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Abstract

Immunodeficiency—Centromeric instability—Facial dysmorphism (ICF) syndrome is an inborn error of immunity character-
ized by progressive immune dysfunction and multi-organ disease usually treated with antimicrobial prophylaxis and immu-
noglobulin substitution. Allogeneic hematopoietic stem cell transplantation (HSCT) is the only curative treatment, but data
on outcome are scarce. We provide a detailed description of disease characteristics and HSCT outcome in an international
cohort of ICF syndrome patients. Eighteen patients (including all four genotypes) were enrolled. Main HSCT indications
were infections (83%), enteropathy/failure to thrive (56%), immune dysregulation (22%) and myelodysplasia/haematological
malignancy (17%). Two patients underwent pre-emptive HSCT after early diagnosis. Patients were transplanted between
2003-2021, at median age 4.3 years (range 0.5-19), after myeloablative or reduced-intensity conditioning, from matched
sibling or matched family donors, matched unrelated or mismatched donors in 39%, 50% and 12% of cases respectively.
Overall survival was 83% (all deaths occurred within the first 5 months post-HSCT; mean follow-up 54 months (range
1-185)). Acute GvHD occurred in 35% of patients, severe (grade III) in two (12%), while none developed chronic GVHD. At
latest follow-up (median 2.2 years (range 0.1-14)), complete donor chimerism was achieved in 15/17 surviving patients. All
survivors demonstrated normalized T and B cell numbers. Immunoglobulin substitution independence was achieved in all
but two patients. All survivors recovered from pre-transplant infections, enteropathy/failure to thrive and immune dysregu-
lation. All three patients transplanted at young age (<3 years), after early diagnosis, survived. The favourable clinical and
immunological HSCT outcome in this cohort of patients supports the timely use of this curative treatment in ICF syndrome.

Keywords Immunodeficiency—centromeric instability—facial dysmorphism (ICF) syndrome - Hematopoietic stem cell
transplantation - Combined immunodeficiency - Pre-emptive

Introduction

Immunodeficiency — centromeric instability — facial dys-
morphism (ICF) syndrome is a rare and heterogeneous
autosomal recessive inborn error of immunity. Pathogenic
variants in four genes have been identified to cause ICF syn-
drome: DNA methyltransferase 3B gene (DNMT3B; ICF1),

Extended author information available on the last page of the article

Zinc-finger and BTB domain-containing 24 gene (ZBTB24;
ICF2), cell division cycle associated 7 gene (CDCA7; ICF3)
and helicase lymphoid specific gene (HELLS; ICF4). The
molecular hallmark of ICF syndrome is DNA hypometh-
ylation of pericentromeric satellite repeats, resulting in
characteristic chromosomal aberrations of predominantly
chromosomes 1, 9 and 16 [1-3].

The immunodeficiency in ICF syndrome is character-
ized by recurrent infections of predominantly the airways
and gastrointestinal tract, caused by a variety of pathogens

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10875-024-01786-7&domain=pdf
http://orcid.org/0000-0001-9099-8625
http://orcid.org/0000-0001-6833-2747
http://orcid.org/0000-0001-9143-3263
http://orcid.org/0000-0002-5812-7675
http://orcid.org/0000-0002-2354-2588
http://orcid.org/0000-0002-1401-293X
http://orcid.org/0000-0002-4514-8637
http://orcid.org/0000-0002-6703-2993

182 Page20f18

Journal of Clinical Immunology (2024) 44:182

including bacteria, viruses and fungi. The immunological
hallmark of ICF syndrome is a humoral immunodeficiency:
patients almost invariably present with hypo- or agamma-
globulinemia and inadequate antibody responses to vaccines,
in the presence of normal numbers of circulating total B
cells. Reduced numbers of switched memory B cells, most
likely caused by a defect in the terminal stages of B cell
differentiation, seem responsible for this humoral immuno-
deficiency [2, 4, 5]. In addition to this humoral immunodefi-
ciency, the co-existence of an intrinsic T cell defect has been
presumed in several patients with ICF syndrome presenting
with severe viral and/or opportunistic infections (including
herpes viruses, adenovirus, Pneumocystis jirovecii and Can-
dida), manifestations of immune dysregulation (including
hepatitis, cytopenia, enteropathy, often without detectable
auto-antibodies) or (haematological) malignancy. Indeed,
immunological profiling of these patients has demonstrated
impaired T cell function including decreased T cell numbers
and/or defective lymphocyte mitogen responses that may
progress over time. These findings and the reported impact
of antimicrobial prophylaxis and immune suppression in
these patients support the existence of a combined rather
than humoral immunodeficiency in these patients with ICF
syndrome [1, 2, 6-12]. Recent studies, as reviewed by Unoki
et al. [13], have provided clues to understanding the patho-
physiology underlying the combined immunodeficiency in
ICF syndrome, including pivotal roles for ICF-related pro-
teins in non-homologous end joining during double-strand
DNA break repair, immunoglobulin class switch recom-
bination and dysregulation of immunoglobulin signaling.
However, further studies are needed to unveil the exact
mechanisms underlying combined immunodeficiency in
ICF syndrome.

