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Here we describe a 10-year-old girl with combined immunodeficiency presenting as recurring chest infections,
lung disease and herpetic skin infections. The patient experienced two hematopoietic stem cell transplantations
and despite full chimerism, she developed bone marrow aplasia due to adenovirus infection and died at post-
transplant day 86. Immunologic investigation revealed low numbers of TRECs/KRECs, a severe reduction of

memory B cells, absence of isohemagglutinins, and low IgG levels. Whole exome sequencing (WES) identified a
novel heterozygous mutation in RAC2(c.275A > C, p.N92T). Flow cytometric investigation of neutrophil mi-
gration demonstrated an absence of chemotaxis to fMLP. Cell lines transfected with RAC2 [N92 T] displayed
characteristics of active GTP-bound RAC2 including enhanced NADPH oxidase-derived superoxide production
both at rest and in response to PMA.

Our findings broaden the clinical picture of RAC2 dysfunction, showing that some individuals can present
with a combined immunodeficiency later in childhood rather than a congenital neutrophil disease.

1. Introduction

Numerous genes and molecules orchestrate the ability of neu-
trophils to follow a chemotactic gradient after activation and emigrate
out of the blood vessel towards tissue injury or an infectious event
[1,2]. RAC2, a Rho GTPase, is an essential regulator of neutrophil
chemotaxis. It participates in actin polarization, pseudopod assembly,
L-selectin capture, and rolling. It is also a regulatory component of the
human neutrophil NADPH oxidase controlling the mechanism by which
this oxygen radical-generating system is regulated [3]. The involvement

of RAC2 in immunity is not limited to cells of the innate arm. Indeed,
RAC2-deficiency has also been shown to impact B- and T-cell migration,
activation, development [4] Table 1.

Dominant negative inherited RAC2 deficiency was reported for the
first time in 2000 in a male infant patient that presented with multiple
and progressive soft-tissue infections during his first few weeks of life
[5]. The patient displayed abnormalities mainly in phagocytic cells,
including defective migration, capture, and rolling on the L-selectin
ligand, glycam-1, and reduced superoxide generation in response to
some agonists of the phagocytic oxidase pathway [5-7]. Since then,
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another three patients have been described. Two siblings manifested
with recessively inherited common variable immunodeficiency with
abnormalities in the T cell compartment (8). A third patient with a
dominant-negative RAC2 mutation was identified through newborn
screening for severe combined immunodeficiency, and initially pre-
sented with lymphopenia (2, 9). All to date identified patients had
abnormalities in the guided movement of neutrophils in response to
chemical signals (2, 5-9). In 2019, 6 new patients with gain-of-function
dominant mutations were described (10, 11).

Here we used whole exome sequencing (WES) and functional assays
to immunologically and functionally characterize a patient with a
previously unreported activating mutation in RAC2.

2. Clinical case

A girl of Ukrainian origin was born to non-consanguineous marriage
after uncomplicated pregnancy. From 4.5 months, she suffered from
recurrent otitis media (> 10 episodes, with 5 paracentesis procedures,
and a spontaneous eardrum perforation at age 4 years). Pulmonary
features developed at age 12 months and included recurrent pneumonia
and chronic bronchitis that progressed to chronic obstructive pul-
monary disease (COPD) at the age of 5. Computer tomography (12)
scan demonstrated bilateral pulmonary lymphadenopathy in bronchial
roots and mediastinum (Fig. 1), as well as pneumofibrosis and chest
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deformation (Fig. 1B) at the age of 9 years. Generalized lymphadeno-
pathy and hepatosplenomegaly were repeatedly detected on clinical
examination. Additionally, the girl experienced a number of severe
viral infections, including chicken pox at age 7, and two episodes of
extensive herpetic lesions in the skin (Fig. 1B). Laboratory studies re-
vealed leukopenia (2900-3100 cells/uL NR 5200-10,100 cells/uL) and
low IgG (1.1 g/L, 5.04-12.6 g/L) at the age of 4.

