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Abstract Common variable immunodeficiency (CVID) is the
most common adult-onset primary antibody deficiency disease
due to various causative genes. Several genes, which are
known to be the cause of different diseases, have recently been
reported as the cause of CVID in patients by performing whole
exome sequencing (WES) analysis. Here, we found FANC
gene mutations as a cause of adult-onset CVID in two patients.
B cells were absent and CD4" T cells were skewed toward
CD45RO"* memory T cells. T-cell receptor excision circles
(TRECsS) and signal joint kappa-deleting recombination exci-
sion circles (sjKRECs) were undetectable in both patients.
Both patients had no anemia, neutropenia, or thrombocytope-
nia. Using WES, we identified compound heterozygous muta-
tions of FANCE in one patient and homozygous mutation of
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FANCA in another patient. The impaired function of FANC
protein complex was confirmed by a monoubiquitination assay
and by chromosome fragility test. We then performed several
immunological evaluations including quantitative lymphocyte
analysis and TRECs/sjKRECs analysis for 32 individuals with
Fanconi anemia (FA). In total, 22 FA patients (68.8%) were
found to have immunological abnormalities, suggesting that
such immunological findings may be common in FA patients.
These data indicate that FANC mutations are involved in im-
paired lymphogenesis probably by the accumulation of DNA
replication stress, leading to CVID. It is important to diagnose
FA because it drastically changes clinical management. We
propose that FANC mutations can cause isolated immunodefi-
ciency in addition to bone marrow failure and malignancy.
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Introduction

Common variable immunodeficiency (CVID) is primarily
caused by defective development and maturation of B cells
and plasmacytes, which results in antibody deficiencies [1, 2].
T-cell abnormalities may exist and include decreases in the
cell number and/or function [3]. Although CVID is the most
common primary immunodeficiency disease (PID) associated
with hypogammaglobulinemia in adults and more than 13
causative genes were found to date, most genetic mechanisms
leading to CVID remain unknown [4]. Several causative
genes of CVID have been recently identified by whole exome
sequencing (WES), and a part of CVID has been found to be a
non-classical phenotype of other diseases [5—7].

Fanconi anemia (FA) is a congenital bone marrow failure
syndrome that exhibits malformations and malignancies due
to the defect of 19 genes [8]. FANC products are involved in
DNA repair [9]. Although FA has a wide range of symptoms,
hematological symptoms are the most common, and 80% of
patients progress to bone marrow failure by 10 years of age
[10]. Several reports are available about the immunological
status in FA patients. It has been reported that some FA pa-
tients have increased infection susceptibility, which is not ex-
plained by neutropenia alone [11].

Total absolute lymphocytes, B cells, and NK cells were
reduced and serum IgG and IgM levels were significantly
lower in FA patients than in controls [12]. Serological re-
sponse in FA mice after human papillomavirus vaccination
were significantly decreased, suggesting that a primary im-
mune dysfunction independently occurs from bone marrow
failure [13]. However, isolated immunodeficiency without he-
matological anomaly in FA has not been reported to date.

Other DNA repair disorders such as Nijmegen breakage
syndrome, Cernunnos syndrome, Bloom syndrome, ataxia tel-
angiectasia, ICF (Immunodeficiency, Centromeric instability,
and Facial anomalies) syndrome, and PMS2 deficiency are
reported to have CVID-like phenotypes or immunological ab-
errations related to the impairment of V(D)J rearrangement,
class switch recombination (CSR), or somatic hypermutations
(SHMs) [14, 15]. Here, we report the isolated immunodefi-
ciency caused by FANC mutations.

We identified two cases of adult CVID as a result of FANC
mutations using WES and confirmed the diagnosis of FA by
functional analysis. We subsequently examined immunologi-
cal aspects of 32 FA patients by quantitative lymphocyte and

T-cell receptor excision circles (TRECs)/signal joint kappa-
deleting recombination excision circles (sjKRECs) analyses.
This report is one of the largest immunological studies for FA
and the first report that identified that FANC may be the re-
sponsible gene for CVID.

Methods
Study Design

These studies were approved by the institutional review
boards of National Defense Medical College, Tokyo
Medical and Dental University, and Tokai University School
of Medicine. Informed consent was obtained according to the
Declaration of Helsinki.

