582718                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

Im
m

unoTargets and Therapy 2026:15 
12 G

ualtiero et al                                                                                                                                                                      

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



X-linked magnesium EBV 
and neoplasia (XMEN)

MAGT1 Diseases of immune 
dysregulation

XL EBV susceptibility ● Childhood onset
● EBV infection
● Lymphoma
● Viral infections
● Respiratory and GI 

infections
● Glycosylation defects

Supportive, HSCT [1,43,100,138–140]

PRKCD deficiency PRKCD Diseases of immune 

dysregulation

AR EBV susceptibility ● Childhood onset
● Recurrent infections
● EBV chronic infection
● Lymphoproliferation
● SLE-like autoimmunity 

(nephrotic and antipho

spholipid syndromes)
● Low IgG

Supportive [1,43,100,138,139]

XIAP deficiency (XLP2) XIAP Diseases of immune 
dysregulation

XL EBV and HLH susceptibility ● Childhood onset
● EBV infection
● Splenomegaly
● Lymphoproliferation
● HLH
● Colitis
● IBD
● Hepatitis
● Low iNKT cells

HSCT [1,43,100,138,139,141,142]

X-linked 
lymphorpoliferative 

syndrome (XLP1)

SH2D1A Diseases of immune 
dysregulation

XL EBV and HLH susceptibility ● Childhood onset
● EBV infection
● HLH
● Lymphoproliferation
● Aplastic Anemia
● Lymphoma
● Hypogammaglobulinemia
● Absent iNKT cells

HSCT, supportive 
care for EBV/HLH

[1,43,100,138,139,141,142]

(Continued)
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Table 1 (Continued). 

Disease Gene(s) IUIS 2024 
Category

Inheritance/ 
Type of 
Genetic 
defect

Affected Pathway(s) Clinical and 
Immunological Features 
(incl. age onset)

Therapy/ 
Management

References

RASGRP1 deficiency RASGRP1 Diseases of immune 
dysregulation

AR EBV susceptibility ● Childhood onset
● Recurrent pneumonia
● Herpesvirus infection
● EBV-associated 

lymphoma
● Decreased NK cell 

function 

HSCT [11,43,100,138,139]

CD137 deficiency (41BB) TNFRSF9 Diseases of immune 

dysregulation

AR EBV susceptibility ● Childhood onset
● EBV lymphoproliferation
● B cell lymphoma
● Chronic active EBV 

infection 

HSCT, mAbs [1,43,100,138,139]

ITK deficiency ITK Immunodeficiencies 
affecting cellular and 

humoral immunity 

AR EBV susceptibility ● Childhood onset
● EBV-associated B cell 

lymphoproliferation
● Lymphoma
● Immune dysregulation

HSCT [1,43,100,138,139]

STK4 deficiency STK4 Immunodeficiencies 

affecting cellular and 
humoral immunity 

AR EBV susceptibility ● Childhood onset
● Intermittent neutropenia
● Bacterial, viral (HPV, EBV, 

molluscum) infections
● Candidal infections
● Lymphoproliferation
● Autoimmune cytopenias
● Lymphoma
● Congenital heart disease

HSCT [1,43,100,138,139,]

Abbreviations: ALPS, autoimmune lymphoproliferative syndrome; AD, autosomal dominant; AR, autosomal recessive; AICD, activation-induced cell death; sFASL, soluble FAS ligand; ↑, increased; ↓, decreased; DNT, double-negative 
T cells; MMF, mycophenolate mofetil; GOF, gain of function; EBV, Epstein-Barr virus; CMV, cytomegalovirus; CMC, chronic mucocutaneous candidiasis; HSCT, hematopoietic stem-cell transplantation; ITP, immune thrombocytopenic 
purpura; AIHA, autoimmune hemolytic anemia; SLE, systemic lupus erythematosus; GN, glomerulonephritis; COPD, chronic obstructive pulmonary disease; GLILD, granulomatous lymphocytic interstitial lung disease; MAS, macrophage 
activating syndrome; MAIT, mucosal-associated invariant T cells; XL, X-linked; GI, gastrointestinal; HLH, hemophagocytic lymphohistiocytosis; IBD, inflammatory bowel disease; iNKT, invariant natural killer cells; mAbs, monoclonal 
antibodies; HPV, human papilloma virus.
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In a similar way, GOF mutations in STAT3 represent a well-established cause of immune dysregulation syndromes, 
promoting aberrant transcriptional activity which drives enhanced lymphoproliferation, resulting in autoimmunity, 
enteropathy, and inflammation across multiple organ systems.1,92–95 Moreover, STAT3 GOF-associated lymphoprolifera
tion leads to lymphadenopathy, splenomegaly, and elevated DNTs, as shown in cohort studies where about 73% of 
patients presented with lymphoproliferation.96–98

