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Abstract

The life-threatening coronavirus disease 2019 (COVID-19) affects about 1 in 1,000 healthy people under 50 without underly-
ing conditions. Among patients with critical COVID-19 pneumonia, rare germline variants at genes controlling type I IFN
immunity have been reported in up to 5% of patients. Causal etiologies in 80-85% of cases are still unknown. We analyzed
two families with hypoxemic COVID-19 pneumonia for known single-gene inborn errors of immunity. In Family 1, two
siblings with critical COVID-19 were homozygous for a DOCK?2 variant, ¢.3624+5G>A. DOCK?2 deficiency is a known
T-cell disorder underlying severe viral diseases. The variant resulted in skipping exon 35, which was predicted to produce
a frameshift truncated protein (p.L1157Ifs*12). The proband showed markedly decreased blood CD4 T-helper cell counts,
impaired T lymphocyte transformation test, and increased serum IgG, IgA, and IgE levels, as documented in other DOCK?2-
deficient patients. In Family 2, the proband had lethal COVID-19 and HPV-2-associated multiple recalcitrant warts. She was
heterozygous for a deletion in GATA2:c.1075_1102del28, p.W360Sfs*18. GATA2 haploinsufficiency is a known cause of
severe viral diseases due to a lack of plasmacytoid dendritic cell (pDC) development. The proband had monocytopenia and
a lack of circulating pDCs, as reported in other patients with GATA2 haploinsufficiency. Overall, both DOCK?2 deficiency
and GATAZ2 haploinsufficiency are associated with critical and often fatal COVID-19 pneumonia.

Keywords DOCK?2 deficiency - GATA?2 haploinsufficiency - Inborn Errors of Immunity - Lymphocytic vasculopathy -
Human papillomavirus - COVID-19
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HLH Hemophagocytic lymphohistiocytosis

HPV Human papillomavirus

HSCT Hematopoietic stem cell transplantation

ICU Intensive care unit

IEI Inborn errors of immunity

ES Exome sequencing

IUIS International Union of Immunological
Societies

IVIg Intravenous immunoglobulin

LTT Lymphocyte transformation test

MAF Minor allele frequency

MIS-C Multisystem inflammatory syndrome in
children

ND Not Determined

NICU Neonatal intensive care unit

NGS Next-generation sequencing

NK Natural Killer

PBMCs Peripheral blood mononuclear cells

PBS Phosphate-buffered saline

PDCs Plasmacytoid dendritic cells

PHA Phytohemagglutinin

RECs Respiratory epithelial cell

PICU Pediatric intensive care unit

RNA-seq RNA sequencing

ROH Runs of homozygosity

ROS Reactive oxygen species

RT-PCR Real-time reverse transcription—-PCR

SCID Severe combined immunodeficiency

SARS-CoV2 Severe acute respiratory syndrome-related
coronavirus 2

SNP Single nucleotide polymorphism

SNV Single nucleotide variant

SD Standard deviation

SI Stimulation index

TCR T-cell receptor

VCF Variant Call Format

WHO World Health Organization

XLR X-linked recessive

Introduction

Infection with severe acute respiratory syndrome-related
coronavirus 2 (SARS-CoV2) can be asymptomatic in 40%
of cases, underlie benign upper respiratory tract disease
in another 40% of cases, cause moderate non-hypoxaemic
pneumonia in 10% of cases, cause hypoxemic pneumonia
necessitating hospitalization for oxygen therapy in 7% of
cases, or lead to critical pneumonia necessitating intensive
care in 3% of cases. The latter life-threatening disease prob-
ably affects fewer than 1 in 1,000 infected people under the
age of 50 who do not have underlying conditions. Among
critical coronavirus disease 2019 (COVID-19) pneumonia,
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rare germline sequence variants at genes controlling type
I IFN immunity have been reported in 1%—5% of patients.
Additionally, 15% of patients may develop critical COVID-
19 pneumonia due to autoantibodies against type I IFN, a
phenocopy of single-gene inborn errors of immunity (IEIT)
of type I IFN. Causal etiologies in at least 80-85% of cases
are still unknown [1-5].

