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Key Points

e FNIP1 deficiency causes agammaglobulinemia, variable neutropenia, and hypertrophic
cardiomyopathy.
* FNIP1 deficiency alters B-cell development and metabolism.

Abstract

Agammaglobulinemia is the most profound primary antibody deficiency that can occur due to an
early termination of B-cell development. We here investigated 3 novel patients, including the first
known adult, from unrelated families with agammaglobulinemia, recurrent infections, and hyper-
trophic cardiomyopathy (HCM). Two of them also presented with intermittent or severe chronic
neutropenia. We identified homozygous or compound-heterozygous variants in the gene for folli-
culin interacting protein 1 (FNIP1), leading to loss of the FNIP1 protein. B-cell metabolism, includ-
ing mitochondrial numbers and activity and phosphatidylinositol 3-kinase/AKT pathway, was im-
paired. These defects recapitulated the Fnip1~/~ animal model. Moreover, we identified either uni-
parental disomy or copy-number variants (CNVs) in 2 patients, expanding the variant spectrum of
this novel inborn error of immunity. The results indicate that FNIP1 deficiency can be caused by
complex genetic mechanisms and support the clinical utility of exome sequencing and CNV analy-
sis in patients with broad phenotypes, including agammaglobulinemia and HCM. FNIP1 deficiency
is a novel inborn error of immunity characterized by early and severe B-cell development defect,
agammaglobulinemia, variable neutropenia, and HCM. Our findings elucidate a functional and rele-
vant role of FNIP1 in B-cell development and metabolism and potentially neutrophil activity.

Visual Abstract

Introduction

Agammaglobulinemia is the most profound primary antibody deficiency that results from early
termination of B-cell development, which leads to the absence of mature circulating B cells and
very low or absent serum immunoglobulin levels. To date, defects in BTK, IGHM, IGLL1, CD79A4,

CD79B, BLNK, and PIK3R1 have been reported to cause agammaglobulinemia.l

Disruption of folliculin interacting protein 1 (FNIP1) alters the essential metabolic regulators

AMPK and mTOR (Figure 1A), resulting in profound B-cell deficiency and decreased natural killer

(NK) T cells, hypertrophic cardiomyopathy (HCM), and pre-excitation syndrome.28
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Contemporarily, another group? clinically described 2 families with inborn FNIP1 deficiency with
hypogammaglobulinemia, intermittent neutropenia, and HCM. Here, we present functional valida-
tion of FNIP1 deficiency in 3 novel families, including the first adult case. FNIP1 deficiency results
in HCM, absent circulating B cells, agammaglobulinemia, and either severe or intermittent
neutropenia.

Study design

This study was approved by the Institutional Review Boards/Ethics Committees of Comitato Etico
Brianza (PID-GENMET; Monza, Italy) and Baylor College of Medicine (Houston, TX). All study par-
ticipants provided written informed consent.

Full methods are detailed in supplemental Materials and methods (available on the Blood Web
site).

Results and discussion

Clinical phenotype

Patient 1 (P1) was born to consanguineous parents. The parents of P2 and P3 denied consanguin-
ity (Figure 1B). Clinical manifestations started in infancy (<1 year) including severe and/or recur-
rent infections (detailed clinical histories in the supplementary data). Sinopulmonary infections
led to bronchial wall thickening (P1), extensive bronchiectasis requiring lobectomy (P2), or calcifi-
cations (P3; supplemental Figure 1). All patients had left ventricular HCM (supplemental Figure 2;
supplemental Table 1). P2 also had an interatrial communication requiring surgical correction, and
P3 had severe tricuspid valve regurgitation, severe right ventricle dilatation, and pre-excitation
syndrome. All patients had no imaging or laboratory signs of renal disease. For P1, neurological
examination showed developmental delay associated with magnetic resonance imaging abnormali-
ties (supplemental Figure 3). P3 had Crohn disease that required multiple bowel surgeries. All pa-
tients had absent circulating B cells and agammaglobulinemia (Table 1) requiring immunoglobulin
replacement therapy. Two out of 3 patients had neutropenia, either severe (P1; neutrophil count
consistently <0.5 x 10%/L) or intermittent (P3), which was confirmed outside the infectious
episodes and may have contributed to recurrent and severe infections.

FNIP1 variants in patients with agammaglobulinemia

Trio whole-exome sequencing was performed in all families. No candidates were identified within
recognized primary immunodeficiency-associated genes.1213 We identified distinct biallelic vari-
ants in FNIP1, which were not present in public databases (gnomAD, ESP, and 1000 Genomes) and
exclusive to these families in our internal databases. For P1, the homozygous

NM 133372.2:c.868C>T nonsense variant in FNIP1 is located in exon 9 and predicted to resultin a
premature stop codon (p.R290*). The variant was confirmed by Sanger sequencing, and each par-
ent was a heterozygous carrier (Figure 1B; supplemental Figure 4A). A homozygous splicing
donor variant (c.3306+1G>A; supplemental Figure 5) was identified in P2. Sanger sequencing con-
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firmed the father to be a heterozygous carrier of the variant, while it was not present in the
mother. Exome data were consistent with paternal uniparental disomy of chromosome 5 leading
to homozygosity of this variant in P2 (supplemental Materials and methods; supplemental Figure
6). For P3, whole-exome sequencing showed a maternally inherited deletion of FNIP1 exons 9 to
18 and a paternally inherited single-nucleotide variant (c.3218delT;p.L1073Wfs*32; Figure 1B).