In addition, SOCS1 haploinsufficiency, which disrupts the negative regulation of JAK/STAT signaling, phenocopies 
STAT1 and STAT3 GOF mutations, with resulting STAT1 phosphorylation and comparable immune deregulatory 
manifestations.91,92 More rarely, GOF mutations in JAK1 have been reported as a cause of autosomal dominant immune 
dysregulation syndromes characterized by lymphoproliferation, eosinophilia, and multiorgan autoimmunity.99 Of note, 
these observations highlight how both the hyperactivation and defective regulation of the JAK/STAT signaling axis can 
converge into similar immune dysregulated phenotypes.

NF-κB
The NF-κB pathway represents a central signaling hub in immune homeostasis and its dysregulation contributes to 
a broad spectrum of IEIs.157 NF-κB activation is typically triggered by diverse stimuli, including antigen receptors, tumor 
necrosis factor (TNF) receptors, and pattern-recognition receptors (PRRs), leading to transcriptional programs that 
regulate lymphocyte survival, proliferation and inflammatory responses.157

Haploinsufficiency of NFKB1, encoding the p105 precursor of p50, is among the most frequent monogenic causes of 
CVID and is associated with EBV-driven lymphoproliferation, defective phosphorylation of p105, and reduced p50 
levels.12,100

Conversely, gain-of-function (GOF) mutations in ALPK1 drive constitutive NF-κB activation, contributing to the 
pathogenesis of the autoinflammatory disorder ROSAH syndrome (retinal dystrophy, optic nerve edema, splenomegaly, 
anhidrosis and headache).1,158

Furthermore, dominant-negative mutations in RELA, which encodes the p65 subunit of NF-κB, have been identified 
in type I interferonopathies, thereby linking NF-κB dysfunction to aberrant interferon signaling, autoimmunity, and 
systemic autoinflammation.43,159

TACI
The TNFRSF13B gene, which encodes the TACI (Transmembrane Activator and CAML Interactor) protein, is widely 
recognized as being involved in inducing lymphoproliferation in certain IEIs, particularly in CVID.102,160–162 TACI is 
expressed on the surface of B cells and regulates their function, differentiation and survival.102,160 In addition, variants in 
TNFRSF13B have been associated with the development of granulomatous lymphocytic interstitial lung disease 
(GLILD), a peculiar complication of CVID which results from dysregulated B and T cell interactions at the pulmonary 
tissue level.103,104

Germline or somatic mutations of TNFRSF13B have been reported in numerous studies in B cell lymphomas. 
Specifically, mutations in TNFRSF13B are associated with lymphoproliferation and autoimmunity in CVID 
patients.102,105,106 In an analysis of 564 patients with antibody deficiency, 8.9% (50 patients) had at least one altered 
TNFRSF13B allele, with the majority (82%) showing heterozygous mutations.102 In this cohort, the prevalence of 
lymphoproliferation was significantly higher (p < 0.001) in the heterozygous C104R group compared to patients without 
a TNFRSF13B mutation.102

Common lymphoproliferative manifestations include splenomegaly, lymphadenopathy, and tonsillar hypertrophy, 
which often require surgical intervention.12,18,73 In one study, lymphoproliferation was found in 60% (30 out of 50) of 
CVID patients with TACI mutations. In more severe cases, malignant lymphoproliferation, including cerebral lympho
mas, low-grade B cell lymphomas, and T cell lymphomas, has also been observed.1,46,107,108 It is important to note that, 
although TNFRSF13B mutations are strongly associated with hypogammaglobulinemia (p <0.001; relative risk 4.3), 
heterozygous variants can also be present in healthy individuals.102 This suggests that they may act more as “disease 
modifiers” rather than being “disease-causing” on their own,102,163 but they still predispose CVID patients to 
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autoimmunity and lymphoproliferation.105,106 The mechanisms underlying this lymphoproliferation in cases of TACI 
deficiency appear to include the loss of pro-apoptotic factors and altered terminal differentiation.45,160

