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homozygous CORO1A mutation that disrupts
oligomerization and cytoskeletal association
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Background: Coronin-1A (CORO1A) is a regulator of actin
dynamics important for T-cell homeostasis. CORO1A deficiency
causes T~B™ natural killer—positive severe combined
immunodeficiency or T-cell lymphopenia with severe viral
infections. However, because all known human mutations in
COROIA abrogate protein expression, the role of the protein’s
functional domains in host immunity is unknown.

Objective: We sought to identify the cause of the primary
immunodeficiency in 2 young adult siblings with a history of
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disseminated varicella, cutaneous warts, and CD4* T-cell
lymphopenia.

Methods: We performed immunologic, genetic, and biochemical
studies in the patients, family members, and healthy control
subjects.

Results: Both patients had CD4* T-cell lymphopenia and
decreased lymphocyte proliferation to mitogens. IgG, IgM, IgA,
and specific antibody responses were normal. Whole-genome
sequencing identified a homozygous frameshift mutation in
COROIA disrupting the last 2 C-terminal domains by replacing
61 amino acids with a novel 91-amino-acid sequence. The
CORO1AS*™ mutant was expressed in the patients’
lymphocytes at a level comparable with that of wild-type
COROI1A in normal lymphocytes but did not oligomerize and
had impaired cytoskeletal association. CORO1AS*"1™ wag
associated with increased filamentous actin accumulation in

T cells, severely defective thymic output, and impaired T-cell
survival but normal calcium flux and cytotoxicity,
demonstrating the importance of CORO1A oligomerization and
subcellular localization in T-cell homeostasis.

Conclusions: We describe a truncating mutation in COROIA
that permits protein expression and survival into young
adulthood. Our studies demonstrate the importance of intact
COROI1A C-terminal domains in thymic egress and T-cell
survival, as well as in defense against viral pathogens. (J Allergy
Clin Immunol 2016;137:879-88.)
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Severe combined immunodeficiency (SCID) typically presents
in infancy or early childhood with severe bacterial, viral, and/or
fungal infections caused by mutations in genes important for
T-cell and sometimes B-cell development. However, patients with
hypomorphic mutations in genes classically associated with
SCID can present with milder clinical presentations that include
T-cell lymphopenia and adult-onset immunodeficiency.'™
Coronin-1A (CORO1A) is an actin regulatory protein expressed
primarily in hematopoietic cells and is critical for T-cell
development and homeostasis.”® The first human mutation in
the gene encoding CORO1A was identified in a patient with
T B* natural killer (NK)* SCID.? As a rare cause of primary
immunodeficiency described in only 4 kindreds thus far, all
reported human mutations in COROIA result in a complete lack
of protein expression, resulting in T"B*NK™ SCID or a
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Abbreviations used
Arp: Actin-related protein
CC: Coiled-coil leucine zipper
CE: C-terminal extension
COROIA: Coronin-1A
F-actin: Filamentous actin
FITC: Fluorescein isothiocyanate
MAP: Mitogen-activated protein
NK: Natural killer
SCID: Severe combined immunodeficiency
WGS: Whole-genome sequencing
WT: Wild-type

combined immunodeficiency presenting in childhood with
recurrent viral infections and additional features that include
EBV-associated lymphoproliferative disease and shortened
telomeres.”"”

We present 2 young adult siblings with CD4* T-cell lymphope-
nia, 1 episode of disseminated varicella virus infection, and
chronic warts caused by a novel homozygous mutation in
COROIA. COROI1A is comprised of an N-terminal 3-propeller
domain required for binding to the plasma membrane, a
C-terminal extension (CE) domain required for actin binding,
and a C-terminal coiled-coil leucine zipper (CC) oligomerization
domain.'* To our knowledge, the mutation in COROIA we pre-
sent in this study is the first mutation in human CORO1A that per-
mits protein expression and is compatible with survival through
young adulthood. Lymphocytes from these patients express a
truncated form of CORO1A that lacks a portion of the CE domain
and the entire CC domain. The role of these domains in in vivo
host immunity has not been previously studied. Our studies
demonstrate the importance of intact CORO1A C-terminal do-
mains in T-cell survival and function, as well as in defense against
viral infections.

METHODS

Study participants

Two affected siblings, their 2 healthy siblings, and parents in a Turkish
family were enrolled in this study. All studies performed on blood from the
study participants were approved by the Hacettepe University Ethics Board
(FON 12/30-02) and Boston Children’s Hospital Institutional Review Board
(Protocol 04-09-113R).