Several host genetic studies, including genome-wide
association studies (GWAS) and unbiased and hypothesis-
free next-generation sequencing (NGS) approaches, have
contributed to understanding the roles of host genetics in
infection susceptibility and COVID-19 disease severity,
explaining which genetic factors make some individuals
more susceptible to SARS-CoV-2 infection and why others
develop severe symptoms. GWAS-identified genes linked to
infection susceptibility and disease severity include TLR7,
OASI1, TYK2, ABO, ACE2, and DOCK?2 [6, 7].

Additionally, NGS approaches for finding causal ger-
mline sequence variants in small numbers of patients with
life-threatening COVID-19 pneumonia discovered autoso-
mal recessive (AR) mutations in IRAK4, MYDS8S8, TYK2,
STAT2, TBK1, IRF7, IRF9, and IFNARI, autosomal domi-
nant (AD) mutations in TLR3, TRIF, UNC93B, TBK1, IRF7,
and IFNARI, IRF3, IFNAR2, and X-linked recessive muta-
tions in TLR7. Collectively, these monogenic studies high-
lighted the roles of TLR-7/TLR3-dependent type I and/or
III IFN immunity in immunity to SARS-CoV-2 infection
[1-4, 8-10].

We hypothesize that other known or unknown single-gene
IET underlie critical pneumonia or life-threatening COVID-
19 in at least some of these patients. We investigated three
IEI patients who developed severe COVID-19 pneumonia
and ultimately succumbed to complications from COVID-
19. Our exome sequencing studies identified causal patho-
genic variants in DOCK2 or GATA2 in Family 1 and Fam-
ily 2, respectively, highlighting the genetic factors that may
contribute to fatal COVID-19 outcomes in these cases.

Methods

Patient Data

This study was approved by the Institutional Review Board
of the Isfahan University of Medical Sciences of Iran (IR.
MUIL.MED.REC.1401.255). Patient 3 and the parents of
patients 1 and 2 gave written informed consent to participate
in the research and to publish their images.

Exome Sequencing and in Silico Analyses

The DNA of the proband was isolated from peripheral blood
cells using the salting-out procedure. Exome sequencing
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(ES) was conducted in paired-end mode using 150 base-pair
reads on the [llumina NovaSeq platform. For coding exons,
the average coverage was 100. The output reads were aligned
to version GRCh38 of the human genome. To identify PCR
duplicates, we utilized Picard Tools software. We employed
the genome analysis toolkit (GATK) for base-quality score
recalibration and variant calling. Annotate Variation soft-
ware was used to annotate the resulting list of variations. To
detect the pathogenic variants, a multiple-step bioinformat-
ics analysis was used [11, 12].

Whole-Transcriptome Sequencing by RNA-Seq

TRIzol® was used to isolate RNA from a 3-mm whole-skin
biopsy of lesional tissue and normal-appearing adjacent
skin to initiate RNA-Seq. Sequencing was performed using
100 nanograms of total RNA. Following the manufacturer's
instructions, sequencing was conducted with the TruSeq
Stranded Total RNA Kit (Illumina). The mRNA capture,
library preparation at 4 nM concentration, barcoding, and
sequencing on an Illumina Nexseq500 machine were car-
ried out following standard procedures, and the results were
saved in FASTQ format. Using the GRCh38 human refer-
ence genome and GENCODE V27 annotations, STAR-2pass
(v. 2.5.3a) was utilized to perform alignment and mapping
[13-15].

Viral Detection

Our recently developed in-house RNA-Seq application was
utilized to explore the skin virome, including 926 differ-
ent viruses, including 441 types of HPV, and identify the
underlying viral determinant of a skin lesion by NGS-based
detection [16, 17].

Co-Segregation and RT-PCR

To confirm and explore the segregation of the candidate var-
iants in affected individuals, parents, and healthy siblings,
the region of interest was amplified (primer sequences are
available upon request). Moreover, to investigate the effects
of the candidate variant on the splicing of DOCK?2 tran-
scripts, total RNA was isolated from whole blood using the
PAXgene Blood RNA Kit (QIAGEN, Hilden, Germany)
according to standard procedure. Afterward, cDNA is syn-
thesized by the RevertAid First Strand cDNA Synthesis Kit
(ThermoFisher Scientific, Waltham, MA, USA) following
the manufacturer’s instructions. With the new set primers,
which are located in exons 34 and 37 of the DOCK?2 gene,
respectively, the region of interest was amplified (primer
sequences are available upon request). All amplified frag-
ments were subjected to Sanger sequencing.