IgG replacement therapy and antimicrobial prophylaxis/
therapy represent the cornerstone for treatment of patients
with humoral immunodeficiencies, and these therapies have
been applied in most patients with ICF syndrome as well.
However, a substantial number of patients with ICF syn-
drome demonstrate severe or progressive disease manifes-
tations despite these supportive therapies. Overall survival
rates of 60—84% are reported in several (older) cohorts of
predominantly non-HSCT-treated ICF patients [1, 9, 14].
While ICF syndrome represents a multisystem disease, clini-
cal deterioration or death usually result from severe infec-
tions, immune dysregulation or (haematological) malig-
nancy. To date, several case reports have been published on
allogeneic haematopoietic stem cell transplantation (HSCT)
as curative therapeutic option for severely affected ICF syn-
drome patients [2, 8, 11, 15-20]. However, a comprehensive
overview on clinical, immunological and HSCT characteris-
tics of transplanted patients is currently lacking.

In this retrospective study, we provide a detailed descrip-
tion of the disease characteristics and HSCT outcomes of an
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international cohort of 18 patients including all four geno-
types of ICF syndrome.

Methods

We performed a retrospective analysis of HSCT-treated
patients with ICF syndrome. Centers with patients were
identified through the Inborn Errors Working Party of the
European Society for Immunodeficiencies (ESID) and
European Society for Blood and Marrow Transplantation
(EBMT), the EBMT registry (study number 8427015),
published case reports and communication with expert cli-
nicians working in the field. Study approval was granted
by the scientific committee of the Inborn Errors Working
Party (IEWP) of the EBMT and the board of directors of
the Medical Ethics Committee Leiden The Hague Delft
(August 3rd, 2020; reference number G20.095). A specific
questionnaire for data collection and analysis was distrib-
uted among the participating centers. Data of all patients
registered at the EBMT office were in compliance with the
General Data Protection Regulation (GDPR 2016/679). Data
for patients previously enrolled in non-EBMT member cent-
ers were retrieved and shared in irreversibly de-identified
form after informed consent from patients and/or families
was obtained in accordance with the Declaration of Helsinki.
Data collected included clinical, genetic and immunologi-
cal characteristics before transplant; HSCT characteristics;
outcome regarding engraftment, chimerism, immunological
reconstitution and clinical status after transplant.

Analysis was performed using data collected for 18
patients from 12 centers worldwide, transplanted between
2003 and 2021. Diagnosis of ICF syndrome, including
genetic subtype, was made based on molecular genetics or
clinical characteristics in two cases (ESID Registry criteria
[21]). Limited data from nine patients have been previously
published: P1[15], P4[15], P15[15], P5[17], P2[20], P7[16],
P9[19], P13 [11] and P14[11]. In this study, detailed clinical,
immunological, HSCT and long term outcome data were
collected for all patients. Analyses were performed using
SPSS statistical software (IBM SPSS Statistics, version 29).

The conditioning regimen was categorized as myeloa-
blative and reduced intensity, in accordance with the
IEWP guidelines [22]. Based on high resolution HLA typ-
ing, donors were grouped into four categories: matched
sibling donor and matched family donor (10/10 identical
relatives), mismatched related donor (haplo-identical rela-
tive), matched unrelated (10/10 identical unrelated donor)
and mismatched unrelated (<9/10 HLA-matched unrelated
donor). Engraftment definitions were in accordance with the
EBMT handbook [23]. Acute and chronic graft-versus-host
disease (GvHD) were graded according to the modified Seat-
tle respectively the National Institute of Health criteria [24].
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Infections, immune dysregulation, malignancy and specific
organ damage were documented with respect to the affected
pathogens and/or organs involved.

Immune reconstitution was assessed at different time
points after HSCT: at 6 to 12 months, 12 to 18 months and/
or ‘at latest follow up’ (range 1-15 years). Immunophe-
notyping included absolute numbers of CD3+ T cells,
CD4 +including CD3 + CD4 + CD45RA + CCR7 + (naiv
e) T cells, CD8+T cells, CD56 + (+ CD16) NK cells and
CD19 + B cells. Immune reconstitution was defined accord-
ing to age-matched healthy control reference values [25].
Chimerism was performed as per center protocols on whole
blood, peripheral blood mononuclear cells (PBMC) or
otherwise as specified. Full donor chimerism was defined
as >90% donor cells. Information about ongoing immuno-
suppressive treatment and/or immunoglobulin substitution,
at latest follow up, was available for all patients.