Patients

Patients 1 and 2 were diagnosed with CVID. In patient 1,
TRECs and sjKRECs had been found to be undetectable in
a previous study [16]. Patient 2 who was involved in another
cohort of patients with hypogammaglobulinemia was referred
to the Department of Pediatrics in Tokyo Medical and Dental
University. Both patients fulfilled the revised clinical criteria
for CVID by the European Society for Immunodeficiency
[17].

We also included 32 clinically diagnosed FA patients con-
firmed by FANC mutation analyses, chromosome breakage
tests, and monoubiquitination assays as reported previously
[18].

Diagnosis of refractory cytopenia with multilineage dys-
plasia (RCMD), refractory anemia with excess blasts
(RAEB), and acute myeloid leukemia (AML) was based on
World Health Organization (WHO) classifications. Aplastic
anemia (AA) was defined as hypoplastic marrow with two
of the following: neutrophil count <1.5 x 10°/L, platelet count
(Plt) <100 x 10°/L, and hemoglobin level (Hb) <10 g/dL.
Pancytopenia was defined as the following: total white cell
count <4.0 x 10%/L, Plt <150 x 10°/L, and Hb <13.5 g/dL
(male) or 12.0 g/dL (female).

Lymphopenia and a decrease in B cells, T cells, and NK
cells were defined as below 5th percentile of reference values
of lymphocyte subsets in age-appropriate norms for healthy
children [19].

Whole Exome Sequencing

For the exome sequencing of patient 1, genomic DNA was
enriched for protein-coding sequences with a SureSelect
Human All Exon V5 kit 2 (Agilent Technologies, Santa
Clara, CA, USA). This was followed by massively parallel
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sequencing with the HiSeq 2000 platform with 100 bp paired-
end reads (Illumina, San Diego, CA, USA).

For the exome sequencing of patient 2, genomic DNA was
enriched for protein-coding sequences with a TruSeq Exome
Enrichment Kit (Illumina, San Diego, CA, USA). This was
followed by massively parallel sequencing with the Genome
Analyzer [Ix platform with 100 bp paired-end reads (Illumina,
San Diego, CA, USA).

Candidate germline variants were detected through our in-
house pipeline for exome-sequencing analysis with minor
modifications for the detection of germline variants. The ob-
tained sequences were aligned to the human reference genome
(hg19) with the Burrows—Wheeler Aligner. After removal of
duplicate artifacts caused by PCR, the single nucleotide vari-
ants with a detected variation frequency >0.25 and insertion—
deletions with a detected variation frequency >0.1 were called.
All candidate pathogenic variants in FA genes were verified
by PCR and Sanger sequencing.

Flow Cytometry Analysis

The mononuclear cells of patients’ peripheral blood were an-
alyzed using a FACS Calibur (Becton Dickinson, USA). We
used monoclonal antibodies as follows: anti-CD3-FITC
(clone SK7), anti-CD4-FITC/PerCP (clone SK3), anti-CDS8-
PE/PerCP (clone SK1), anti-CD16-PE (clone B73.1), anti-
CD31-PE (clone WM59), anti-CD45RA-FITC (clone L48),
and anti-CD45RO-APC (clone UCHLI1) obtained from
Becton Dickinson, USA; and anti-CD3-APC (clone
UCHT1), anti-CD19-FITC (clone J4)/APC (clone 119), and
anti-CD56-PE-CyS5 (clone N901) obtained from Becton
Coulter, USA.

Measurement of TRECs and sjKRECs Copy Numbers

TRECs and sjKRECs were analyzed using real-time PCR on
genomic DNA from whole blood samples as previously re-
ported [20, 21].

FANCD2 Monoubiquitination Assay and Chromosome
Fragility Tests in Peripheral Blood Lymphocytes

FANCD2 monoubiquitination assays were conducted using
peripheral blood lymphocytes or fibroblasts cultured for
24 h and treated with mitomycin C 0.1 pg/mL [22].

Chromosome fragility tests of lymphocytes [22] were con-
ducted using peripheral blood lymphocytes cultured for 72 h
and treated with mitomycin C 0.02 ug/mL and diepoxybutane
0.1 pug/mL. Chromosome fragility tests of fibroblasts [23]
were conducted using fibroblasts cultured for 24 h and treated
with mitomycin C 0.02 pg/mL.