We evaluated functional consequences of the FNIP1 variants in the blood samples. FNIP1 messen-
ger RNA levels were significantly decreased in P1, but not absent, most likely due to incomplete
nonsense-mediated decay (Figure 1C). Because FNIP1 is expressed in activated peripheral
lymphocytes,®2 to determine whether the variants altered protein stability, we examined the pres-
ence of FNIP1 protein in stimulated cultured T cells. Immunoblotting demonstrated the complete
absence of FNIP1 in all the patients (Figure 1D).

Immune-cell phenotype in FNIP1 deficiency

Analysis of the T-cell subsets showed mildly and intermittently increased CD3* in P1 and P3.
Standard lymphocyte proliferative response to specific antigens and mitogens was normal in P1
and P3 and decreased in P2 (Table 1). Using IL-2 and anti-CD28/CD3, P1 T cells showed increased
apoptosis between days 7 and 11. Apoptosis was more prominent for CD8" compared with CD4*
T cells (supplemental Figure 7). NK T cells were decreased in P1 Table 1).

Peripheral B lymphocytes were undetectable or markedly decreased in all patients Table 1). For
P1, bone marrow examination displayed delayed granulocyte maturation, with no overt arrest. B-
cell precursors did not show evidence of a maturation block, unlike classical
agammaglobulinemia,’* although a relative increase of earlier maturation stages (pro-B and pre-
B1) and a significant reduction of immature B cells were observed (Figure 1E; supplemental
Figure 8).

FNIP1 deficiency is associated with altered cell metabolism

We hypothesized that human FNIP1 deficiency may hamper B-cell metabolism similar to Fnip1-de-
ficient mice.2 € Indeed, circulating P1 B cells exhibited increased numbers of mitochondria and mi-
tochondrial activity relative to healthy control B cells (Figure 1F; supplemental Figure 9). Next, we
examined the activation of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway. We observed
constitutive hyperactivation of PI3K downstream targets in P1 B-cell progenitors relative to
healthy control B-cell precursors (Figure 1G). Specifically, p4EBP1 and pAkt473 were significantly
activated (12.46 £ 1.86 vs 4.00 + 0.53, P =.0002; 3.82 + 1.78 vs 0.97 = 0.09, P =.029). However, no
difference could be found in S6 phosphorylation (1.46 * 0.14 vs 2.70 * 0.51, P = .14). To assess the
accuracy of our approach,'> we tested NPV-BEZ 235 as a specific inhibitor of the PI3K pathway
and observed that it was able to significantly decrease p4EBP1 (mean 12.46 + 1.86 vs 2.58 + 0.32,
P =.006). These results suggest that the sensitivity to PI3K inhibition is determined by the activa-
tion of the PI3K/Akt pathway in FNIP1-deficient patients.
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Mouse Fnip1 consists of 1165 amino acids and shares 91% amino acid identity with human
FNIP1.2 Fnip1 plays a nonredundant role in early B-cell development and metabolism, skeletal
muscle fiber type specification, and cardiac function.2€ Our report confirms that the clinical and
immunological phenotypes are strikingly overlapping (ie, HCM, pre-excitation syndrome, and early
and severe B-cell defect with agammaglobulinemia). FNIP1 deficiency can be detected even in
young adults. Moreover, we identified unconventional heterogeneous genetic etiologies for FNIP1
deficiency in 2 patients, expanding the variant spectrum of this novel inborn error of immunity
(supplemental Figure 10A). In fact, only a limited number of cases of chromosome 5 uniparental
disomy have been reported.l® Our findings argue for the clinical use of exome sequencing with
copy-number variant analysis in patients with complex phenotypes. Importantly, in 1 patient, we
have provided for the first time some of the functional studies (increased number of mitochondria
and mitochondrial activity and 4EBP1 activation) that recapitulate the alterations described in
Fnip1-deficient mice.