Results
Patient Population and HSCT Characteristics
Patient Population

A total of 18 patients were included in this study, 16 patients
with homozygous or compound heterozygous mutations
in either DNMT3B (ICF1, n=6), ZBTB24 (ICF2; n=4),
CDCA7 (ICF3; n=4) or HELLS (ICF4; n=2) and two
patients without a genetic diagnosis (based on clinical cri-
teria (ICFX; ESID Registry criteria [21]). The median age
at onset of symptoms was 0.6 years (range 0.3—14.3 years).
Median age at (genetic) diagnosis was 2.0 years (range
0-17.2 years). Three patients (P4, P16, P18) were diagnosed
in the first months of life via positive family history. Patient
characteristics and pre-transplant disease manifestations are
summarized in Tables 1 and 2.

Pre-Transplant Disease Manifestations

Pre-transplant infections were documented in all patients and
represented the most common indication for HSCT (in 83%
of patients). Viral gastro-intestinal infections, airway infec-
tions caused by both viral and opportunistic pathogens and
systemic infections with EBV, CMV and/or adenovirus were
most common. Two-thirds of patients (12/18) had oppor-
tunistic infections (PJP, EBV/CMV/adeno-viremia and/or
severe candidiasis) and one-third (6/18) was documented
to have pre-transplant bronchiectasis. All patients were on
immunoglobulin substitution therapy (and, for patients with
data available, serum IgG trough levels were within the nor-
mal range for age (Table 3)). Two-thirds of patients (12/18)
were on antibacterial prophylaxis, one-third (6/18) received

antifungal prophylaxis and 5/18 patients (28%) used antiviral
prophylaxis (acyclovir). Two patients (P7 and P14) received
valganciclovir to treat primary, persisting CMV infection.

In addition to infectious diarrhea, four patients (P6, P8,
P12 and P18) suffered from chronic non-infectious diarrhea/
enteropathy. Overall, diarrhea and/or failure to thrive was
documented in 13/18 (72%) patients, with need for nasogas-
tric tube or parenteral feeding in 3/18 patients. Enteropathy
was reported in 4/5 evaluable ICF1, 4/4 ICF3 and 2/2 ICF4
patients but in only 1/4 ICF2 patients. Enteropathy with or
without failure to thrive was reported the second most com-
mon indication for HSCT (in 56% of patients).

Six patients (33%) were reported to suffer from mani-
festations related to immune dysregulation: 1- to 3-lineage
cytopenia (n=3; P2, P8, P17), enteropathy/colitis (n=2; P6
and P17), hepatitis (n=3; P8, P13-14), kidney- (n=1; P13)
and/or skin (n=1; P17) disease. Of note, only one (P6) of
four patients with non-infectious diarrhea (P6, P8, P12, P18)
was categorized as ‘auto-immune enteropathy’, suggesting
an underestimation of this disease manifestation in the cur-
rent cohort. Three of six patients with immune dysregulation
were treated with immunosuppressive drugs. In four patients
(P6, P8, P13, P17; 22%), immune dysregulation was a major
indication for HSCT.

Two patients, both ICF2, presented with a hematological
malignancy: EBV-driven B cell lymphoma (P9) and diffuse
large B cell lymphoma (P10), while another ICF2 patient
(P7) presented with EBV-driven HLH. These three patients
were treated with (immuno-)chemotherapy to achieve remis-
sion before HSCT. One patient (P3, ICF1) suffered from
(transfusion-dependent) myelodysplasia.

Pre-Transplant Immunophenotype

Information about the pre-transplant immune parameters is
summarized in Table 3. Consistent with existing data about
humoral immunity in ICF syndrome, all patients suffered
from moderate-severe hypogammaglobulinemia in the pres-
ence of normal numbers of circulating total B cells (accord-
ing to age-adjusted reference values (Table 3)). Few patients
(4/17) had decreased B cell counts at first analysis. Except
for P18, B cell deficiency was likely secondary to myelodys-
plasia (P3), treatment of malignancy (P10) or immunosup-
pressive therapy (P17). In 3/3 patients with data available,
switched memory B cells (CD19 +IgD-IgM-CD27-) were
very low (<1%).

Total numbers of CD3+ T cells, as well as
CD3+CD4 +and CD3+CD8+T cells, were in the nor-
mal age-adjusted range for 12/16 (evaluable) patients
(Table 2). Three of four patients with reduced T cell counts
suffered from either malignancy (n=1, P10) or immune
dysregulation (n=2, P13 and P17) and two of these
patients (P10 and P17) were treated with chemotherapy

@ Springer
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Table 1 Patients’ and HSCT