Genetic analysis

Whole-genome sequencing (WGS) was performed on genomic DNA
isolated from blood from patient 1, patient 2, and their mother by Complete
Genomics (Mountain View, Calif). Homozygosity mapping was performed
with the Nspl 250K GeneChip (Affymetrix, Santa Clara, Calif) by using
standard techniques.'” For WGS, library preparation was performed with
DNB nanoball arrays and combinatorial probe-anchor ligation.'>'® The
average coverage of the genome by WGS was 40X. Analysis of WGS data
was performed with MolBioLib.11."”

cDNA sequencing

mRNA from EBV-transformed B cells was sequenced with 3’ RACE
(Roche, Indianapolis, Ind), with nested sets of CORO1A-specific and universal
primers.
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Cell-culture and stimulation conditions

PBMCs were separated by using Ficoll and then cultured in medium and
stimulated with PHA (5 pg/mL; Sigma-Aldrich, St Louis, Mo) or anti-CD3
(5 pg/mL OKT-3; eBioscience, San Diego, Calif) for 48 hours.
EBV-transformed B cells were cultured from PBMCs by using standard
techniques.

Flow cytometry

Standard flow cytometric methods were used for staining of cell-surface
proteins. Anti-human mAbs to the following molecules with the appropriate
isotype-matched controls were used for staining: CD3 (OKT-3), CD4
(RPA-T4), CD8 (HIT8a), CD19 (HIB19), CD56 (HCDS56), CD16 (3GS),
and Annexin V (BioLegend, San Diego, Calif). Data were collected with an
LSRFortessa (BD Biosciences, San Jose, Calif) cell analyzer and analyzed
with FlowJo software (Tree Star, Ashland, Ore).

Calcium flux

Calcium influx in PBMCs was measured by using flow cytometry with the
Fluo-4 Direct Calcium Assay Kit in conjunction with 10 wg/mL Fura-Red
(Life Technologies, Carlsbad, Calif), followed by staining with fluorescently
labeled antibodies to CD4, CD8, or CD56. Immediately before measurement
of calcium flux, cells were resuspended in Tyrode buffer solution containing
2 mmol/L calcium and analyzed on an LSRFortessa cell analyzer (BD
Biosciences, San Jose, Calif). After 1 minute, either anti-CDe (10 pg/mL) or
anti-CD56 (10 pwg/mL) was added to stimulate T or NK cells, respectively. One
minute later, 20 pg/mL goat anti-mouse secondary antibody was added to
maximize cellular stimulation, and intracellular calcium levels were
monitored for 300 seconds. The ratio of Fluo-4 and Fura-Red emission was
analyzed by using FlowJo software.

Immunoblotting

Lysates from EBV-transformed B cells were separated by means of
SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted
with a rabbit anti-COROIA antibody specific for the N-terminus
(SAB4200078,  Sigma-Aldrich) or anti-glyceraldehyde-3-phosphate
dehydrogenase (14C10; Cell Signaling, Danvers, Mass). Band intensities
were quantified with ImageJ software (National Institutes of Health,
Bethesda, Md).

Transient transfections and coimmunoprecipitation

The Myc- or FLAG-tagged wild-type (WT) human COROIA constructs
were developed by means of PCR amplification of human COROAIA
cDNA (Open Biosystems, Pittsburgh, Pa) with standard cloning techniques.
Myc- or FLAG-tagged mutant COROIA expression constructs were
generated from WT constructs by means of insertional mutagenesis with the
QuikChange II system (Agilent, Santa Clara, Calif). FLAG-PYK2 was
generated as previously described.'® 293T cells were cotransfected with a
specified combination of tagged COROIA or PYK2 plasmids by using
Transit-LT1 (Mirus Bio, Madison, Wis). After 48 hours, cells were lysed
with 1% Triton-X100 buffer. Immunoprecipitation and immunoblotting
were performed with an anti-FLAG (M2, Sigma-Aldrich) or anti-Myc
(9E10, BioLegend) mAb and Protein G agarose (Calbiochem, Temecula,
Calif).

Lentiviral reconstitution of T cells from Coro1a™’~

mice with WT or mutant Coro1la

T cells were purified by means of negative selection from the spleens and
lymph nodes of WT or Corola™'~ mice (Miltenyi Biotec, Auburn, Calif).
Lentivirus was produced in 293T cells after transfection with bicistronic
pHAGE-zsGreen constructs (a kind gift from Richard Mulligan) containing
either WT human COROIA or mutant human CORO1APS**'™ Harvested
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FIG 1. Cutaneous warts and family pedigree. A, Severe cutaneous warts in patient 1. B, Family pedigree.
Solid symbols, Affected and homozygous for the p.S401fs mutant; half-solid symbols, carrier for the

p.S401fs mutant.

lentiviral supernatants were filtered and concentrated by means of ultracentri-
fugation. Purified T cells were incubated with 3 pwg/mL PHA and 8 pg/mL
Polybrene (Sigma-Aldrich) and spin infected with viral supernatants for
1 hour at 700g. After a 12-hour incubation, medium was replaced with
complete RPMI containing IL-2 (100 IU/mL). Spin infection was repeated
8 hours later. Twelve hours after the second spin infection, cells were
harvested, washed, and rested for 4 hours before staining for Annexin V and
cell-surface markers.