ADA2
Adenosine deaminase 2 (ADA2), encoded by the CECR1 gene, represents an extracellular enzyme responsible for purine 
metabolism and immune regulation.112,113 It plays a crucial role in macrophage differentiation and in modulating 
inflammatory responses through the adenosine signaling pathway.113,164 Biallelic mutations in the CECR1 gene are at 
the basis of ADA2 deficiency (DADA2), a complex systemic autoinflammatory disorder characterized by intermittent 
fevers, rash, central nervous system involvement and vasculitis which simulates polyarteritis nodosa (PAN). Of note, 
DADA2 frequently includes lymphoproliferation with splenomegaly and lymphadenopathy in its wide and variable 
phenotype.1,43 This condition has been specifically reported to cause an ALPS-like phenotype characterized by chronic 
non-malignant lymphoproliferation and autoimmune cytopenias.114

CD25 and CD122
A central, major role in immune regulation is embodied by the IL-2 cytokine, which interacts with different binding 
affinity types of IL-2 receptors (IL2Rs) expressed on the surface of T cells and NK cells. A single unit of the IL2R α 
chain forms the low-affinity IL2R (Kd ~ 10−8 M); the intermediate-affinity (Kd ~ 10−9 M) IL2R comes from the 
combination of β and ɣ chains, while the high-affinity conformation (Kd ~ 10−11 M) comprises all α, β and ɣ chains.42,165

CD25, encoded by the IL2RA gene, represents the ɑ chain of the IL-2 receptor complex and is a critical component of 
the IL-2/JAK/STAT5 signaling pathway.119,153,166 This pathway regulates T cell proliferation, differentiation and the 
maintenance of immune tolerance through regulatory T cells (Treg).167–169

In this context, CD25 deficiency, resulting from loss-of-function (LOF) mutations in the IL2RA gene, impair high- 
affinity IL-2 signaling, resulting in defective Treg development, function and uncontrolled lymphocyte proliferation. 
Since IL-2 signaling is crucial in sustaining FOXP3 expression and stability in the Treg cell subpopulation, its alteration 
further alters their suppressive action.119,120 The consequent immune dysregulation clinically manifests as chronic 
lymphoproliferation characterised by lymphadenopathy, splenomegaly and lymphoid infiltrations of various organs.1,43

In a similar way, LOF mutations in the IL2RB gene, encoding CD122, representing the β chain of the IL-2 receptor, 
disrupt IL-2 and IL-15 signaling, causing defective Treg and NK cellular functions coupled with a comparable clinical 
phenotype of immune dysregulation supported by chronic lymphoproliferation comparable to what observed in CD25 
deficiency.42,123,124

Immune Checkpoint Defects: CTLA-4, PD-1, PD-L1
CTLA-4 (Cytotoxic T-Lymphocyte Antigen 4) represents a central immune checkpoint receptor that maintains peripheral 
tolerance by restraining excessive T cell activation.45,170,171 Following T cell receptor (TCR) engagement, CTLA-4 is 
mobilized to the cell surface, where it competes with the co-stimulatory receptor CD28 for CD80/CD86 binding on 
antigen-presenting cells.170,172 By outcompeting CD28, CTLA-4 transduces inhibitory signals that limit proliferation, 
cytokine production, and effector responses, preventing immune hyperactivation and autoimmunity.173,174 Proper CTLA- 
4 expression, recycling and vesicular trafficking are therefore essential for immune homeostasis.175,176

Haploinsufficiency of CTLA-4 and LOF in LRBA (LPS-responsive beige-like anchor protein), which is required for 
CTLA-4 vesicular trafficking and prevention of lysosomal degradation, are among the most common monogenic causes 
of ALPS-like syndromes, accounting for nearly 50% of cases.3,126,127

These conditions clinically develop into severe lymphoproliferation typically manifesting as splenomegaly and 
lymphadenopathy. Autoimmune manifestations are also observed, sometimes mimicking Evans syndrome with auto
immune hemolytic anemia (AIHA) and immune thrombocytopenic purpura (ITP), as well as multi-organ autoimmunity 
and autoinflammation including enteropathy, encephalopathy, type 1 diabetes and GLILD. Moreover, both conditions 
often present with immunodeficiency, marked by hypogammaglobulinemia and inefficient class-switching of memory 
B cells leading to increased susceptibility to infections.103,131,132,177,178 Similarly, mutations in NBEAL2, encoding 

https://doi.org/10.2147/ITT.S582718                                                                                                                                                                                                                                                                                                                                                                                                                                                                    ImmunoTargets and Therapy 2026:15 16