. o Characteristics—pre-transplant and transplant procedure n=18
(baseline) charcteristics
Sex—rn (%)
Male 9 (50)
Female 9 (50)
Genetic subtype—n (%)
ICF1 6(33)
ICF2 4(22)
ICF3 4(22)
ICF4 2(11)
Clinical diagnosis (genetics unknown; ICEX)" 2(11)
Age (years) at first symptoms—median (range) 0,6 (0,3—14,3)
Age (years) at diagnosis—median (range) 2,0 (0—17,2)
Main problems/indication for HSCT—n (%)
(Recurrent) infections/(combined) immunodeficiency 15 (83)
Immune dysregulation 4(22)
Myelodysplasia or malignany 3(17)
Gastro-intestinal problems/failure to thrive 10 (56)
Pre-emptive 2(11)
Age (years) at HSCT—median (range) 4.3 (0.5—19)
Period of HSCT—n (%)
>2018 8 (44)
2014—2017 4(22)
<2014 6(33)
Donor type—n (%)
MSD or MFD 739
MMFD 1 (6)
MUD 9 (50)
MMUD 1 (6)
Stem cell source—n (%)
Bone marrow (unmanipulated) 10 (56)
Peripheral blood (unmanipulated) 3(17)
Peripheral blood (ex vivo manipulated)t 5(28)
Conditioning regimen—n (%)
MAC 9 (50)
RIC 9 (50)
Serotherapy—n (%) 16 (89)
ATG 8 (44)
Alemtuzumab 8 (44)
Graft versus host disease prophylaxis—n (%)
None 1(6)
CsA or tacrolimus 2 (11)
CsA or tacrolimus + MTX or MMF 14 (78)
CsA +cyclophosphamide 1(6)
Characteristics—post-transplant
Overall survival—number (%) 15 (83)
Duration (months) of follow up—mean/median (range) 51/58 (0—185)
Engraftment—n (%)* 17 (100)
Time (days) to engraftment#—median (range) 17 (10—22)
Acute graft versus host disease—n (%)*
No 11 (65)
Yes 6 (35)
*Grade I-11 4(24)
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Table 1 (continued)

Characteristics—pre-transplant and transplant procedure n=18
*Grade 111 2(12)
Chronic graft versus host disease—n (%) 0 (0)

Post-transplant complications—n (%)*

Infectious 12 (71)
*Viral (adenovirus/CMV/EBV, airway-/gastro-intestinal viruses) 11 (65)
*Bacterial 3(18)
*Fungal 1(6)
Immune dysregulation 2(12)
*Thyroid 2(12)
*Skin 1(6)
Endocrine 2 (12)
Malignant 0

Chimerism™#—n (%)*

Full donor chimerism (>90%) 15 (88)
Mixed chimerism 2(12)

Cellular immune recovery##—n (%)

Att=1 year (n=13) 10 (77)
At latest follow-up (n=14) 13 (93)
Humoral immune recovery###—n (%) 13 (87)

“clinical diagnosis based on ESID Registry criteria (Seidel et al. JACIP 2019)

*of evaluable patients (n=17)

Fex vivo manipulation: T cell receptor aff + B cell depletion

# neutrophil count> 0.5 x 10°/L

# CD4 + above age-adjusted tresholds

#

### chimerism at latest follow up

or immunosuppressants at the time of analysis. The two
patients with T cell lymphopenia without chemo- or immu-
nosuppressive therapy were both ICF3 patients, aged 5.5
(P11) and 15 years (P13). Information about pre-transplant
naive T cell numbers and/or mitogen-induced lymphocyte
proliferation was unavailable for almost all patients. Abso-
lute T cell counts did not correlate with occurrence of oppor-
tunistic infections and/or hematological malignancy. Due to
a limited number of ‘older’ patients (age> 10 years) in this
cohort, we were unable to evaluate the natural course of T
cell lymphopenia over time.

NK cell counts were in the normal range for most
(80%) patients. Two of 15 (evaluable) patients, both ICF1
(P2 and P4), had a mild reduction in NK cell counts. The
single patient with significantly reduced NK cell counts
was pan-lymphopenic due to chemotherapy for B cell
lymphoma (P10).

HSCT Characteristics

A total of 18 HSCT procedures were performed in this
cohort of 18 patients between 2003 and 2021 in 12

#10 Ig substitution at latest follow-up (n= 15 evaluable patients)

different centers (summarized in Table 4). Median age
at HSCT was 4.3 years (range 0.5 — 19 years). Donors
were MSD/MFD (n=7), MMFD (n=1), MUD (n=9) and
MMUD (n=1). The sources of stem cells for HSCT were
bone marrow (BM) or peripheral blood (PB) in n=10 and
n =238 cases, respectively. Ex vivo TCRaf/CD19 depletion
of the graft was performed in three cases with PB grafts:
one MMUD and two MUD cases. There was an equal dis-
tribution between MAC (n=9) and RIC (n=9), with a
preference for RIC in patients with pre-transplant organ
damage. Except for one MMUD TCRaf/CD19 depleted
HSCT, all patients received graft versus host disease
prophylaxis with either a single (n=2) or a combina-
tion of immunosuppressive drugs (n=15). In 16 patients
(89%), serotherapy was applied, with an equal distribution
between ATG (n=8) and alemtuzumab (n=8).