Subcellular fractionation of actin and CORO1A
Subcellular fractionation was performed according to standard protocols.'”
Briefly, 2 X 10° EBV-transformed B cells were washed 3 times in
cold PBS. Isolation of the cytoskeleton-containing detergent-insoluble
fraction was performed by carefully resuspending the harvested cell pellets
in 10 volumes of ice-cold cytoskeletal isolation buffer (1% Triton X-100 in
80 mmol/L piperazine-N,N’-bis[2-ethanesulfonic acid], pH 6.8; 5 mmol/L
ethyleneglycol-bis-[B-aminoethylether]-N,N,N’ N’-tetraacetic ~ acid; and
1 mol/L MgCl,). After centrifugation at 3,000g and then at 100,000g, the
soluble fraction was removed, and the Triton X-100-insoluble pellet was
resuspended in an equal volume of loading buffer. Inmunoblotting of cell
lysates was performed with antibodies to CORO1A, actin, glyceraldehyde-
3-phosphate dehydrogenase (14C10, Cell Signaling), and poly ADP ribose
polymerase (PARP) (Santa Cruz Biotechnology, Santa Cruz, Calif).

Cellular filamentous actin content

Filamentous actin (F-actin) content was quantified by binding of
fluorescein isothiocyanate (FITC)-labeled phalloidin (Cell Signaling).
Briefly, 1 X 10°® EBV-transformed B cells were permeabilized, incubated
with FITC-labeled phalloidin on ice for 30 minutes, stained for cell-surface
markers, and analyzed by using flow cytometry. The mean fluorescence
intensity of FITC was measured in CD4 ™" cells.

Cytotoxicity

Cytotoxic cell killing of K562 target cells at 4 hours was measured by using
a standard 'Cr release assay. Degranulation of cytotoxic effectors was
assessed by using a standard CD107a mobilization assay. Briefly, rested
PBMCs were incubated for 4 hours with allophycocyanin-labeled
anti-CD107a (BioLegend) and 5 pg/mL OKT or a 1:3 ratio of K562 cells in
the presence of monensin, stained for cell-surface markers, and analyzed by
means of flow cytometry. Unstimulated cells for each sample were used as
controls.

RESULTS
Clinical presentation and immunologic
phenotyping

Patient 1 and her younger female sibling, patient 2, were born
to parents from the same village in Turkey. Before 2 years of
age, patient 1 had extensive cutaneous warts and acute dissem-
inated varicella virus infection with pneumonia and meningitis
complicated by secondary encephalomalacia and seizures. She
continues to have recurrent pulmonary infections, as well as
chronic warts, particularly on her hands and feet (Fig 1, A), which
only partially responded to cryotherapy, oral retinoids, and IFN-a
injections. Her immunologic evaluation at 18 years of age was
notable for CD4" T-cell lymphopenia (299 cells/uL; normal,
700-2200 cells/uL), a decreased percentage of naive
CD4"CD45RA™ T cells, and an increased percentage of memory
CD4*CD45RA™T cells but normal numbers of CD8" T cells
(541 cells/pL; normal, 490-1300 cells/pL), with a normal
distribution of naive and memory CD8" T cells (Table
I).'g’22 She had normal levels of IgG, IgA, and IgM, with
positive isohemagglutinin titers (anti-A, 1:64; anti-B, 1:32) and
protective anti—herpes simplex virus IgG (132 RU/mL; protec-
tive, >20 RU/mL), anti-hepatitis A IgG (6.10 RU/mL; protective,
>1.2 RU/mL), and anti-hepatitis B surface antibody (22.6 RU/
mL; positive, >10 RU/mL). Subsequent CD4* T-cell counts
ranged from 288 to 437 cells/pL throughout childhood and early
adulthood. Re-evaluation at 24 years of age was notable for
borderline low normal numbers of CD4™ T cells, increased IgE
levels, and decreased lymphocyte proliferation to PHA,
concanavalin A, and phorbol 12-myristate 13-acetate and
ionomycin (Table I).