@ Springer

Results
Patients

Patient 1 is a 40-year-old female who had no history of
susceptibility to infection until 39 years of age. There was
no history of immunodeficiency and consanguineous mar-
riage in the family. She had a short stature (—2.2 SD) and
three café au lait spots. She was incidentally found to
have hypogammaglobulinemia (IgG = 4.98 g/L) at
32 years of age, but immunoglobulin replacement therapy
had not been started. She had recurrent pneumonia at
39 years of age and was referred to our hospital for fur-
ther study. She had hypogammaglobulinemia (IgG,
3.65 g/L; IgA, 0.46 g/L; IgM, <0.02 g/L) without pancy-
topenia (white blood cells, 5000/uL; neutrophils, 2130/
uL; hemoglobin, 11.8 g/dL; platelets, 19.2 x 10%/uL).
Her bone marrow evaluation revealed decreased cellular-
ity without dysplasia (Table 1). While lymphocytes num-
bers were within normal range, FACS analysis revealed
that CD19* B cells were severely reduced to 0.02% of
lymphocytes. The CD4*/CD8" ratio was 1.15, but 90.1%
of CD4" T cells were skewed toward CD45RO" memory
T cells (Fig. la). All antibodies against measles, rubella,
and mumps were lower than the protective levels despite
vaccination. The copy number of TRECs, a marker for T-
cell neogenesis, was 660 copies/ug DNA at 39 years of
age, and sjKRECs, a marker for B-cell neogenesis, were
undetectable (<10? copies/iug DNA). The copy numbers
of TRECs gradually decreased and became undetectable
at 40 years of age. The patient was tentatively diagnosed
with adult onset CVID and periodic immunoglobulin re-
placement therapy was started. Development of cytopenia
has not been observed and no additional symptoms have
occurred.

Patient 2 is a 27-year-old female who was found to have
hypogammaglobulinemia when she suffered from sinusitis
at 19 years of age. Before 19 years, susceptibility to infec-
tion was not evident. There was no history of immunodefi-
ciency and consanguineous marriage in the family. She had
a short stature (=2.9 SD). She was diagnosed with CVID,
and immunoglobulin replacement therapy was started.
Epstein—Barr virus (EBV) was persistently detected at
21 years of age (EBV = 3.4 x 10* copies/iug DNA). She
was referred to our hospital at 23 years of age. Her com-
plete blood count was normal (white blood cells, 3500/uL;
neutrophils, 2240/uL; hemoglobin, 12.5 g/dL; platelets,
12.2 x 10%/uL). Her marrow evaluation revealed decreased
cellularity without dysplasia. CD19* B cells were reduced
to 0.38% of lymphocytes and CD20"CD27*IgD™ switched
memory B cells were reduced to 6% of CD20*CD27*
memory B cells. The CD4"/CDS8™ ratio was 0.47, and
91.5% of CD4™ T cells were skewed toward CD45RO”"
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Table 1  Clinical data of patients 1 and 2

Parameter Units Patient 1 (P1) Patient 2 (P2)

Age at onsets of infections Years 39 19

Age at diagnosis Years 40 26

Sex Male/female Female Female

Family history No No

Consanguineous marriage No No

Infections Recurrent pneumonia (39 years old) Sinusitis (19 years old)

Chronic Epstein—Barr virus Infection (22 years old)

Malformations Short stature (—2.2 SD) Short stature (—2.9 SD)
3 café-au-lait spots

HSCT - URBMT (23 years old)

Alive/dead Alive Alive

FANC mutation FANCE FANCA

Complete blood count

White blood cells /uL
Neutrophils /uL
Lymphocytes /uL
Monocytes /uL

Hemoglobin g/dL

Reticulocytes Yoo

Platelets x10*/uL

Immunoglobulins

1eG g/L

IeM g/L

IgA g/L

Specific antibodies

Anti-Varicella antibody (IgG
EIA)

Anti-Rubella antibody (IgG
EIA)

Anti-measles antibody (IgG
EIA)

Anti-mumps antibody (IgG
EIA)

TREC copies/ug DNA
sjKREC copies/ug DNA

G-banding (PHA stimulated)

Bone marrow examination

Nuclear cell count (NCC) x10%, puL
Megakaryocyte x10%/uL

c.419T > C (p.L140P), c.648delC (p.V216f3)

5000
2135
2280
435
11.8
10.8
19.2

3.65
0.46
<0.2

8.2

3.3 (below protective level)
8.2 (below protective level)
2.4 (below protective level)

660 (39 years old), 0 (40 years old)
0

5/25: abnormal

46,XX, del(5)(p14) (2 cells)
45,X,dic(X;11)(p21;p14) (1 cell)
47 XX, +mar (1 cell)
50,X,del(Xq22.1),+r x4 (1 cell)

1 *

0.96

<2

¢.190 191insT(p.E65RfsXS5), homo

3500
2240
945
315
12.5
17.9
12.2

6.83 (on IVIG)
<10
1.43
N.A.