Some aspects nonetheless remain controversial. Contradictory results concerning the activation of
the PI3K/Akt pathway have been described in Fnip1~/~ miceZ!Z (supplemental Table 2). Unlike
Fnip1-deficient mice,!” no FNIP1 patients have had overt clinical symptoms of renal disease,? but
the presence of renal cysts has not been investigated by renal biopsies. Only 1 proband has had
myopathy? (supplemental Figure 10B). Here, we report the coexistence of heart defects other
than HCM and pre-excitation syndrome in FNIP1 deficiency. Elsewhere,? patients carrying biallelic
missense variants showed milder B-cell lymphopenia, and 1 individual had only decreased im-
munoglobulin M (IgM) with normal IgG and elevated IgA levels. These elements suggest that FNIP1
deficiency could be a protean disorder resembling also common variable immunodeficiency phe-
notype. The T-cell compartment was unaffected in Fnip1~/~ mice.>Z Although patients have not
shown any clinical signs of defective T-cell function, lymphocytosis and/or defective T-cell prolifer-
ation with increased apoptosis have been found in some patients (supplemental Figure 10B).
Granulocytes are not affected in the FnipI~/~ mouse,” yet 4 patients have displayed severe or in-
termittent neutropenia, and 2 have monocytosis. This finding is reminiscent of the neutrophil sur-
vival defect seen in Bruton tyrosine kinase-associated agammaglobulinemia.l® As in other inborn
error of immunity,2>2% FNIP1 deficiency may be associated with severe or intermittent neutrope-
nia, or even episodic normal neutrophil counts. Central nervous system involvement is present in
4 out of 6 patients. These manifestations only occurred in consanguineous pedigrees and may re-
sult either from other genetic changes not yet discovered or from FNIP1 phenotypic
heterogeneity.

Collectively, we identified novel inherited FNIP1 variants causing FNIP1 deficiency, which affects B-
cell survival and metabolism recapitulating the Fnip1~/~ animal model. FNIP1 deficiency should be

considered in patients with hypo- or agammaglobulinemia, congenital heart defects, particularly
HCM, and neutropenia.

Supplementary Material

The online version of this article contains a data supplement.
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Functional studies on patients with FNIP1 deficiency. (A) Schematic illustration displaying the interaction of FNIP1 in
B cells. Positive and negative regulators of mTORC1 signaling are depicted in green and in blue, respectively. Folliculin and
Fnip1/2 have been described as both positive and negative regulators of mTORC1. (B) Pedigrees showing 3 families with af-
fected individuals harboring FNIPI variants. Solid symbols indicate affected persons who were homozygous or compound
heterozygous for the mutant alleles; half solid symbols, heterozygous persons; circles, female family members; square,
male family members; double lines, consanguinity. (C) Expression of FNIP1 messenger RNA in P1 (quantitative reverse-
transcription polymerase chain reaction analysis). Data are expressed as mean * standard deviation (2 independent experi-
ments, each performed in triplicate). Statistical analysis was performed using 1-way analysis of variance. (D) FNIP1 protein
expression in T cells. (E) Bone marrow B-cell immunophenotyping in P1 compared with a healthy control and 1 Bruton ty-
rosine kinase (BTK) patient (representative experiment). (F) Quantification of total mitochondrial abundance and mito-
chondrial activity in circulating CD19* cells isolated from an healthy control and P1 (representative experiment). AU, arbi-
trary units. (G) Evaluation of pAKT, pS6, and p4EBP1 levels in B-cell bone marrow progenitors from P1 and a healthy con-
trol (2 experiments). In all graphs, **P < .01 and ***P <.001. Data are presented as means * standard deviation. AMP, adeno-

sine 5’-monophosphate; ATP, adenosine triphosphate; HC, healthy control; WT, wild type.



Table 1.

Immunological characteristics of patients with FNIP1 deficiency

Age- Age-
matched matched
normal normal Age-matc.
P1 values P2 values P3 normal v:
Age at the time of 3 9 25
evaluation, y
Coordinates (hg19) Homozygous Homozygous Compound 1309875¢&
Chr5 131042150_G>A 130987494 _C>T heterozygous
130766131_131044371
(min interval)
Variant(s) c.C868T c.3306+1G>A ex9-ex18del c.3218d
(NM _133372.2)
Protein change p-290* N/A N/A p.L1073W
CADD score 36 34 N/A 36
Hemoglobin (g/dL) 9.7 11.5-13.5 12.3 11.5-14.5 11.8 12.0-1¢
WBC (103 cells /L) 9.04 5.2-11.0 20.14 5.2-11.0 3.8 4.4-8.
Neutrophils (103 0.28" >1.5 13.29 >1.5 0.76 >1.5
cells/L)
Lymphocytes (103 4.7 2.3-5.4 3.63 2.3-5.4 2.51 1.4-3..
cells/L)
Monocytes (103 1.8f <1.0 2.62 <1.0 0.53 <1.0
cells/L)
Platelets (103 423 >100 440 >100 253 >100
cells/L)
Lymphocyte
subsets
CD3* (103 cells/L) 4.23 1.4-3.7 3.35 1.4-3.7 3.03 0.6-2..
CD3*CD4* (103 3.09 0.7-2.2 1.80 0.7-2.2 1.42 0.4-1.:
cells/L)
62.1 36.2-71.8 N/A 20.3-68.9 N/A N/A
CD45RA*CCR77CD31*

%

CADD, combined annotation dependent depletion; Chr, chromosome; Con A, concanavalin A; DC, dendritic cell; IL-2, inter-
leukin 2; N/A, not available; Term. diff., terminally differentiated; WBC, white blood cell.
TBefore G-CSF treatment.

*Before or without immunoglobulin replacement therapy.


https://www.ncbi.nlm.nih.gov/nuccore/NM_133372.2