Patient 2 had chronic warts at 1.5 years of age. During
childhood, she experienced 1 episode of bacterial pneumonia
without further sinopulmonary infections. At 8 years of age, she
also had disseminated varicella infection, which was successfully
treated with intravenous acyclovir and intravenous immunoglob-
ulin. Her immunologic evaluation at the time of infection was
notable for CD4™ T-cell lymphopenia (138 cells/wL; normal,
700-2200 cells/uL) and CD8* lymphopenia (184 cells/pL;
normal, 490-1300 cells/uwL). She had a decreased percentage of
naive CD4™ T cells with a concomitant increase in the percentage



882 YEEET AL

TABLE I. Immune profiles of the patients
Patient 1, 24 y

Patient 2, 14 y

Absolute lymphocyte count 1500 (1200-5200) 1800 (1400-3300)

(cells/pL) 19
Lymphocytes (cells/uL)"’
cD3" 1140 (536-1787) 1116 (1000-2200)
CD3*CD4" 375 (309-1139) 486 (530-1300)
CD4'CD45RA™ (%) 12.2 (50.1)* 8.5 (50.1)
CD4"CD45RA™ (%) 87.8 (49.9) 91.5 (49.9)
CD3*CD8* 690 (137-823) 612 (330-920)
CD8"CD45RA™ (%) 32.3 (45.5)* 43.2 (45.5)
CD8'CD45RA™ (%) 67.7 (54.6) 56.7 (54.6)
CD19* 165 (72-460) 324 (110-570)
CD16"/CD56* 150 (77-427) 324 (70-480)
Immunoglobulins’

IgG (mg/dL)
IgA (mg/dL)
IgM (mg/dL) 175 (52-242)
IgE (IU/mL)*"* 367 (1.53-114)
Lymphocyte proliferation (cpm X 10%)

701 (608-1572)
169 (45-236)

975 (608-1572)
137 (45-236)

81 (52-242)
388 (2.06-195.2)

PHA 16.2 (52.6) 28.1 (52.6)
Concanavalin A 16.7 (54.8) 28.8 (54.8)
PMA/ionomycin 45.9 (80.4) 24.5 (80.4)
Background 2.8 (5.2) 1.5 (5.2)

Values in parentheses represent the normal range for age. For lymphocyte proliferation
studies, a healthy control subject was studied the same day as the patient.

PMA, Phorbol 12-myristate 13-acetate.

*Normal value for percentages of naive and memory T cells were obtained by means
of fluorescence-activated cell sorting analysis of a normal shipping control

sample performed simultaneously with patient studies.

of memory CD4™ T cells but a normal distribution of naive and
memory CD8™ T cells (Table I). After resolution of her infection,
CD4" T cells ranged from 312 to 486 cells/uL throughout
childhood, and her CD8™ cell count normalized. She had normal
levels of IgG, IgA, and IgM for her age, with positive isohemag-
glutinin titers (anti-A, 1:64; anti-B, 1:128). At 9 years of age, she
had protective anti-herpes simplex virus IgG titers (126 RU/mL;
protective, >20 RU/mL) and positive anti—hepatitis A IgG (5.1
RU/mL; protective, >1.2 RU/mL). Repeat immunologic
evaluation at 14 years of age revealed increased IgE levels, as
well as persistent CD4" lymphopenia with normal numbers of
CD8" cells and decreased proliferation to T-cell mitogens
(Table I).

Identification of a homozygous frameshift mutation
in CORO1A encoding a mutant form of CORO1A
Microarray analysis of DNA from the 2 patients, their parents,
and 1 healthy sibling (Fig 1, B, 11.3) identified 2 regions of
homozygosity shared exclusively by the 2 patients: chromosome
5 (GRCh37 position 2,615,632-4,725,405) and chromosome 16
(GRCh37 position 27,924,612-63,147,463). WGS of the 2
patients and their mother identified a total of 4 nonsynonymous
variants in coding/splice sites that were within the 36-Mb region
of homozygosity on chromosome 16, homozygous in both
patients, heterozygous in their mother, and absent from the
dbSNP and 1000 Genome databases (see Table E1 in this article’s
Online Repository at www.jacionline.org). No variants were
identified in the much smaller, approximately 2-Mb region of
homozygosity on chromosome 5. A single nucleotide insertion
in COROIA (1191_1192insC) was the most likely causative
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candidate mutation because of the critical role of COROIA in
maintaining T-cell homeostasis. Sanger sequencing of genomic
DNA confirmed that the mutation was present in the homozygous
state in both patients and heterozygous in both parents (Fig 2, A)
and the 2 unaffected siblings (data not shown).

The mutation is predicted to create a frameshift after
amino acid 400 (p.Ser401fs), resulting in substitution of the
61 C-terminal amino acids that encode part of the CE and the
entire CC domain, with a novel 91-amino-acid sequence that
extends 30 residues beyond the stop codon in the normal
transcript (Fig 2, B). This was confirmed by means of 3' RACE
sequencing of mRNA from EBV-transformed B cells derived
from patient 1 and a healthy control subject (data not shown).
Immunoblot analysis of the patients’ EBV-transformed B-cell
lysates revealed expression of a mutant COROI1A protein with
a molecular weight higher than that of the WT protein (Fig 2,
(). The patients’ mother, who is heterozygous for the mutation,
expresses both WT and mutant COROI1A protein (Fig 2, C).
Furthermore, CORO1AS*'™ g expressed in the patients’
EBV-transformed B cells at a level comparable with that of WT
COROI1A in normal EBV-transformed B cells (Fig 2, D).