Age at transplant was remarkable high for patients with
pre-HSCT bronchiectasis (mean age 12.4 years) and for
patients transplanted for immune dysregulation (mean age
13.5 years) and hematological malignancy/HLH (mean age
13.1 years) as compared to patients with other indications
for HSCT (mean age 2.0 years).
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Table 3 Immune parameters (pre-HSCT)

UPN  Genetic subtype Immunoglobulin levels (g/L) B cell count (cells/ul) T cell count (cells/ul) NK cell count (cells/pl)
IgA IeM IgG CD19 or CD20 CD3 CD4 CD8 CD56+/-CD16

P1 ICF1 <0,07 () 0,08 () 0,8 () 725 3802 n/a n/a 138

P2 ICF1 <0,07 <0,07 () <0,30*(]) 1119 6892 3963 2809 124 ())

P3 ICF1 0,08 0,39 (1) 3,63 ()) 46 (|) 1963 1262 677 84

P4 ICF1 <0,01 (}) <0,01(}) 4,10* 502 2480 1876 837 134 (})

P5 ICF1 <0,05() <0,05() 0,52*() 1330 n/a 1840 450 208

P6 ICF1 0,27 <0,3(]) 4.86 2534 2599 1899 643 n/a

P7 ICF2 0,46 <03() 2.8() 450 3750 2010 1650 180

P8 ICF2 <0,06(]) <0,05(]) 0,38 () 1130 4640 3200 1380 n/a

P9 ICF2 0,76 0,33 (}) 5.41 735 2134 1390 713 93

P10* ICF2 0,43 () 0,17 (}) 1,41 () 33 () 410(}) 250() 150()) 23())

P11 ICF3 <0,04(]) <0,05() 15,7° 916 714 (]) 339(]) 266 230

P12 ICF3 n/a n/a n/a n/a n/a n/a n/a n/a

P13 ICF3 <0,1()) 0,05() 12,96°¢ 280 400 (}) 300() 70()) 160

P14 ICF3 <0,01 () 0,09 () 5.7 960 2260 1560 610 180

P15 ICF4 <0,2 () <02() 03() 1320 4092 3300 792 528

Pl6 ICF4 <0,3 <0,22 8,05% 240 5137 3750 1298 1977

P17¢ ICFX <0,07 () <0,05() 7,15° 20 (1) 650 (}) 530 110 (}) 140

P18 ICFX 0,01 () 0,25 () 1,11 () 122 (}) 2509 887 887 275

*maternal IgG
Sduring treatment for B cell malignancy
“with Ig substitution

dduring immunosuppressive treatment

Reference values for IgG, IgA and IgM as described by Bayram et al. Turk J Med Sci (2019) 49: 497-505. | decreased as compared to age-

matched healthy controls

Reference values for peripheral T-, B- and NK-cell counts as described by Schatorje et al. Scand J Immunol, 2012. 75(4): p. 436—44. | decreased

as compared to age-matched healthy controls

Engraftment, Chimerism and Post-Transplant
Complications

Data about engraftment, chimerism and post-HSCT com-
plications are summarized in Table 4. All evaluable patients
(P17 excluded, death before graft infusion) engrafted suc-
cessfully with a median time to engraftment of 17 days
(range 10-22 days). With a median follow-up of 2.2 years
(range 0.1-14 years), full donor chimerism (>90% donor)
was reported in all but two patients. Five patients received
additional cell therapeutic interventions: P2 received a
CD34-selected stem cell boost (at six months after HSCT)
for mixed chimerism (pre-boost: 59% (T cells) and 84%
(whole blood) donor) resulting in stable mixed chimerism at
2.5 years after HSCT (75% (T cells) and 44% (whole blood)
donor); P9 received DLI (within the first month after HSCT)
for persistent EBV- and CM V-viremia, leading to full clear-
ance; P10 received DLI (at+26 and+ 71 days after HSCT;
CD45RA-depleted T cells) for persistent adenovirus infec-
tion, but died at day + 145; P14 received virus-specific T
cells for persistent CMV and EBV infection (within the first

@ Springer

four months after transplant) and additional DLI for mixed
chimerism (80% donor, pre-DLI) at 10 months, resulting in
complete viral clearance and stable mixed chimerism (85%
donor at 3 years after HSCT); P15 received a stem cell boost
for mixed chimerism (25% donor, pre-boost) at 6 months
resulting in full donor chimerism at 14 years after HSCT.

Acute graft versus host disease (aGVHD) was docu-
mented in 6/17 (35%) evaluable patients with skin-only
grade I/I aGVHD in n=4 patients (P6, P7, P12 and P18)
and grade III (gut) aGVHD in n=2 patients (P11 and P16,
both suffering from pre-HSCT infectious diarrhea). Acute
GVHD was successfully treated in all affected patients.
There were no cases with chronic GVHD.