Gualtiero et al                                                                                                                                                                      

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



a protein involved in vesicular trafficking, have been shown to reduce CTLA-4 expression in activated conventional 
T cells, further underscoring the central role of this pathway in immune checkpoint regulation.73

The wide spectrum of immune dysregulation diseases in IEIs also includes other genes related to immune check
points, specifically PD-1 (Programmed cell Death-1) and PD-L1 (Programmed cell Death-Ligand 1). In particular, PD-1 
deficiency (PDCD1), which follows an autosomal recessive inheritance pattern, is associated with severe IEIs pheno
types, including the expansion of CD4−CD8− double-negative (DN) ɑβ cells, tuberculosis and severe autoimmunity (such 
as type 1 diabetes and fatal pulmonary autoimmunity).1,136 On the other hand, PD-L1 (CD274) hereditary deficiency, 
shows to be clinically and immunologically less severe than PD-1 deficiency.1,137

Interestingly, the therapeutic blockade of immune checkpoints, as in the case of CTLA-4, PD-1 and PD-L1 in cancer 
immunotherapy, can phenocopy several features of the reported corresponding genetic checkpoint defects. This leads to 
the development of immune-related adverse events (irAEs) which mirror monogenic immune dysregulation syndromes, 
as in IEIs. This sheds light on the molecular mechanisms of immune homeostasis balance shared in both inherited and 
pharmacologically induced checkpoint failure.179–184

Genetic Defects Predisposing to EBV-Driven Lymphoproliferation
Susceptibility to Epstein-Barr Virus (EBV) infection and the resulting lymphoproliferation can arise from genetic defects 
which impair cytotoxic lymphocyte function.43,100,138,139 Genes such as MAGT1, PRKCD, XIAP, SH2D1A, RASGRP1, 
TNFRSF9, ITK and STK4 are critical for the proliferation, survival and cytotoxic activity of CD8+T cells, NK cells and 
NKT cells.1 Mutations in these genes compromise the ability of cytotoxic lymphocytes to recognize and eliminate EBV- 
infected cells, leading to uncontrolled viral expansion and chronic immune activation. Consequently, affected individuals 
often present with EBV-driven lymphoproliferation, which may progress to severe immune dysregulation or malignancy.1

Genomic Instability and Impaired Immune Surveillance in IEIs
Lymphoproliferative disorders in patients with IEIs can arise not only from dysregulated signaling pathways, but also 
from intrinsic genomic instability and impaired immune surveillance.12,39 Defects in DNA repair mechanisms and 
genome maintenance significantly increase the risk of malignancy.35,185 For instance, patients with Nijmegen Breakage 
Syndrome (NBS) or Ataxia-Telangiectasia (AT) exhibit chromosomal instability, combined B and T cell immunodefi
ciency, and hypersensitivity to ionizing radiation, predisposing to early-onset lymphoid neoplasms.186,187 Similarly, 
Bloom Syndrome (BLM) and homozygous mutations in PMS2, which impair mismatch repair, are associated with 
increased incidence of lymphomas, leukemias, and other tumors.188

Compromised immune surveillance further reinforces this risk. IEIs patients display a major susceptibility to 
malignancies, particularly lymphoid neoplasms, which account for over 60% of cancers observed in this 
population.35,107 Multiple mechanisms underlie this predisposition, including defective tumor immunosurveillance, 
uncontrolled lymphocyte proliferation and impaired apoptosis.1

Severe Combined Immunodeficiency (SCID) exemplifies the impact of lost T- and NK cell-mediated surveillance, 
which triggers unchecked EBV-driven B-cell expansion that can progress into lymphoma.35,43 More broadly, immune 
dysregulation in IEIs increases vulnerability to viral infections, including EBV, that can drive lymphoproliferation when 
cytotoxic responses are insufficient. Defective antiviral effector functions (impaired proliferation, co-stimulation and 
pathogen clearance) underlie EBV-associated lymphoproliferative syndromes.138