The CORO1A mutation disrupts protein
oligomerization

The C-terminal CC domain (amino acids 429-461) of
COROLA is required for its oligomerization and cytoskeletal
association.'**> We examined whether the patients’ mutant
COROI1A protein, which lacks the entire CC domain,
oligomerizes. The association of Myc-tagged and FLAG-tagged
WT and mutant COROIA in transiently transfected
HEK?293T cells was assessed by means of coimmunoprecipita-
tion. As expected, FLAG-tagged WT CORO1A coimmunopreci-
pitated with Myc-tagged WT COROI1A (Fig 3, A, lane 1). In
contrast, FLAG-tagged mutant CORO1A did not coimmunopre-
cipitate with Myc-tagged mutant CORO1A (Fig 3, A, lane 2) or
Myc-tagged WT COROI1A (Fig 3, A, lane 3). FLAG-tagged
PYK?2, which was used as a negative control, did not coimmuno-
precipitate with WT COROI1A (Fig 3, A, lane 4). These data indi-
cate that oligomerization is abolished in the CORO1AS#!s
mutant. Because the mutant does not associate with the WT
protein, it would not be expected to exert a dominant negative
effect. This is consistent with the absence of clinical disease in
the patients’ parents and siblings, who are heterozygous for the
mutation.

Abnormal subcellular distribution of the CORO1A
mutant protein and increased F-actin levels in the
patients’ T cells

COROI1A associates with the actin cytoskeleton, binds to
F-actin, and localizes at sites of actin assembly.”‘z‘l‘25 Over-
expression studies in HEK293T cells have shown that the
association of COROI1A with the cytoskeleton requires the CE
domain (amino acids 352-429)."* We compared the subcellular
distribution of the COROIA®*'™ mutant, which lacks the
C-terminal half of the CE domain (amino acids 401-429) and
the entire CC domain with that of WT COROI1A by using
high-speed centrifugation to fractionate the soluble cytosolic
proteins from the insoluble cytoskeletal components in
EBV-transformed B cells from the patients and control subjects.
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FIG 2. Sanger sequencing of the CORO1A mutation and analysis of the CORO1AP-S4"" muytant. A, Sanger
sequencing demonstrating the CORO1A mutation (1191_1192insC) in the homozygous state in the patients
and in the heterozygous state in their mother. Sequencing of a control subject is included. B, Schematic of
WT and mutant (Mut) CORO1A. The CORO1AS%" has the last C-terminal 61 amino acids replaced by a
novel 91-amino-acid sequence. C, Immunoblot analysis of CORO1A in lysates of EBV-transformed B cells
from a control subject (NL), patients 1 and 2 (P7 and P2), and the patient’s mother (M). The mutant CORO1-
AS4%1%s (Mut) migrates at a higher molecular weight. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
D, Quantitative analysis of protein expression. The CORO1A/GAPDH ratio from the patients’ cells was
normalized to that of a control subject to calculate relative CORO1A expression. Columns and bars
represent means and SEs and are representative of 3 experiments.

WT COROI1A distributed nearly equally between the cytosolic
and cytoskeletal fractions of control EBV-transformed B cells
(Fig 3, B). In contrast, the CORO1AS*!S mutant localized
predominantly to the cytosolic fraction in EBV-transformed
B cells from patient 1 (Fig 3, B). Quantitative analysis of results
from 2 experiments demonstrated that a significantly higher
fraction of mutant CORO1A (85.0%) was cytosolic in the pa-
tients’ cells compared with the fraction of cytosolic WT
CORO1A (49.3%) in control cells (Fig 3, C). These data

demonstrate a disrupted association of the CORO1AS*"!  mutant
with the cytoskeleton in the patients’ cells.