Homozygosity Mapping

We utilized PLINK (http://pngu.mgh.harvard.edu/) to
extract the runs of homozygosity (ROHs) from the ES
data of Family 1 after converting the BAM file to Vari-
ant Call Format (VCF). ROH was found using PLINK's
ROH algorithm. The PLINK default settings are suitable
for detecting large parts of ROH on dense genotyping plat-
forms and remained constant throughout the investigation.
By filtering the PLINK output, ROH 4 megabases or less
was eliminated [18, 19].

Protein Modeling

The three-dimensional structure of the DOCK2 protein
was built by homology modeling using a Swiss-model
webserver (https://swissmodel.expasy.org/). As a template,
the experimental structure of the human DOCK?2 protein
(PDB ID: 6TGC), with some missing amino acids, has
been retrieved. Visual inspection and graphical representa-
tions were performed by the PyMOL (Molecular Graphics
System, Version 2.5.7, Schrodinger, LLC).

Flow Cytometric Analysis

Immunophenotyping was performed on EDTA blood sam-
ples two hours after venipuncture. The red blood cells were
eliminated using a red blood cell lysis buffer, and lympho-
cytes were stained using monoclonal antibodies against
anti-CD3, -CD4, -CD8, -CD16, -CD56, -CD19, -CD20,
and -CD27 that were conjugated with fluorochrome dye
(Beckman Coulter, CytoFLEX, China). After 30 min of
incubation, two PBS washes were performed, and the cells
were analyzed using a Cytexpert software flow cytometer.
The analysis of the flow cytometric data was carried out
using WinMDI software version 2.8.

Functional Assay; Lymphocyte Transformation Test

Using Ficoll/Hypaque gradient centrifugation, peripheral
blood mononuclear cells (PBMCs) were collected from
sterile, heparinized blood. 1*#10° PBMCs were cultured
in the polystyrene plate and stimulated with SuL Bacillus
Calmette-Guerin (BCG) and SuL PHA after being twice
washed with RPMI-1640. The cells in the negative con-
trol were not stimulated. The cultures were carried out in
duplicate and kept for six days at 37 °C in an incubator
with 5% carbon dioxide that had been humidified. Cell
proliferation was measured using the BrdU proliferation
assay kit (Roche, Mannheim, Germany). The stimulation
index (SI) was measured as the mean ratio of stimulated
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cells' optical density divided by unstimulated cells' optical
density. For an assessment of humoral immunity, please
see [20].

Dihydrorhodamine Flow Cytometry Assay;
Intracellular Production of Hydrogen Peroxide (H,0,)

One milliliter of whole blood was obtained from the patient
and the healthy control. Lysis buffer was used to lyse the
erythrocytes. Following lysis, cells were washed with phos-
phate-buffered saline (PBS) 1X and resuspended in 1 mL of
PBS. Then 200 pL of the cell suspension was added in 5 mL
round-bottom polystyrene tubes and maintained at 37 °C in
a 5% CO2 incubator during the experiment. To stimulate the
production of reactive oxygen species (ROS) on neutrophils
and monocytes, 25 pL of 5 uyM PMA (Phorbol myristate
acetate) solutions were added and incubated at 37 °C for
15 min. Then, 25 pL of 5 mg/mL dihydroergotamine 123
solution (DHR 123) was added to the samples. After the
cells were treated for twenty minutes, they were washed
with PBS, and a FACSCanto II flow cytometer analyzed the
samples to determine the DHR oxidation. The results are
presented as an oxidative index in the neutrophil population.
The results are presented as a SI.