X-linked lymphoproliferative syndrome type 1 (XLP-1), caused by pathogenic variants in the SH2D1A gene, 
illustrates this concept, where viral infection triggers hemophagocytic lymphohistiocytosis (HLH) due to underlying 
molecular defects.189,190 In this biological context, HLH represents a peculiar hyperinflammatory syndrome arising from 
uncontrolled activation of cytotoxic T cells and macrophages. In IEIs, HLH is typically triggered in case of EBV 
infection due to defective cytotoxic lymphocyte function (as in XLP-1) or perforin pathway defects (PRF1, UNC13D, 
STXBP2, STX11).191–196 This setting results in cytokine storms and persistent immune activation leading to tissue 
damage, cytopenias, and progressive lymphoproliferation, as a bridge linking impaired immune surveillance and 
malignancy.197
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Finally, recent studies reveal that somatic mutations are significantly enriched in IEIs-associated diffuse large B cell 
lymphomas (DLBCL) compared to sporadic DLBCL, involving genes such as BRCA2, NCOR1, KLF2, FAS, CCND3, 
and BRWD3.188 These findings indicate that both genomic instability and impaired immune surveillance converge to 
promote lymphoproliferation and malignancy in IEI.

The Diagnosis of IEIs in the Setting of Lymphoproliferation
Lymphoproliferation is a common feature of many conditions, including infections, hematological disorders, and 
rheumatological diseases. Since lymphoproliferation may itself represent the earliest sign of an underlying immune 
defect, a thorough evaluation aimed at identifying key warning signs of IEIs is essential. These include early age at onset, 
positive family history, consanguinity, failure to thrive, syndromic features, autoimmunity, autoinflammation and 
recurrent infections.18 A careful patient assessment is then required, ranging from comprehensive clinical evaluation 
to detailed lymphocyte subset analysis and genetic testing.

Recently, a step-by-step diagnostic workup has been proposed for pediatric patients with symptoms of autoimmunity 
and lymphoproliferation that should raise the suspicion for ALPID (Figure 3).73

The proposed “warning symptoms” included: (1) lymphoproliferation and autoimmune cytopenia and/or lymphoma; 
(2) lymphoproliferation and at least one additional sign of an IEI (namely: increased susceptibility to infections, 
autoimmunity other than cytopenia, malignancy, syndromic manifestations, consanguinity, family history, and laboratory 
findings suggesting an IEI); (3) bilineage autoimmune cytopenia; (4) autoimmune cytopenia and/or lymphoma and at 
least one additional sign of an IEI. These criteria were proposed for pediatric patients, who have a higher likelihood of 
receiving a genetic diagnosis, while this likelihood appears to be much lower in adults with a similar clinical phenotype. 
Nonetheless, the warning signs remain generally applicable for defining an ALPID phenotype in adult patients as well.

After warning signs recognition and clinical evaluation, the subsequent biomarker and genetic assessment should aim 
to confirm the suspicion of ALPID, ruling out non-IEI diagnosis, and to further define it as ALPS or autosomal-dominant 
ALPID (AD-ALPID), or other IEIs with lymphoproliferation. Among ALPID, ALPS is unique since it is associated with 
characteristic biomarker profile and immunophenotype. The initial evaluation should thus include the measurement of 
vitamin B12 (proposed cut-off > 1500 ng/L) and sFASL levels (>200 pg/mL), CD3+TCRαβ+CD4−CD8−double negative 
(DN) T cells (>6%) and IL-10 (>20 pg/mL). These alterations reflect impaired FAS signaling, being therefore recapi
tulated in all genetic constellations of ALPS with the only exception of the absence of sFASL in case of FASLG 
mutations.44

If biomarker profile and immunophenotype are consistent with ALPS the next step is to perform genetic testing for 
IEIs (panel based and/or clinical exome sequencing and/or targeted sequencing) and for germline variants in ALPS- 
causative genes (FAS, FASLG or FADD). If no germline variants are found while biomarker profile and immunopheno
type are consistent with ALPS, genetic testing for somatic FAS mutations by deep next-generation sequencing (NGS), 
droplet PCR or using sorted DNT cells is recommended. If no somatic variants are found, genetic testing for FAS 
deletion or duplication using CNV analysis and for deep intronic or promoter variants using long-read sequencing/whole 
genome sequencing (WGS) is recommended.

Characteristic lymph node pathologic findings in ALPS include paracortical expansion due to infiltration by poly
clonal TCRαβ+-DNT cells accompanied by follicular hyperplasia and polyclonal plasmacytosis.198 The marked TCRαβ+- 
DNT cell infiltration may result in disruption of lymph nodes architecture and possibly extend to bone marrow and 
spleen.76 In contrast to lymph node pathologic findings, bone marrow biopsies show a more heterogeneous picture. 
Although lymphocytosis is a predominant feature, patterns of lymphoid cell infiltration may vary, with formation of 
aggregates comprising T cells or B cells alone or a mixture of T and B cells. Of note DNT cells may only be detected by 
immunohistochemistry in the minority of cases.199 If biomarker profile and immunophenotype are not consistent with 
ALPS but there is a clinical decision to rule out IEIs, the next step is to perform a broader genetic testing for IEIs (panel 
based and/or clinical exome sequencing and/or targeted sequencing) in order to identify AD-ALPIDs. If no disease- 
causing mutations is identified, further investigation for somatic mutations, deletions/duplications, etc., is recommended 
to establish the diagnosis.