In addition to its role in oligomerization, the CC domain is
necessary for the inhibitory role of CORO1A on actin-related
protein  (Arp) 2/3—-dependent F-actin branching and
accumulation.”””*° Resting T cells from Corola™’~ mice have
increased cellular F-actin content, which is consistent with the
absence of COROIlA-mediated inhibition of F-actin
accumulation.”” Because CORO1AS™0! Jacks the CC domain,
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FIG 3. Oligomerization and cytoskeletal distribution of the CORO1AS4"™ mutant. A, Coimmunoprecipita-
tion of WT and mutant (Mut) CORO1A in lysates from HEK293T cells cotransfected with combinations of
Myc- and FLAG-tagged WT and Mut-CORO1A and FLAG-tagged PYK2 as a negative control. Myc- and
FLAG immunoprecipitates (IP) and total cell lysates were immunoblotted with anti-Myc antibody. B, Immu-
noblot analysis of CORO1A in cytosolic and cytoskeletal fractions from EBV-B cells of a healthy control sub-
jects (NL) or patient (P1). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and PARP were
immunoblotted as markers for cytosolic and cytoskeleton-associated proteins, respectively. C, Quantifica-
tion of CORO1A distribution in the cytosolic and cytoskeletal fractions. Columns and bars represent means
and SEs of 2 independent experiments. *P < .05. D, Assessment of F-actin content in CD4* and CD8" T cells
of patients (P7 and P2) and control subjects (NL7and NL2). Left, Representative flow cytometric analysis of
phalloidin staining. Right, Quantification of F-actin content. Columns and bars represent means and SEs in 2
patients and 2 control subjects. **P < .01.
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FIG 4. CORO1AS**"s results in decreased thymic output and increased peripheral T-cell apoptosis but does
not affect calcium flux or cytotoxicity in vitro. A, Flow cytometric analysis of CD4"CD31"CD45RA™ recent
thymic emigrants in the patients and a control subject. Cells were gated on CD4" T cells. B, Cell-surface
Annexin V' in CD4" T cells in patients (solid bars) or control subjects (open bars) cultured with medium or
PHA for 48 hours, as assessed by using flow cytometry. Results represent means and SEs of the percentage
of Annexin V* cells in 2 patients and 5 healthy control subjects. C, Flow cytometry of Annexin V* binding to
CD4" WT T cells versus Corola'~ T cells transduced with a lentivirus vector encoding for WT CORO1A or
CORO1AS%' and ZsGreen fluorescent protein. Cells are gated on CD4'ZsGreen® cells. Data are
representative of 4 mice for each genotype done in 2 different experiments. D, Calcium flux in CD4" (top
panel) and CD8" (middle panel) cells stimulated with anti-CD3 from patients. Lower panel, NK cell calcium
flux after anti-CD56 stimulation. Patient 1, Blue; patient 2, red; healthy control subject, black. E, Cytotoxic
cell killing of K562 target cells by PBMCs in the ®'Cr release assay. The means and SEs of 4 replicates are
shown. ns, Not significant. F, CD107a expression on CD3 CD56* NK cells after stimulation with K562 target
cells. G, CD107a expression on CD3"CD8" cells after anti-CD3 stimulation. For Fig 4, E and F, percentages of
stimulated CD107a"9" cells are shown. Graphs show means and SEs for 2 independent experiments.
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we determined the effect of CORO1AS™%'™ on F-actin content
by examining the binding of FITC-labeled phalloidin to F-actin
in permeabilized CD4" T cells from the patients and control
subjects (Fig 3, D, left panels). The F-actin content of the patients’
CD4™" and CD8™ T cells was significantly higher than that of con-
trol T cells (Fig 3, D, right panel), indicating the importance of an
intact CE and CC domains in regulating T-cell actin dynamics.

CORO1AS4%™s results in impaired thymic output
and peripheral T-cell survival but normal signaling
and degranulation of T and NK cells

Complete absence of COROI1A has been associated
with defective T-cell egress and survival.” Quantification of
CD4"CD31"CD45RA™ recent thymic emigrants in both patients
demonstrated that CORO1AS™ '™ gseverely impairs thymic
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output (Fig 4, A). Furthermore, resting and PHA-stimulated
CD4™ T cells in both siblings had increased Annexin V staining
compared with control cells, indicating that the patients” CD4™*
lymphopenia stemmed from defective T-cell survival, as well as
decreased thymic output. The patients had normal upregulation
of the activation markers CD25 and CD69 and IL-2 secretion after
2 days of either PHA or anti-CD3 stimulation (see Fig E1 in this
article’s Online Repository at www.jacionline.org). Annexin V™
staining was not increased in the patients’ B or NK cells (data not
shown). Furthermore, we reconstituted T cells from Corol a’”
mice with either WT COROIA or CORO1AS™%'™ through
lentiviral transduction. WT T cells transduced with lentivirus
encoding CORO1AS™'™ did not have increased Annexin V"
staining compared with those transduced with WT CORO1A
(Fig 4, C, upper panel), indicating that COROIAS™'™ does
not have a dominant negative effect on T-cell survival. In
contrast, lentiviral transduction with WT CORO1A, but not the
COROI1AS™O'™S  mutant, reduced apoptosis in Corola '~
T cells, demonstrating the detrimental effect of CORO] AS#01fs
on T-cell survival (Fig 4, C, lower panel).