Infections were the most common post-HSCT com-
plication: in 11/17 patients (65%) the infections were
of viral origin and represented predominantly airway
infections, gastro-intestinal infections and/or systemic
infections with CMV/EBV/adenovirus. In 5/11 patients
(P2, P9, P11, P13, P14), these viral infections originated
pre-HSCT. Four patients demonstrated de novo post-
HSCT infections of non-viral origin: bacterial (n=3; S.
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Fig. 1 Post-HSCT overall
survival
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pneumoniae (n=1, P4) and Clostridium (n=2, P10 and
P14)) or fungal (n=1, Aspergillus (P12)). All surviv-
ing patients recovered from infections without seque-
lae, except for two patients: pneumococcal meningitis
resulted in severe hearing loss and precocious puberty in
patient P4 and moderate-severe disability resulted from
a pre-HSCT viral encephalitis in patient P14. At> 1 year
post-HSCT, anti-microbial prophylaxis was continued in
n=4 patients (P6, P8, P11, P12), all with pre-transplant
bronchiectasis.

Post-HSCT outcome of pre-existing immune dysreg-
ulation was evaluable in 5 survivors (P2, P6, P8, P13,
P14). Immune-mediated cytopenia resolved in all evalu-
able cases (P2, P8) and recovery from hepatitis was doc-
umented for 3/3 patients (P8, P13, P14), with residual
mild fibrosis without portal hypertension in P13. Data
on recovery from pre-HSCT (non-infectious) enteropa-
thy with or without failure to thrive was available for
9/13 survivors: diarrhea resolved in all patients, and 2/2
nasogastric tube and/or parenteral feeding dependent
patients (P12 and P13) were off supplemental nutrition
at latest follow-up. One patient (P11) was reported to be
on PEG-feeding despite clearing Norovirus and gaining
weight at 1 year post-HSCT. Two patients developed de
novo post-HSCT immune dysregulation: (transient) thy-
rotoxicosis in P1 and thyroiditis plus vitiligo in P4. Con-
cerning P4: although the HLA-identical sibling donor of
this patient appeared healthy at time of stem cell dona-
tion, it was (retrospectively) demonstrated that she suf-
fered from antibody-mediated (subclinical) hypothyroid-
ism at time of donation. Therefore, P4 was diagnosed with
donor-derived auto-immunity. At latest follow-up, none of
the patients were on immunosuppressive drugs.

50,00 100,00 150,00 200,00

Duration of post-transplant follow-up (in months)

Survival Analysis

The mean follow-up after transplant was 51 months (range
0-185 months, median 58 months; Table 4). Overall survival
was 83%, all deaths occurred within the first five months
after HSCT (Fig. 1). Event-free survival (with events defined
as death, GVHD > grade Il (n=2) and/or graft failure (n=0))
was 72%, with resolution of GvVHD in all patients. Three
patients died during the HSCT trajectory: P3 (ICF1) died
at day 41 after transplant, while being full donor, from res-
piratory failure most likely due to RS virus infection. P10
(ICF2) died at day + 145 from multi-organ failure after pro-
longed adenovirus infection, despite early engraftment, full
donor chimerism, antiviral therapy and DLI (twice). P17
(ICFX) died one day before graft infusion, due to condition-
ing related toxicity and sepsis despite having received RIC
(Table 4). All three patients who had been diagnosed by
positive family history and were transplanted at young age
(L3 years), survived.

Immune Reconstitution

Cellular immune reconstitution data were collected at 1 year
and/or at latest follow-up after HSCT (Table 5). CD3+T
cells numbers were within the age-adjusted reference values
at 1 year and at latest follow-up in 92% and 100% of patients
respectively (n= 13 evaluable patients). A similar favour-
able pattern was found for CD4 + T cells numbers with 77%
and 93%, and for CD8 + T cells counts with 100% and 93%,
respectively (n=14 evaluable patients). In 3/8 evaluable
patients, naive CD4 + T cell counts at latest follow-up were
within age-adjusted reference values. Median age at HSCT
for these three patients was 2.2 years (P14-16), as compared

@ Springer
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to 8.5 years for patients with naive CD4 + T cell counts
below age-adjusted thresholds (P1-2, P6, P12-13). NK cell
reconstitution at 1 year and at latest follow-up showed values
within the age-adjusted reference range in 92% of evalu-
able patients. Finally, B cell numbers were within the age-
adjusted reference values in all (n=15) evaluable cases at
1 year and at latest follow-up after HSCT. At latest follow-
up, all patients had become immunoglobulin substitution
independent, except for two: one patient treated pre-HSCT
with high-dose rituximab for hematological malignancy (P9)
and one patient with only 9 months post-HSCT follow-up
(P12). In both patients, switched memory B cells were still
absent (data not shown). Adequate responses to tetanus and
pneumococcal (re)vaccination were reported in 8/8 evalu-
able patients, including a patient with stable mixed chimer-
ism (P2).

Discussion

While detailed clinical, genetic and immunological charac-
teristics of patients with ICF syndrome have been reported
in several studies [1, 2, 6—-12], the published experience on
HSCT in these patients has been limited to selected cases
[2, 8, 11, 15-20]. In this joint study, we report the largest
international cohort of transplanted ICF patients and provide
comprehensive data on their clinical, genetic, immunologi-
cal and favourable HSCT outcome characteristics.