With the exception of ALPS, to date there are no well-recognized biomarkers for ALPID disease.73
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APDS patients frequently present increased CD57+CD8+ T cell levels together with elevated transitional B cells and 
IgM levels,73 while in STAT3 GOF disease the increase of CD57+CD8+ T cells levels is more frequently accompanied by 
increased numbers of DNT cells, and elevated CD21low B cells and reduced Treg cell levels are more common in 
CTLA-4 deficiency.73 However, the specificity of these markers is too low to guide the diagnostic work-up. Thus, in 
patients with non-ALPS ALPID, large-scale molecular genetic efforts, including trio whole exome sequencing or whole 
exome sequencing as preferred methods, are needed to establish a diagnosis (Figure 3).

Figure 3 Proposed diagnostic workflow for the evaluation of genetically defined ALPID patients with suspected lymphoproliferation. Figure reporting a stepwise guided 
approach for assessing patients with chronic lymphadenopathy, splenomegaly, autoimmune cytopenias or lymphomas. The initial stages include the testing of vitamin B12 and 
sFASL levels, immunophenotyping with DNT cell assessment and biomarker evaluation. Based on the patient’s biomarker profile, targeted genetic testing for ALPS-related 
genes (FAS, FASLG, FADD) or broader IEIs paneling is performed. The further confirmation of the presence of a FAS signaling defect supports ALPS diagnosis, followed by 
CNV analysis or long-read sequencing/WGS when necessary. Adapted from Magerus et al.73 Created with BioRender.com.
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Despite a thorough laboratory and genetic workup, a number of patients may still not reach a definite classification, 
and the classification of ALPID-U (“unresolved despite genetic analysis”) has been suggested by Hagele et al.18

Notably, and particularly in adult patients, the ALPID-U category might also include CVID patients with lympho
proliferative phenotype and without a specific genetic finding. Thus, at this point of the process, CVID diagnostic criteria 
should also be applied for classification purposes in patients with hypogammaglobulinemia. For ALPID-U patients who 
do not fulfill the CVID criteria, particularly if pediatric, an immunological follow-up should be recommended.

Treatment Strategies
The treatment of IEIs with lymphoproliferation requires a personalized approach that carefully balances the need to 
control immune dysregulation with the increased risk of infections associated with both the underlying disease and the 
use of immunosuppressants. In this context, clinical management should integrate infection-preventive measures along
side immunosuppressive regimens. These include immunoglobulin replacement therapy (IgRT), antibiotic prophylaxis 
and vaccination.200–206

Focusing on immunosuppression, recent advances in the characterization of pathogenic immune pathways have 
driven a transition from broad-spectrum immunosuppressive agents, such as corticosteroids and DMARDs, to more 
selective, pathway-specific targeted therapies.

The use of sirolimus (rapamycin), an inhibitor of the mammalian target of rapamycin (mTOR), has revolutionized the 
management of ALPS and is now considered a key steroid-sparing agent for patients requiring chronic therapy, owing to 
a better efficacy profile in comparison with mycophenolate mofetil. Indeed, by inhibiting mTOR, sirolimus reduces non- 
malignant lymphoproliferation, the inappropriate survival of autoreactive B cells and autoimmune cytopenia, effects that 
are mirrored by a reduction in DNT cells and ALPS biomarkers. Periodic monitoring of 24-hour trough levels of 
rapamycin is essential to individualize dosing, with the target nadir trough concentration typically maintained between 
7.5 and 15 ng/mL.84–86,207

Given that APDS is similarly driven by hyperactivation of mTOR signaling downstream of PI3Kδ, sirolimus has also 
demonstrated good efficacy in controlling lymphoproliferation in this disorder. However, non-lymphoproliferative 
complications such as cytopenias and enteropathy are generally less responsive to mTOR inhibition.87