Despite regular administration of high-dose intravenous Ig (since
the age of 4 years and 7 months) and other prophylactic medications,
her weight and height were below the third percentile likely due to
repeated infections (20kg/124 cm, 9 y.o.). She underwent her first
hematopoietic stem cell transplantation (HSCT) at the age of 9 years
2months from a fully identical unrelated donor (FIUR) (6.2 X 10°
CD34+ cells/kg, 6.4 X 10® total nucleated cells/kg) with the con-
ditioning regimen fludarabine, treosulfan, anti-thymocyte globulin.
Neutrophil and platelet engraftment was achieved on days +20/+23
and 90% donor chimerism was detected on day +20. The post-trans-
plant course was complicated by CMV viremia (+35day) which re-
sponded to ganciclovir and foscarnet combination (donor and recipient
were CMV negative before HSCT). Due to the decreased chimerism
(+110day) and increased frequency of viral infections, she underwent
second HSCT at the age of 9 years 10 months (FIUR BM, total nucleated
cells = 14.5 x 108/kg and CD34 = 9.6 x 10°/kg). Conditioning re-
gimen with busulfan, fludarabine and ATG fresenius was used. The
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Fig. 1. A. Computed tomography scans of the patient at the age 8 years. Frontal (1A left) and axial (1A right) image of chest CT demonstrating severe lympha-
denopathy and diffuse interstitial lung changes with ground glass opacities in the right lower lobe; B. (1B left) The thorax was barrel shaped, with a vascular network
on the anterior wall of the abdomen; Massive herpetic lesion of the right hand skin before (1B middle) and after antiviral (1B right) treatment; C. Neutrophil
migration in control (1C upper left and right) and patient (1C lower left and right). D. Superoxide production from HEK293 cells transfected with components of
NADPH oxidase complex and either WT or N92 T RAC2 expression constructs in the presence (red) or absence (blue) of PMA. P < .0001 (student ¢-test). E.Light
microscopy images of Wright-Giemsa stained blood smears from healthy control (HC) (1E upper) and patient Pt (1E lower). Large vacuoles are clearly present within
the neutrophils of Pt (yellow arrow) (Magnification x1000). Fig. 1F. Three-dimensional structural representations of Rac2 protein (HOPE software). 3D homology
contains the native Asp-92 residue shown in green and the mutant Trp-92 shown in red (black arrow). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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post-transplant course was complicated by bone marrow aplasia sec-
ondary to adenovirus infection in spite of full chimerism. The patient
died on day 86 post-HSCT due to disseminated adenovirus infection.

Detailed laboratory evaluations were first performed at 5years of
age. The patient was lymphopenic with normal relative distributions of
T and B cells. The memory B cells were reduced, with accompanying
absence of isohemagglutinins and low IgG level (Table S1). The per-
sistent absolute lymphopenia, normal T cell receptor V(3 distribution,
and low numbers of T and B cell receptor excision circles (TRECs and
KRECs) suggested a combined immunodeficiency. Immunological
follow-up showed that the total lymphocyte counts and the proportion
of memory B cells remained low, and there was a progressive decrease
of TRECs and KRECs (Table S1).

3. Genetic and functional analysis

Due to suspicion of inherited combined immunodeficiency, the pa-
tient underwent whole exome sequencing. We identified a novel het-
erozygous missense mutation p.N92T (Chr 22:37627985G > T) in
RAC2. The mutation lies within a highly conserved region of the protein
(Fig.S1'B) and has a Combined Annotation-Dependent Depletion
(CADD) score above 26.2. Multiple in silico models predict this RAC2
mutation to be deleterious (Proven prediction “Deleterious,” score 5.67;
SIFT prediction “Damaging,” score 0.022; PolyPhen2 prediction
“Probably damaging,” score 0.54, LTR prediction “Damaging”, score
0.0, MutationTaster — “Disease causing”). 3D modeling showed that the
mutant residue is smaller with a possible loss of external interactions
(Fig. 1C). In addition, we found a few heterozygous variants in PID
genes that were not estimated as disease causing (Table S2). The variant
p-N92 T in RAC2 was confirmed by Sanger sequencing in the patient's
DNA and was absent in the mother; no paternal biological material was
available.