13
N.A.

1.2
<2

*Peripheral blood contaminated

memory T cells (Fig. 1a). Copy numbers of TRECs and
sjKRECs were undetectable (<107 copies/iug DNA). At
23 years of age, because of chronic active Epstein—Barr
virus infection of NK cell type (EBV, 8.6 x 10* copies/ug
DNA in NK cells), she underwent human leukocyte antigen

(HLA) matched unrelated donor bone marrow transplanta-
tion after reduced-intensity conditioning with fludarabine
75 mg/m?, melphalan 100 mg/m?, and anti-thymocyte
globulin 2.5 mg/kg [24, 25]. Common Terminology
Criteria for Adverse Events (CTCAE) grade III
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Fig. 1 Evaluation of patients 1 and 2. a Flow cytometric analysis of
mononuclear cells. B cells are absent and CD4" T cells are skewed
toward CD45RO* memory T cells in both patients. b Sequencing
results of FANCE (patient 1) and FANCA (patient 2). ¢ Monoubiquitination
assay of lymphocytes from patient 1 and fibroblasts from patient 2.
FANCD2-L (ubiquitinated FANCD2) was absent in both patients even after
24-h stimulation with or without 100 ng/mL mitomycin C (MMC). d

gastrointestinal disorders emerged during the conditioning
regimen. Grade III acute graft-versus-host disease (gut
stage 3) with severe diarrhea occurred and improved after
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Chromosome fragility test of fibroblasts in patient 2. Chromosome breakage
was increased by 24-h stimulation of fibroblasts derived from FA patients
and patient 2 with MMC 0.02 pg/mL. e Chromosome fragility test of lym-
phocytes in patient 1. Chromosome breakage was analyzed by 72-h culture
of lymphocytes with MMC 0.02 pg/mL and diepoxybutane 0.1 pg/mL. The
chromosome fragility of patient 1 was similar to that of typical FA patients

the administration of prednisolone. The patient is now
4 years after bone marrow transplantation, alive, and well
with complete donor chimerism.
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Diagnosis of FA in Patients 1 and 2

We identified compound heterozygous mutations of FANCE
c.419T > C (p.L140P) and c.648delC (p.V216fs) in patient 1
and homozygous mutations of FANCA ¢.190 191insT
(p-Glu65ArgfsX5) in patient 2 using WES. No other mutations
in known causative genes for bone marrow failure syndromes
including FA, and for PIDs were found in both patients.
FANCE (patient 1) and FANCA (patient 2) mutations in the
peripheral blood, fibroblasts, and neutrophils were confirmed
by Sanger sequencing (Fig. 1b).

Karyotype analysis by G-banding with phytohemaggluti-
nin stimulation showed abnormal chromosome breakage, in-
dicating the chromosomal instability (Table 1). We performed
FANCD2 monoubiquitination assays [26] and chromosome
fragility tests [22] for peripheral blood lymphocytes in patient
1 and for fibroblasts in patient 2. Reduced FANCD2
monoubiquitination and increased chromosome fragility were
confirmed in both patients (Fig. 1c—¢). Based on these results,
we diagnosed both with FA. Our results indicated that FANC
mutations can cause isolated immunodeficiency.

Immunological Analysis of 32 FA Patients

Along with the 2 indicated cases, we analyzed immunological
aspects of 32 typical FA patients confirmed by FANC mutation
analyses, chromosome breakage tests, and monoubiquitination
assays.

Mean age + SD at examination of FA was 9.6 & 8.7 years
(range, 0.3-29 years). The causative genes were as follows:
FANCA (n = 16), FANCG (n = 11), FANCC (n = 1) FANCI
(n=1), FANCL (n=1), FANCN (n = 1), and FANCP (n = 1).
The hematological status at examination were as follows:
aplastic anemia (AA; n = 17), refractory cytopenia with
multilineage dysplasia (RCMD; n = 7), refractory anemia with
excess of blasts (RAEB; n = 4), mild anemia and mild throm-
bocytopenia (n = 2), acute myeloid leukemia (AML; n = 1),
and normal peripheral blood with solid tumor (n = 1).