Recent advances have emerged in the treatment of PI3K-related disorders with the discovery of leniolisib, 
a selective PI3Kδ inhibitor. Indeed, in a randomized, placebo-controlled Phase III trial, leniolisib was well tolerated 
and showed efficacy in reducing lymphadenopathy and restoring physiological B cell distribution by increasing the 
proportion of naïve B cells.88 Although it was a secondary outcome, cytopenias also showed a trend toward 
improvement. These results were consistent in both adolescents and adults.89 Furthermore, an interim analysis of 
the open-label extension study demonstrated sustained clinical benefits, with durable outcomes maintained for up to 
five years of follow-up.90

Moving to IEIs related to the dysregulation of JAK/STAT signaling pathway, a recent ESID/EBMT-IEWP retro
spective study showed that the treatment with JAK inhibitors, resulted in a partial or complete remission of symptoms in 
87% of STAT1 GOF and in 90% of STAT3 GOF patients. Notably, approximately 50% of STAT3 GOF patients presented 
with lymphadenopathy and/or splenomegaly, with clinical improvement observed in over 80% of these cases.92

Currently, no targeted therapies are available for the treatment of lymphoproliferation in patients with NF-κB pathway 
dysregulation. This is likely because lymphoproliferation in these disorders may result from either increased or decreased 
NF-κB activity, leading to highly variable and context-dependent mechanisms that hinder the identification of effective 
therapeutic strategies. Theoretically, anti-TNF drugs could represent a potential therapeutic strategy in cases of NF-κB 
hyperactivation by inhibiting the TNF-mediated NF-κB activation; however, its role remains to be explored.101

Given the role of B lymphocytes as key drivers of immune dysregulation in patients with CVID, rituximab is 
emerging as a potentially safe and effective therapeutic option to manage immune dysregulation manifestations, such as 
GLILD, including those with NF-κB pathway defects.101

This strategy is further supported in other CVID patients, also with TACI mutations, where it has been shown that 
BAFF-driven B cell hyperplasia is correlated with the progression of ILD.109
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In line with this, recent retrospective studies suggest that rituximab, alone or in combination therapy, may be effective 
for managing GLILD in CVID patients, even in those without a definitive genetic diagnosis. However, data on the 
durability of this response remain limited.110,111,131

Belimumab, an anti-BAFF monoclonal antibody, represents a promising therapeutic alternative due to the mentioned 
role of BAFF; however, its potential has yet to be explored.

In patients with DADA2, anti-TNF therapy has proven highly effective in treating inflammatory manifestations driven 
by cytokine overproduction, mediated through interferon and NF-κB signaling pathways. However, its effectiveness in 
managing hematological features appears limited.115–117

In the future, restoring wild-type ADA2 production through gene therapy and infusing recombinant ADA2 via 
enzyme replacement therapy are promising treatment options.118

Indeed, a recent preclinical study demonstrates that lentiviral ADA2 gene therapy restores ADA2 enzyme activity and 
cellular function in patient-derived hematopoietic stem cells, showing efficient, multilineage engraftment and a favorable 
safety profile in humanized NBSGW mice.208

Another important targeted therapeutic approach is the use of abatacept, a fusion protein that mimics endogenous 
CTLA-4 function by inhibiting CD28-mediated T cell co-stimulation. In patients with CTLA-4 or LRBA insufficiency, 
abatacept has demonstrated superior efficacy compared to traditional immunosuppressive treatment strategies in mana
ging disease manifestations over time, especially when treatment is initiated early, compared to traditional immunosup
pressants. Of note, also patients with GLILD experienced improvement of clinical symptoms, lung function and 
radiologic findings.127–129

Indeed, from an immunological perspective, treatment with abatacept has been shown to increase thymic output and 
promote the expansion of naïve T and B cells. Additionally, it reduces memory T cell subsets, decreases CD4+ T cell 
cytokine production, and lowers the levels of autoreactive B cells. Recent multi-modal transcriptomic and proteomic 
analyses have also demonstrated that abatacept reverses the abnormal upregulation of inflammatory mediators, including 
CHI3L1, CXCL13, and CSF1, in these patients.209

Ongoing studies are further characterizing the effects of CTLA-4–Ig therapy in CTLA-4 insufficiency, and the 
ABACHAI trial is expected to clarify its efficacy and durability of response.210

The use of targeted therapies for patients with lymphoproliferation related to IEIs without a specific genetic diagnosis 
can be challenging. One possible approach is to analyse the overall phenotype, focusing on the connection between 
unique manifestations and the underlying immunological background, such as lymphocyte subsets. This can provide 
insights into potential alterations in a specific immune pathway. Indeed, in CVID patients with autoimmunity, reduced 
expression of CTLA-4 and LRBA, has been observed, even without identifiable genetic mutations, that can be targeted by 
abatacept.211