As deficiency of RAC2 is associated with neutrophil dysfunction
[6,7], we performed functional studies of neutrophils. Expression of
CD18, CD11a,b,c and CD15 on rested and activated neutrophils and
monocytes was normal (data not shown). PBMC proliferation after PHA
stimulation was not impaired, but lymphocyte aggregation in the pa-
tient PBMCs was less prominent than in healthy controls (Fig.S2.A).
Neutrophils from the proband had reduced chemotaxis towards fMLP
compared to neutrophils from control subjects (Fig. 1C). Since RAC2 is
the regulatory cytosolic component of the human neutrophil NADPH
oxidase [3,4], we evaluated superoxide production (or release) by HEK-
293 cells transfected with vectors expressing components of the NADPH
oxidase (gp91P"°%, p67P'* and p47°"°%) as well as RAC2 wild-type or
N92T. Cells transfected with RAC2-N92 T exhibited increased baseline
ROS production, which was further accentuated after addition of PMA
(Fig. 1D). Similar to the recently reported RAC2 activating mutation,
E62K [10], our patient's neutrophils displayed aberrant macro-
pinocytotic vesicles (Fig. 1E lower) not seen in the healthy control.

Taken together, the abnormal neutrophil migration, excessive ROS
production and large macropinocytotic vesicles suggest that the het-
erozygous RAC2, p.N92 T mutation is an activating mutation leading to
the clinical and immunologic abnormalities in the patient.

4. Discussion

Here we report a new heterozygous single base mutation
c.275A > C, p.N92T in RAC2 as a cause for combined im-
munodeficiency in a female patient of Slavic origin. This mutation is
not present in current online databases (dbSNP, Exac, GnomAD,
ClinVar, 1000 genomes) at the time of query (April 2019).

Our patient developed symptoms very early, suffering from re-
current purulent otitis media, sinusitis, bronchitis and pneumonias,
with the lung disease progressing to chronic bronchitis and pulmonary
fibrosis at the age of 8. Repeated upper and lower respiratory tract
infections led to the diagnosis of common variable immunodeficiency
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(CVID). CVID has previously been reported with RAC2 mutation (8, 10,
11), and the key finding in those (as well as in our) patients was the
absence of severe clinical abnormalities in the neonatal period that are
associated with neutrophil dysfunction.

Antibiotic prophylaxis and regular intravenous immunoglobulin
replacement (IVIG) therapy were initiated at age 5 but did not improve
the clinical disease and the patient continued to suffer from various
infections. Dynamic follow-up in the following 3 years revealed con-
stant lymphopenia, decreasing TREC counts accompanied with severe
herpetic infections, interstitial pneumonia, and failure to thrive.

RAC2 mutations have been associated with both autosomal domi-
nant and recessive inheritance, with variable phenotypic presentations
(2, 5-9). Two of the eleven reported patients harbored the same mu-
tation in RAC2 gene with a dominant negative effect on protein func-
tion (2, 5, 7, 9). One consanguineous family had a homozygous non-
sense mutation (8) and 6 patients had gain-of-function (GOF) mutations
(10, 11). With the patient we are presenting here, the cohort of all
RAC2 cases reported worldwide increases to eleven patients from 8
families. Table summarizes the common clinical features in published
patients.

Eight described patients displayed abnormalities in neutrophil mi-
gration and 5 had low TRECs level at the time of study. TREC level was
measured in childhood in our patient and in adulthood in the Iranian
siblings (8). It is possible that the TREC levels are diminished already at
birth, as in the American patients (9, 10), and the condition could have
been detected in SCID newborn screening [2]. Interestingly, while the
D57N loss of function patients showed leukocytosis with neutrophilia
(2, 6,7,9), the phenomenon was not evident in our patient — one of her
main laboratory abnormalities was constant and severe leucopenia
from age 4. The studied patient exhibited B cell defects, including the
reduction of KREC and B cell counts and low memory B cells (Table S1).

Collectively these findings indicate that RAC2 mutation leads to
defects in both myeloid and lymphoid immunity. Besides regulating
oxidative phosphorylation, RAC2 participates in signaling and actin
cytoskeleton formation, both of which apply broadly to immune cell
migration and to the formation of T and B cell immunologic synapses.

5. Conclusion

We report a new case of heterozygous gain-of-function RAC2 mu-
tation, with the clinical presentation of recurrent respiratory infections,
lung disease and susceptibility to varicella and herpetic infections. Our
report expands the phenotypic spectrum of RAC2 mutations, with
presentations of combined immunodeficiency where both myeloid and
lymphoid lineages are affected.
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