Results

Clinical Characteristics of IEl Patients with Critical
CovID-19

Family 1, Patient 1 (V-3)

The proband, an 8-month-old girl born to consanguineous
Iranian parents presented with neonatal cholestasis, congeni-
tal CMV infection confirmed by PCR, acute otitis media
(AOM), thrombocytopenia, and chronic diarrhea, requiring
multiple NICU admissions (Fig. 1A). At four months, she
was hospitalized with fever, cough, and shortness of breath,
and a chest CT scan revealed multiple ground-glass opaci-
ties on both sides and a bronchogenic cyst in the left lung
(Fig. 1B), confirmed as COVID-19 by RT-PCR. Despite
treatment with vancomycin, piperacillin/tazobactam, gan-
ciclovir, remdesivir, methylprednisolone, and intravenous
immunoglobulin (IVIg), her condition deteriorated, lead-
ing to ARDS, apnea, and multiple complications, including
hepatosplenomegaly, seizures, and periventricular calcifica-
tions in the brain, and chronic otitis media (COM) in tempo-
ral bone confirmed by CT imaging (Figs. 1C, 1D). Follow-
ing a brief improvement, she developed thrombocytopenia
and EBV infection. The patient died at 13 months of age
from thrombocytopenia and acute hemorrhaging prior to the
administration of hematopoietic stem cell transplantation.
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Although COVID-19 increased her susceptibility, thrombo-
cytopenia remained the primary cause of her acute state and
death (Please refer to Supplementary File, Section Results,
for a detailed report on the patient’s clinical timeline and
case progression).

Family 1, Patient 2

The older sibling, a male, had congenital CMV and cow's
milk protein allergy (CMPA) (confirmed due to rectal bleed-
ing and oral food challenge) and was hospitalized three times
in the PICU for COVID-19, with SARS-CoV-2 confirmed
each time by RT-PCR. He developed multisystem inflam-
matory syndrome in children (MIS-C) on two occasions
(after 2-3 weeks) and exhibited developmental regression,
encephalopathy, and seizures. Imaging revealed diffuse
brain atrophy, ventriculomegaly, periventricular calcifi-
cations (Fig. 1E), and pansinusitis with otomastoiditis. A
chest CT showed an infection in the lungs (Fig. 1F). He
also had skin rashes, lymphocytic vasculopathy (Fig. 1G,
1H), and infections, including EBV, enterococcus, and can-
dida. Given the diagnostic criteria observed in the patient,
including splenomegaly, persistent fever, elevated ferritin,
hypertriglyceridemia, hypofibrinogenemia, and cytopenia,
a diagnosis of hemophagocytic lymphohistiocytosis (HLH)
was established. Despite comprehensive management, he
died at 2 years and 9 months due to arrhythmia and hypoxia
(please see the Supplementary file for a detailed case report).

Family 2, Patient 3 (lI-2)

The proband, a 26-year-old female, born to non-consanguin-
eous parents (Fig. 1g I), had a history of extensive common
and plane warts, bilateral lymphedema, and sensorineural
hearing loss (Fig. 1J). A biopsy confirmed verruca vulgaris
(Fig. 1K), and a bone marrow biopsy showed myeloid hypo-
plasia. During the early COVID-19 pandemic, she presented
with fever, cough, and hypoxia, with SARS-CoV-2 infection
confirmed by RT-PCR. Despite intensive care and ventila-
tory support, her condition rapidly worsened, and she suc-
cumbed to ARDS after four days in the ICU (please see the
Supplementary file for a detailed case report).

In summary, in this study, we present three IEI patients
who developed severe COVID-19 pneumonia and ultimately
succumbed to complications from the infection. The timeline
of clinical manifestations for these patients is detailed in
Fig. 2, illustrating the progression of their symptoms and
the severity of their disease.

Immunological Characteristics of Proband 1 (V-3)

Laboratory findings during the second admission in patient
1 at the age of four months include anemia, lymphopenia,
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Fig. 1 Family pedigree, clinical manifestations, imaging findings, and
histopathology of the patients with DOCK2 deficiency. (A) A multi-
plex consanguineous family affected by several patients with DOCK2
deficiency. (B) Chest CT-Scan without contrast demonstrated left
lung cystic lesion (bronchogenic cyst), pulmonary infections before
COVID infection (left), during COVID infection, and post-COVID
infection (right) in proband V-3. (C) Temporal bone CT-Scan with-
out contrast demonstrated bilateral chronic otitis media in proband
V-3. (D) A brain CT scan without contrast demonstrated periventricu-
lar calcification in proband V-3. (E) MRI imaging without contrast
revealed diffuse periventricular calcification and brain atrophy in
Patient 2 (V-2). (F) A chest CT scan without contrast demonstrated