The recurrent infections associated with complete CORO1A
deficiency have been attributed to T-cell lymphopenia, as well as
to impaired T-cell and NK cell activation, leading to defective
cytotoxicity.*'? In contrast to previously published studies of
Corola™'™ mice,”® patients with the CORO1ASe™0MS mytant
had very modest to no decrease in calcium flux in T cells
stimulated with anti-CD3 mAb and in NK cells stimulated with
anti-CD56 mAb (Fig 4, D). PBMCs from both patients
demonstrated normal cytotoxic cell killing of K562 target cells
at 4 hours, as measured by using a standard °'Cr release assay
(Fig 4, E). NK cells from both patients had normal upregulation
of CD107a surface expression in response to incubation with
K562 target cells consistent with normal degranulation (Fig 4,
F). In addition, CD8" T cells from both patients had normal
upregulation of CD107a surface expression in response to
anti-CD3 stimulation (Fig 4, G). Therefore although the CC and
CE domains are critical for the role of COROI1A in actin
dynamics, T-cell egress, and survival, these domains are
dispensable for calcium flux and cytotoxicity.

DISCUSSION

We report a truncating mutation in COROIA as a cause of
CD4" lymphopenia in 2 young adults with recurrent viral
infections. CORO1A deficiency has been associated with SCID
and, more recently, a combined immunodeficiency presenting in
childhood with recurrent viral infections and susceptibility to
lymphoproliferative disorders.”'” Unlike previously published
patients, who all demonstrated complete CORO1A deficiency,”
the patients in this report have a novel CORO1A mutation that per-
mits expression of a mutant CORO1A lacking intact CE and CC
domains. Overexpression studies in HEK293T cells have identi-
fied the role of the CE and CC domains in CORO1A oligomeriza-
tion and its subcellular distribution.'* Our report builds on these
in vitro data by demonstrating the importance of these domains
for T-cell survival in vivo and host defense against viruses but
not for calcium flux or CD8™ or NK cell cytotoxicity. Importantly,
the patients in this report continue to survive into young adult-
hood without an SCID phenotype or lymphoproliferative disease,
thus expanding the phenotype associated with COROIA
mutations.
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COROIA regulates actin dynamics by binding to F-actin,
which accumulates at the leading edge of migrating T cells, the
immune synapse of NK cells, and the phagocytic vesicles of
neutrophils and macrophages.”'****"** The CC domain of
COROI1A negatively regulates F-actin assembly by binding to
and inhibiting the Arp2/3 complex, which is important for the
growth of actin filaments.”” We demonstrate that CORO1-
As‘mlfs, which lacks an intact CC domain, leads to higher F-actin
content in the patients’ T cells. Additionally, the CORO1AS*!
mutant distributes predominantly to the cytosolic fraction in
contrast to the even distribution of WT CORO1A between the
cytosolic and cytoskeletal fractions in control cells. This is in
agreement with in vitro studies demonstrating that deletion of
key residues in the CE domain redistribute CORO1A to the
cytosolic compartment.'* Sequestration of CORO1AS*'™ in the
cytosolic compartment impairs its ability to bind F-actin and
thus might prevent the mutant from enhancing cofilin-mediated
F-actin disassembly. This might contribute further to the defective
actin dynamics and abnormal accumulation of F-actin in the
patients’ T cells.

Both patients had CD4 " T-cell lymphopenia with profoundly
decreased recent thymic emigrants and increased CD4" T-cell
apoptosis, demonstrating defects in impaired thymic output and
T-cell survival that have also been observed in Corola’~
mice.” CORO1A deficiency leads to increased T-cell apoptosis
beginning at the single positive thymocyte stage and is associated
with cleavage of caspase 3 and 9, increased release of cytoplasmic
cytochrome c¢, and decreased mitochondrial membrane
potential.™* Impaired T-cell survival in Corola™'~ mice has
been attributed to defective calcium flux after anti-CD3
stimulation.”” However, calcium flux in our patients’ CcD4*
and CD8" T cells after anti-CD3 stimulation was minimally
decreased, indicating that calcium flux is not the sole mechanism
through which CORO1A regulates T-cell survival. Accumulation
of F-actin has been proposed as an alternative mechanism
underlying the enhanced apoptosis seen in Corola™ '~ T cells,
which was partially reversed by actin-depolarizing agents.’
Similarly, activating mutations in Wiskott-Aldrich protein
associated with X-linked neutropenia perturb the regulation of
actin assembly by the Arp2/3 complex, leading to enhanced actin
polymerization, increased basal F-actin content, and increased
apoptosis.”’ In our patients we propose that the failure of
CORO1AS™s o oligomerize and associate with the
cytoskeleton leads to abnormal accumulation of F-actin and
impaired T-cell survival.