Our study cohort encompasses the full spectrum of the
four known genetic subtypes of ICF syndrome, as well as
genetically undetermined patients. In line with the defined
ICF characteristics, all patients had moderate to severe
hypogammaglobulinemia in the presence of normal B cell
numbers and were immunoglobulin substitution dependent.
Infections, often presenting already in infancy or early child-
hood, represented the most common indication for HSCT.
While this was expected based on the typical and profound
humoral immune deficiency in ICF syndrome, remarkably
two-thirds of the patients had encountered opportunistic
infections indicative for a broader adaptive immune defi-
ciency, likely involving T cell deficiency as previously sug-
gested [1, 2, 6-12]. Only a minority of patients in this cohort
had quantitative T cell deficiency. Functional T cell studies
were not available, due to the retrospective nature of the
study.

Overall survival at 1 year after transplantation as well as
at latest follow-up (mean 4.5 years after HSCT) in this ICF
syndrome patient cohort was 83%. Engraftment was uncom-
plicated in all evaluable cases and full donor chimerism was
reported in all but two patients. Adequate cellular immune
reconstitution, if defined as CD3 +and CD4 + T cell counts
above age-adjusted reference values, was reported in the
majority of patients at+ 1 year and at latest follow-up after

HSCT. Adequate naive CD4 + T cell counts at latest follow-
up were reported in 3/8 patients with data available and pre-
dominantly in younger patients (median age 2.2 years as
compared to median age 8.5 years for patients with reduced
naive CD4 + T cell counts). A possible role for thymic dam-
age due to pre-transplant immune dysregulation, infections
and/or (immune-/chemo)therapies in reduced immunologi-
cal reconstitution can be conceptualized in older patients
[26, 27]. With regard to humoral immune recovery, all but
two (13/15) patients were off immunoglobulin substitution
therapy and adequate responses to post-transplant tetanus
and pneumococcal vaccination were reported in 8/8 patients
with data available.

Following HSCT and concomitant reconstitution of donor
immunity, both chronic persistent and opportunistic infec-
tions were successfully cleared/eradicated. Similar to the
infectious disease manifestations, non-infectious enteropa-
thy responded very well to the HSCT procedure and stable
remission was achieved in all evaluable patients, including
2/2 patients with pre-transplant nasogastric tube and/or par-
enteral feeding, indicating that impaired immune function
rather than a non-immunological (gut-intrinsic) factor was
causative for the enteropathy and associated failure to thrive.
Immune dysregulation represented an important indication
to proceed towards HSCT, especially in older ICF patients.
In all patients with pre-existing immune dysregulation, sta-
ble remission was achieved following HSCT without the
need for continuation of immune suppression. None of the
evaluable patients with initial myelodysplasia or hemato-
logical malignancy/HLH presented disease recurrence after
HSCT (only 2/4 patients survived the procedure). Together,
this emphasizes that HSCT is effective to cure the main dis-
ease manifestations and indications for transplant in patients
with ICF syndrome.

The unfavourable impact of pre-HSCT infections and
other co-morbidities on HSCT outcome regarding sur-
vival, transplant complications and quality of life has been
demonstrated for a number of inborn errors of immunity
at paediatric, adolescent and adult age [28-30]. Despite
the considerable infectious and non-infectious comorbid-
ity in this ICF cohort, HSCT outcome is relatively favour-
able. Particularly, the rather low incidence of aGvHD and
the absence of cGvHD are remarkable. This may be related
to the use of RIC regimens in vulnerable patients and the
predominance of HLA matched donors. Importantly, two
patients with mixed chimerism > 2.5 years after HSCT (44
— 85% donor chimerism) did demonstrate a favourable out-
come with adequate immune reconstitution and resolution
of (pre-/post-transplant) infections, immune dysregulation,
enteropathy and failure to thrive, which further supports the
use of reduced-intensity conditioning regimens to reduce
treatment-related toxicity and longer-term complications in
the most vulnerable patients.
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Age at HSCT has been reported as a prognostic factor,
although this is probably at least partly linked to co-mor-
bidity. Within our cohort, first symptoms of ICF syndrome
often manifested during infancy or early childhood, but
genetic diagnosis was frequently delayed with a range of
up to 14 years. This delay may be related to the rarity of
the disease (resulting in delayed recognition), improved
access to next-generation sequencing in the past decade
and the rather recent identification of additional genetic
subtypes [3] that identified and diagnosed several previ-
ously undiagnosed (or ICFX) patients as ICF3 or ICF4
patients. Few patients were diagnosed in the first months
of life based on positive family history. One of these
patients underwent pre-emptive HSCT at age 1 year, in
good clinical condition and with a rather uneventful course
and excellent outcome at 10 years after HSCT. The two
other patients were transplanted at age 3 years for recur-
rent infections + failure to thrive, despite antimicrobial
prophylaxis and immunoglobulin substitution therapy.
Although both patients survived, one patient experienced
long-term sequelae after post-transplant pneumococcal
meningitis and (proven donor-derived) auto-immunity.