pulmonary infections in Patient 2 (V-2). (G) Erythematous skin rash
with purpuric hue in Patient 2 (V-2). (H) Hematoxylin and eosin
(H&E) staining from lesional skin biopsies shows hyperkeratosis,
mild spongiosis, acanthosis, and perivascular lymphocytic infiltration
(lymphocytic vasculopathy) in Patient 2 (V-2). are seen. (I) Accord-
ing to the family's pedigree, there is no evidence of consanguinity or
a family history of similar conditions. The proband is identified by
an arrowhead. (J) Generalized multiple warts were distributed over
several anatomical sites in the patient. (K) Histopathology of skin
lesions showed epidermal hyperplasia, hyperkeratosis, and papilloma-
tosis with the presence of koilocytes in the epidermis consistent with
cutaneous wart
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Fig.2 Timeline of Clinical Manifestations in Patients with DOCK?2
and GATA2 Pathogenic Variants. This schematic figure presents a
timeline of clinical manifestations in three patients with GATA2 and
DOCK?2 mutations. Family 1, Patient 1 (V-3) (blue) is an 8-month-
old girl with a DOCK2 mutation who experienced neonatal choles-
tasis, CMV infection, and severe COVID-19, ultimately leading
to her death at 13 months due to thrombocytopenia and bleeding.
Family 1, Patient 2 (V-2) (green) is her older brother, who also had
a DOCK?2 pathogenic variant and suffered from repeated COVID-19
infections, MIS-C, severe neurological symptoms, and died at 2 years
and 9 months from arrhythmia and hypoxia. Family 2, Patient 3 (II-

decreased CD4 T-helper cells, a CD4/CDS ratio, and CD3
cells (Figure S1A). She also had increased IgG, IgA, and
IgE levels, a slightly increased IgM level, low bilirubin,
and high AST (Table S1). When the patient’s clinical
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2) (orange) is a 26-year-old female with a GATA2 pathogenic vari-
ant, who had a history of sensorineural hearing loss, pancytopenia,
and HPV-2-related common cutaneous warts, and succumbed to
ARDS four days after ICU admission for COVID-19. The timelines
illustrate the severe and varied clinical manifestations associated with
DOCK?2 and GATA2 pathogenic variants. AOM, acute otitis media;
ARDS, acute respiratory distress syndrome; ASD, atrial septal defect;
CMPA, cow's milk protein allergy; CMV, congenital cytomegalovi-
rus; EBV, Epstein-Barr Virus; MIS-C, multisystem inflammatory
syndrome in children

condition stabilized at eight months of age, we assessed her
immunological profile and neutrophil function using res-
piratory burst tests. The ROS index of V-3 was significantly
decreased compared to a control, indicating diminished
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H,0, production by neutrophils (Figure S1B). In the lym-
phocyte transformation test (LTT), phytohemagglutinin
(PHA; mitogen) and Bacillus Calmette-Guérin (BCG)
responses were impaired, which confirmed the presence of
CID (Table S1).

Genetic Dissection of IEl Patients with Life
Threatening COVID-19

We performed ES to identify the underlying genetic basis
for critical COVID-19 in the DNA of the probands (Patients
1 and 3). We filtered the annotated variants by removing
synonymous variants with combined annotation-dependent
depletion (CADD) scores < 15 and variants with a minor
allele frequency (MAF) of <0.001.