Another example is the effectiveness of sirolimus in treating refractory autoimmune cytopenias in patients without 
a confirmed genetic defect in ALPS related genes.212

Despite the specificity and efficacy of these targeted therapies, none of the aforementioned agents offer a definitive 
cure, and long-term follow-up data remain limited. Therefore, Hematopoietic Stem Cell Transplantation (HSCT) should 
be considered as a potential curative option in a subset of patients, based on a thorough risk–benefit 
evaluation.121,122,125,130,133–135,140,213

Given the considerable procedure-related morbidity, HSCT should be reserved for patients in whom adequate disease 
control cannot be achieved with conventional immunosuppressive therapy. Conversely, early transplantation, performed 
prior to the onset of irreversible organ damage, is essential to maximize the likelihood of a favorable long-term 
outcome.214,215

While HSCT is generally not recommended for patients with ALPS, and only a few cases have been reported in the 
literature,216,217 more evidence is available for APDS, in which HSCT should be considered for patients presenting with 
severe clinical manifestations that show no or inadequate response to conventional therapies.218,219 Specifically, 
Dimitrova et al retrospectively analyzed 57 patients with APDS 1/2 treated with HSCT, reporting a two-year overall 
survival rate of 86%.220
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In this context, the potential role of sirolimus or leniolisib as a bridge therapy to transplantation has yet to be 
elucidated. Indeed, the use of targeted therapies as a pre-HSCT bridge to mitigate immune dysregulation has shown 
promising results in other settings. For example, in IEIs affecting the JAK/STAT signaling pathway, conditions in which 
HSCT has been associated with a high incidence of graft rejection and poor survival, with a reported overall survival of 
only 40% in patients with STAT1 GOF,221 pre-transplant use of JAK inhibitors has been shown to improve outcomes, 
with survival rates reaching up to 90%.92

Moreover, in a recent multicenter retrospective study pre-treatment with JAK inhibitors was associated with a better 
event free survival.222

To date, only a few cases of CVID patients with associated lymphoproliferation, such as GLILD, treated with HSCT 
have been reported in the literature, generally showing poor outcomes.131

This is likely due to the high burden of comorbidities and organ damage in those selected for HSCT, particularly lung 
involvement (e.g., GLILD and bronchiectasis) and hepatopathy. Supporting this, a recent multicenter IEWP study 
focusing on adolescent and adult patients with IEIs who underwent HSCT found that overall survival and event-free 
survival were lower in patients with primary antibody deficiencies. Specifically, overall survival in this group was 59%, 
compared to 68% for combined immunodeficiencies and 78% for phagocyte disorders.223

Moving to CTLA-4 or LRBA insufficiency, HSCT has been reported to be a potential curative treatment that prevents 
disease progression and mortality.133,224

In the largest published cohort to date, including 40 patients with CTLA-4 insufficiency, the 3-year overall survival 
was 76.7%, and the disease-free survival was 74.4%. As observed in other IEIs, uncontrolled disease activity prior to 
transplantation, objectively assessed using the Immune Dysregulation Disease Activity (IDDA) score, was associated 
with poorer overall and disease-related survival.224

Notably, the IDDA score takes into account the presence of autoimmune cytopenia, lymphoproliferation, and 
hepatosplenomegaly.225 Unexpectedly, pre-transplant use of abatacept was not directly associated with improved survival 
outcomes. This apparent lack of effect may be due to a small sample size, the limitations of CTLA-4–Ig in reversing 
existing organ damage and patient selection.224

Finally, in patients with XLP1 and XLP2, disorders in which target therapies are not available, HSCT represents the 
only curative option, and should be undertaken in all patients with HLH.141,142

Conclusions
Lymphoproliferation represents a “transversal” feature across IEIs, arising from distinct, sometimes undefined, genetic and 
functional backgrounds that can result in overlapping clinical features. This requires a deep integration of genetic, 
immunologic and clinical evaluations, since these apparently similar phenotypes often require different therapeutic strategies, 
ideally tailored to the underlying molecular and immunological mechanisms rather than to the clinical presentation alone. 
Recognizing the clinical phenotypes and deciphering the functional immunological background of disease, particularly in 
genetically undefined cases, is crucial to enable more precise and individualized therapeutic approaches.
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