Total numbers of lymphocytes, B, T, and NK cells and the
copy numbers of TRECs and sjKRECs are summarized in
Table 2. Lymphopenia was observed in five patients (34.4%).
CD19* B cells were decreased in 10 patients (55.0%), CD3* T
cells were decreased in 4 patients (20.0%), the CD4*/CD8* ratio
was inverted in 4 patients (20.0%), and CD3 " CD16*CD56" NK
cells were reduced in 10 patients (55.0%) out of 20 patients
examined with flow cytometric analyses.

TRECs and sjKRECs were measured in 28 FA patients.
TRECs were detectable in all patients. sjKRECs were unde-
tectable in five patients (17.9%), including the patient who
had a normal percentage of B cells (P13). sjKRECs of P13
were normal at 4 months of age, but were undetectable at
1.1 years of age.

Discussion

We identified FANC mutations in two adult-onset CVID pa-
tients. This is the first report to describe that FANC mutations
may cause isolated immunodeficiency without cytopenia. We
found that 22 of 32 typical FA patients (68.8%) had abnormal
lymphopoiesis. Because FANC plays important roles in hema-
topoietic stem cell differentiation [27], it is plausible that both
hematopoiesis (other than lymphopoiesis) and lymphopoiesis
are abnormal in FA.

It is currently unclear why the two patients do not have
cytopenia. However, there are at least three possible explana-
tions for this phenomenon. First, FANC mutations in these
patients were only present in lymphoid progenitor cells
(LPCs) through somatic mutations and not in other lineages.
However, these mutations were also found in the fibroblasts
and the neutrophils from the patient 1, indicating that these
diseases were not caused by somatic mosaicism of LPCs nor
reversion of mutation in neutrophils but by germline muta-
tions. Second, a genotype—phenotype correlation may exist;
however, the previously reported nonsense mutations in exon
2 of FANCA [28, 29], resembling the mutation in patient 2, is
associated with typical FA, excluding this possibility for the
patient. For patient 1, as this is the first reported patient with
hypomorphic FANCE mutation in one allele, this possibility
can be considered. Third, the defect in the lymphoid system
and in other hematopoietic systems may progress over differ-
ent time courses. It is known that abnormal hematopoiesis
(neutropenia, anemia, and thrombocytopenia) progresses with
age in FA patients [10]. Similarly, abnormal lymphopoiesis
may progress with age. In the two indicated cases, it is feasible
to assume that abnormal lymphopoiesis preceded abnormal
hematopoiesis. To clarify these possibilities, we examined
the hematologic defects of patient 1, but patient 1 did not show
anemia, neutropenia, or thrombocytopenia until the time of
this writing. Patient 2 could not be evaluated because she
was treated with stem cell transplantation. Additional studies
are underway using induced pluripotent stem cells derived
from the patient.

Our results on the FACS analysis of 32 typical FA patients
are consistent with those of previous studies that reported
reduced B and NK cells and an increased percentage of cyto-
toxic T cells in some FA patients [12, 30]. sjKRECs were
undetectable in five patients, including the patient who had a
normal percentage of B cells (P13). The patient was sjKRECs
positive at 0.3 years of age but became sjKRECs negative at
1.1 years of age. Neogenesis of B cells may be progressively
impaired; however, the patient was RCMD, and the effect of
malignancy could not be denied. sjKRECs are associated with
B-cell neogenesis [16]. FA patients with normal CD19* B-cell
counts but with undetectable sjKRECs could progress to a
deficiency of B cells with age. These findings indicate that
FANC genes may be involved in lymphopoiesis.