Both patients demonstrated increased susceptibility to varicella
virus and chronic warts, which are typically caused by human
papilloma virus. Severe varicella virus infection, as well as
EBV-associated lymphoproliferative disease, has been reported in
patients with COROI1A deficiency.”'"'* Additionally, Corola™"~
mice are particularly vulnerable to vesicular stomatitis virus
because of impaired CD4" T-cell function.”” Our short-term
killing assays, which place T and NK cells in direct contact
with target cells, did not reveal defects in cytotoxicity. In patients
with dedicator of cytokinesis 8 deficiency, another primary
immunodeficiency characterized by recurrent viral infections,
abnormalities in actin dynamics lead to increased cell death
during lymphocyte migration through tissues, resulting in
increased susceptibility to viral infections of the skin.* Similarly,
patients with dedicator of cytokinesis 2 deficiency have both an
increased susceptibility to invasive viral infections because of
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defective actin polymerization and T- and B-cell chemotaxis.”
Therefore in vitro cytotoxicity assays might not reflect the full
effect of CORO1AS**'™ on host defense against viral pathogens
in vivo, which requires the migration of T and NK cells to the site
of infections.

Unlike previously described patients with CORO1A mutations
who died at a young age or required hematopoietic stem cell
transplantation,g'”)'12 our patients continue to survive into young
adulthood and have not had sufficient recurrent infections to
warrant hematopoietic stem cell transplantation as curative
therapy. The CORO1AS*' in our patients is a truncated mutant
with a preserved [-propeller domain, which comprises
approximately 76% of the normal protein'* and part of the CE
domain. Previously published in vitro studies of a COROIA
truncation mutant that retains the B-propeller domain but
lacks the CC and CE domains revealed preserved CORO1A
binding to the plasma membrane, demonstrating the role of the
B-propeller domain in association of COROIA with the cell
membrane. CORO1A deficiency results in severely impaired
T-cell calcium flux and defective NK cell cytotoxicity.®'?
Notably, our patients had intact T-cell and NK cell calcium
flux, NK cell cytotoxicity, and NK and CD8™" cell degranulation,
demonstrating that the 3-propeller domain, rather than the CC or
CE domains, is important for calcium flux and cytotoxicity, and
these functions can occur in the absence of CORO1A oligomeri-
zation. Furthermore, the impaired calcium flux previously seen in
COROI1A-deficient T cells has been associated with defective
activation of the mitogen-activated protein (MAP) kinases.”'”
In contrast, our patients had normal IL-2 production after
anti-CD3 and PHA stimulation, demonstrating intact MAP kinase
signaling downstream of T-cell receptor activation because IL-2
secretion depends on MAP kinase signaling.” Collectively, these
findings indicate that the CORO1A3*°'™ mutant retains partial
activity, which, in addition to genetic background differences,
environmental exposures, and epigenetic factors, might explain
the milder clinical phenotype of our patients.

We report 2 adults with a frameshift mutation in the C-terminal
domain of COROIA, leading to defective protein oligomeriza-
tion, abnormal subcellular localization, and F-actin accumula-
tion. Our data provide in vivo evidence of the link between
COROI1 A oligomerization, its regulation of actin dynamics, and
T-cell survival. Furthermore, the clinical presentation of these
patients broadens the phenotype of human disease associated
with mutations in COROIA, underscoring the importance of
considering it a genetic diagnosis in patients with CD4" T-cell
lymphopenia and susceptibility to viral infections.

We thank the patients and their families for providing samples and Baran
Erman and Fatima Aers Kaya for performing the recent thymic emigrant
studies.

Clinical implications: The C-terminal domains of CORO1A are
essential for thymic output and T-cell survival. CORO1A muta-

tions should be considered in patients with T-cell lymphopenia
and chronic viral infections.
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FIG E1. Expression of T-cell activation markers and IL-2 secretion after T-cell stimulation. A, Flow cytometric
analysis of CD25 (left) and CD69 (right) on PBMCs after 2 days of stimulation with PHA or anti-CD3 antibody.
M, Media. B, IL-2 secretion by PBMCs after 2 days of stimulation with PHA or anti-CD3. Graphs show means
and SEs from 2 control subjects and 2 patients. By using the Student t test, there was no significant
difference between the patients and control subjects with regard to CD25 expression, CD69 expression,
or IL-2 production under any of the culture conditions.
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TABLE E1. Nonsynonymous variants in coding and splice
regions that reside within regions of homozygosity are
homozygous in both patients, heterozygous in their mother,
and not found in the dbSNP or 1000 Genomes databases

Amino
Nucleotide acid
Chromosome Position Region change change Gene
16 28,508,515 Coding G>A G>E APOB48R
16 28,916,375 Splice C>G RABEP2
16 30,199,807 Coding Insertion of C See text COROIA
16 48,248,949 Splice Insertion of A ABCCI11
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