Although the limited sample size of this study did not
allow an age-related outcome analysis, our patient cohort
did demonstrate an increased prevalence of organ damage
including bronchiectasis and immune-mediated colitis/hep-
atitis/nephritis as well as haematological malignancies in
older patients and age at transplant was remarkably higher in
patients transplanted for immune dysregulation and/or hae-
matological malignancy as compared with patients trans-
planted for other indications. Moreover, two of three patients
that died were transplanted at relatively old age (age > 15
years, for myelodysplasia and after treatment for diffuse
large B cell lymphoma). The third patient was transplanted
at younger age (5 years), but suffered from severe pre-trans-
plant immune dysregulation including TPN-dependent coli-
tis and died from (reduced intensity) conditioning-related
toxicity.

Reduced numbers of (naive) T cells and immune-medi-
ated phenomena, with an increasing prevalence over time,
have been reported for patients with ICF syndrome and are
considered part of the combined immunodeficiency pheno-
type of this disease. The progressive T lymphopenia and/or
defective T lymphocyte proliferation is reported to be due to
either poor T cell neogenesis and/or accelerated apoptosis of
T cells [2, 6, 7,9, 10, 26]. In addition, a recent publication
demonstrated reduced regulatory T cell counts in patients
with ICF syndrome [12]. A correlation between occurrence
of immune dysregulation and reduced T cell counts and/or
T cell proliferation has been described in specific patients.
Moreover, the lack of detectable auto-antibodies, detection
of T cell infiltrates in affected tissues and the beneficial
effects of infection prophylaxis and/or immunosuppressive

@ Springer

drugs on patients’ clinical condition suggest a major role for
T cells in ICF syndrome-related immune dysregulation [1, 2,
6, 8—11, 15]. This supports the curative potential of HSCT to
overcome the immune disorder in ICF syndrome.

The combined immunodeficiency phenotype of ICF syn-
drome is reflected by the infectious and immune-mediated
disease burden in our cohort of ICF syndrome patients:
both recurrent airway- and gastro-intestinal infections, pre-
dominantly attributed to humoral immune deficiency, and
opportunistic infections including Pneumocystis jirovecii
pneumonia (PJP) and systemic viral infections (CMV, EBV,
adenovirus) were reported. Most patients with opportunis-
tic infections demonstrated T cell counts within the normal
reference ranges for age. A similar pattern was observed
for patients with immune dysregulation. Moreover, despite
high sensitivity of TREC screening in patients with severe
combined immunodeficiencies and absolute T lymphopenia,
patients with ICF syndrome are most commonly born with
normal counts of naive T cells and will present with TREC
levels above cut-off values at birth [11]. Although the exact
pathophysiology, including the contribution of the different
genetic defects, underlying T cell dysfunction in ICF syn-
drome needs to be further clarified, current data are strongly
suggestive of a dominant role for T cell dysfunction rather
than T cell lymphopenia. Therefore, early recognition of ICF
syndrome as a disease causing combined immunodeficiency
by clinicians seems crucial for early diagnosis and timely
initiation of therapies including (pre-emptive) HSCT.

Reduced NK cell numbers and decreased NK cell func-
tion have been described in patients with ICF syndrome with
an apparent overrepresentation of ICF2 patients, in particu-
lar those with EBV-driven lymphoma or HLH [8, 9, 12, 16,
19, 20]. Interestingly, within our patient cohort, all (n=3)
patients with EBV-driven lymphoma or HLH were indeed
ICF?2 patients. Previous reports have highlighted the impor-
tance of cellular immunity, including NK cell function, in
anti-EBV immunity (as reviewed by [31]). Based on these
findings and reports, a role for ZBTB24 in NK cell matura-
tion and function has been suggested, but is as yet poorly
understood and requires further investigations [6, 19].

Our results support the concept that poor prognosis of
ICF syndrome patients is caused by a combined immuno-
deficiency, with progressive immune dysfunction over time
resulting in cumulative morbidity including bronchiectasis,
immune-mediated organ damage and/or (haematological)
malignancies. Overall survival rates of 60-84% are reported
in several (older) cohorts of predominantly non-HSCT-
treated ICF patients [1, 9, 14]. Our data demonstrate that
HSCT with either myeloablative or reduced-intensity con-
ditioning has the potential to fully correct this combined
immunodeficiency without significant demonstrable toxicity
and results in adequate immune reconstitution with resolu-
tion of pre-transplantation infections, immune dysregulation
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including non-infectious enteropathy and malignancy, even
in the presence of mixed donor chimerism. These encourag-
ing results argue in favour of timely consideration of HSCT
in patients with ICF syndrome.
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