@ Springer



440 J Clin Immunol (2017) 37:434-444

Table 2 Immunological analysis of 32 FA patients

CD
Patie Hematologi | FAN | W |Lymphocyt|CD1|CD | 4+/ sjKR
Age at NK| TREC
nt cal stasus C |BC| es*** 9+ |3+ |CD EC
8+
) at cell cell ] copies
examina . |Mutat cells|cell copies/u
No. . examination| s/ | cells/ ul s/ /ug
tion ion [yl fs/ ul g DNA
ok ul ul DNA
mild anemia
and mild | FAN |660 146
P3 10 1740 162 1.73126 | 15600 |5970
thrombocyt| CA | O 5
openia
mild anemia
and mild | FAN [530 137
P4 13 1890 429 1.681 18 | 28200 | 3050
thrombocyt| CA | O 4
openia
Normal
peripheral | FAN |590 N. [N.A|N.
P5 1 . 530 N.A. 11900 | 6710
blood with | CN | 0 Al . A
solid tumor
FAN ]210 194
P6 1.6 AA 1970 10 1.06f 11| 2540 | 170
CG |0 1
FAN (120
pP7 2 AA 950 178 [702] 1.2 |31 | 56900 | 8320
cl |0
FAN 1490 18
P8 2 AA 3040 2116663 ]1.83 N.A. | NA
CG |0 5
FAN [770 352 95
P9 3 AA 5850 743 2.52 N.A. | NA
CG |0 8 4
FAN [520 N. [N.A|N.
P10 4 AA 3120  |N.A. 35130 | 7560
CA |O A. A.
FAN |570 N. IN.A|N.
P11 4 AA 3880 |N.A. 31100 [10760
cCc |0 A. A.
FAN 1310 N. [N.A|N.
P12 5 AA 590 N.A. 32000 | 1630
CL |0 A. A.
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Table 2

(continued)

FAN [370 N. [N.A[N.
P3| 6 AA 2550  |N.A. 90900 | 1150
cG |0 A. A.
FAN [300 N. [N.A[N.
Pi4| 6.0 AA 2130 |N.A. 37000 | 3880
cG | 0 A. A.
FAN |210
Pis| 7 AA 1320 [214|769(0.51|21| N.A. | NA
cG |0
FAN [320 203 20
Pi6| 7 AA 2620 |314 1.26 108100 [19560
cG |0 4 4
FAN |170 N. [N.A[N.
P17| 12 AA 1020 |N.A. 13900 | ©
calo A. A.
FAN [370 N. [N.A[N.
Pis| 12 AA 2780 |N.A. 99490 | 1620
calo A. A.
FAN |140
P1o| 15 AA 990 |165|767]1.12|80] N.A. | N.A
CA |0
FAN |180 11
P20| 15 AA 1220 190|834 0.6 20400 | 2590
CA |0 7
FAN [260 N. [N.A[N.
21| 16 AA 1380 |N.A. 13000 | ©
CcA |0 A. A.
FAN 210
22| 29 AA 1030 | 23 |972]0.87|16]| 6670 | 200
calo
600 N. [N.A[N.
0.3 3600 |N.A. 22630 13560
P23 FAN]| O A. A.
RCMD
* CP 440 236
1.1 o | 2550 [92 7371|123 29240 | 0
FAN 270 242
P24| 1.6 | RCMD 2570 | 39 2.86/85] 11000 |3930
CcG |0 4
FAN |550 245 42
25| 3 RCMD 4020 | 997 1.73 80920 40240
cG |0 9 6
FAN 400 153
P26| 5 RCMD 2640 1969 13(10] NA. | NA
calo 1
FAN [390 152 12
P27| 6 RCMD 3000 [1068 1 57000 [10050
CA |0 7 6
P2s| 6 RCMD | FAN [360| 2950 |145 |235]1.17]26| N.A. | N.A

@ Springer



442

J Clin Immunol (2017) 37:434-444

Table 2 (continued)
CG |0 9 6
FAN (400 N. IN.A|N
P29 12 RCMD 1800 N.A. 28700 0
CA | O A . 1A
FAN (430 146 11
P30 5 RAEB 2000 258 2.86 32200 | 6010
CA | O 6 8
FAN (450 146 27
P31 5 RAEB 2700 572 2.21 N.A. N.A
CG | O 4 3
FAN |210
P32 6 RAEB 1200 121 {6211 1.8 | 73| 47100 | 2580
CA | O
FAN [220 N. [N.A|N.
P33 16 RAEB 880 N.A. 15800 | 310
CA | O A. A.
FAN (160 N. [N.A|N.
P34 24 AML 1360 N.A. 15800 0
CA | O A. A.
120 621 10
0.51
rang 0- 10-] - - 12540-10§ O-
0.3-29 - - 530 - 5850 -
e 770 2116352 371 951 8100 40240
0 8 | 4
medi 370 146
6 - - 1985 202 1.49183 | 28700 | 2590
an 0 6
mea 371 156 15
7.9 - - 3 2179 440 3 2 3 36249 | 5839
n

*For P23, values at 0.3 years of age were used for calculation of range, median, and mean

**Diagnosis of RCMD, RAEB, and AML was based on WHO classifications. AA was defined as hypoplastic marrow with two of the following: neutrophil count
<1.5 x 10°/L, platelet count (PIt) <100 x 10°/L, and hemoglobin level (Hb) <10 g/dL. Pancytopenia was defined as the following: total white cell count <4.0 x 10%/
L, Plt <150 x 10%/L, and Hb <13.5 g/dL (male) or 12.0 g/dL (female). Lymphopenia was defined as <1000 lymphocytes/uL

4 ymphopenia and a decrease in B cells, T cells, CD4*/CD8" ratios, NK cells, and sjKRECs were shaded with gray

In our patient cohort, 88% had abnormal lymphocyte sub-
sets and 15% had undetectable sjKRECs among the AA pa-
tients, 67% had abnormal lymphocyte subsets and 40% had
undetectable sjKRECs among the RCMD patients, and 33%
had abnormal lymphocyte subsets and none had undetectable
sjKRECs among the RAEB patients. Immunological defects
in typical FA patients do not seem to progress with malignant
transformations. In addition, in the two cases of CVID pheno-
type FA, no malignant findings were observed in the bone
marrow. Thus, a decrease of TRECs and sjKRECs was not
associated with malignancy.

In patient 2, CTCAE grade III gastrointestinal disorders
emerged during the conditioning regimen, and grade III

@ Springer

acute graft-versus-host disease of the gastrointestinal tract
occurred [31]. High dose of alkylating agents, such as mel-
phalan, cause severe damage to FA patients [32, 33]. We
believe melphalan in the conditioning regimen was the main
reason for the gastrointestinal intestinal disorders. High
dose of alkylating agents may be avoided in CVID patients
with decreased TRECs or sjKRECs without known causa-
tive genes because there are possibilities of DNA repair
disorders such as FA.

It is suggested that individuals with FA have immunologi-
cal disorders, which manifest over time, and that one should
consider the diagnosis of FA in older individuals with a CVID
phenotype, especially with diminished B cells. This is
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important as this diagnosis results in dramatic changes in clin-
ical management regarding malignancy screening regimens as
well as potential transplant approaches.

CVID is a clinically heterogeneous group. Although
about 13 causative genes have been reported, the causa-
tive genes have been identified in only around 30% of the
patients [34]. There is no report so far that FANC muta-
tions cause CVID. Whole exome sequencing (WES) is an
effective tool for identifying the genetic cause for PIDs. It
has been recently revealed using WES that part of CVID
has new causative genes [7, 35]. We identified the cause
of sporadic CVID as a new phenotype of a known disease
using WES and revealed the usefulness of WES for CVID
once again.

Other bone marrow failure syndromes, such as
dyskeratosis congenita (DC), have immunological abnormal-
ities. Patients with DC frequently show lymphopenia, low B-
cell and NK-cell number, and decreased T-cell function before
other characteristic symptoms of DC develop [36]. This re-
sembles our cases of FA.

The immune system receives various genetically damaging
stresses that occur during its maturation and immune re-
sponses such as the V(D)J recombination, the immunoglobu-
lin CSR, and the generation of SHMs. Many DNA repair
disorders such as Cernunnos syndrome, Bloom syndrome
Nijmegen Breakage syndrome, ataxia telangiectasia, ICF,
and PMS2 exhibit immunodeficiency by the impairment of
V(D)J rearrangement, CSR, or SHMs [14, 15]. It has been
observed that the FA cell lines showed a several fold increase
in the frequency of aberrant rearrangements associated with
V(D)J coding joint formation [37] and that the loss of Fancc
impairs antibody-secreting cell differentiation in mice [38].
The impaired V(D)J recombination and/or CSR may account
at least in part for the immunodeficiency observed in FA
patients.

Most DNA repair disorders that cause CVID are non-
homologous end-joining disorders [14, 15]; however, we
found CVID phenotype in FA, which impairs in homologous
recombination (HR) [39]. Our findings might suggest a new
role of FANC complex and HR in lymphopoiesis.

This is the first report that describes FANC as a causative
gene for CVID. We propose here that FA should be considered
in the differential diagnosis of CVID. Treatment and manage-
ment associated with FA must be considered for these patients.
In addition, our findings expand the clinical spectrum of FA.
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