Family 1: For proband, Patient 1, stepwise filtration
reduced the number of putative pathogenic variants to 118
(Fig. 3A). Next, due to familial consanguinity in the pedi-
gree, the ES data were used for single nucleotide variant
(SNV)-based homozygosity mapping (HM). The proband’s
DNA showed 34 ROH >4 Mb (Fig. 3B). Finally, after
removing sequence variants outside of the autozygome of
the patient and retaining those variants matched with the
patient phenotype, a novel homozygous splicing variant in
DOCK?2 (5:170,034,560; c.3624 + 5G > A) within the 7.2
megabase of ROH on 5q35.1 was retained. This sequence
variant is located at an evolutionarily conserved nucleotide
at the donor splice site of intron 35, as shown by multiple
sequence alignments (Figs. 3C and 3D). The predicted con-
sequence of the detected variant was to disturb the donor
site at the end of exon 35 (dbscSNV Ada:1, dbscSNV RF:1,
and MaxEntScan:7.5) [21, 22]. This sequence variant was
present in a population database (gnomAD v4.0.0) with very
low frequency in the heterozygous state (0.000006), but it
was absent in the homozygous state (Table S2). RT-PCR
of cDNA from extracted blood cell mRNA and subsequent
Sanger sequencing revealed that exon 35 has been skipped
and exon 34 has been spliced to exon 36, which probably
produced a frameshift truncated protein (p.L1157Ifs*12)
and thus exerted a more severe impact on DOCK?2 function
(Figs. 3E and 3F). A segregation study with Sanger sequenc-
ing in the family showed that both patients were homozy-
gous, and their parents were heterozygous (Fig. 3D). There-
fore, based on ES data, the presence of detected homozygous
variant inside of ROH, phenotypes of patients, splicing aber-
ration confirmed by cDNA sequencing, and the segregation
study of DOCK2, we concluded that patients 1 and 2 suffer
from DOCK2 deficiency.

Family 2: ES analysis revealed a heterozygous vari-
ant in GATA2:NM_001145661, c.1075_1102del28,
p-W360Sfs*18, which was an out-of-frame 28-bp deletion
confirmed by Sanger sequencing (Fig. 4A). This sequence
variant was predicted to result in a premature stop codon and

nonsense-mediated decay. This variant is not present in the
gnomAD database and is predicted to be disease-causing
(Table S2). We recently developed a step-wise bioinformatic
pipeline for whole-transcriptome-based RNA sequencing
(RNA-seq) for the concomitant detection of human genetic
and viral determinants of skin lesions in patients with
Mendelian disorders. This pipeline combines our virome
detection pipeline with the previously developed whole-
transcriptome analysis pipeline for pathogenic sequence var-
iants into a single-run experiment [14, 16, 17]. In both the
patient's wart and normal-appearing skin samples, Sashimi
plots of the RNA-Seq data revealed intra-exonic deletion,
which was visualized as an intra-exonic-like splicing pat-
tern in exon 6 of GATA2 mRNA (Fig. 4B). Additionally,
the VirPy detected the presence of a-HPV?2 with maximum
and trivial viral loads in a wart and normal skin biopsies,
respectively, compared to no viral load in healthy control
skin (Fig. 4C). This gross deletion was located inside the
conserved zinc finger type DNA binding domain (349 to
373) of the GATAZ2 transcription factor (Fig. 4D). Bioinfor-
matic analysis showed that this variant probably produced a
frameshift truncated protein (p.W360Sfs*18) (Fig. 4E). The
mRNA expression analysis by heatmap showed downregu-
lation of GATA2 transcript compared with a random set of
housekeeping genes in comparison to healthy controls (HC)
(n=4) (Fig. 4F, left panel). The interferon and inflammatory
heatmap demonstrates a significant increase in the level of
interferon signaling in the skin tissues of GATA?2 defective
patients in comparison to HCs (n=4) (Fig. 4F, right panel).

Discussion

Here, we report previously unpublished homozygous and
heterozygous pathogenic variants, respectively, in DOCK2
and GATA?2 patients with a novel phenotype of life-threaten-
ing COVID-19 pneumonia. DOCK?2 deficiency and GATA?2
haploinsufficiency are rare genetic conditions associated
with severe immunodeficiency and susceptibility to infec-
tions. To date, 35 patients with DOCK?2 deficiency have
been reported, presenting primarily with recurrent bacte-
rial, viral, and sinopulmonary infections, as well as vari-
ous immunological abnormalities, such as decreased T and
B cell counts and altered immunoglobulin levels. Notably,
many of these patients have a consanguineous background
and a family history of immunodeficiency. The prognosis
for DOCK2 deficiency varies, with about half of the patients
surviving, and those who did not undergo hematopoietic
stem cell transplantation (HSCT) exhibiting a higher mor-
tality rate [23—38]. In contrast, GATA?2 haploinsufficiency,
identified in 480 individuals, is the leading monogenic cause
of persistent HPV infections, often presenting as refractory
warts.
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«Fig.3 Detection of a homozygous non-canonical splicing pathogenic
variant DOCK2 in patients 1 and 2. (A) Exome sequencing of the
DNA of patient 1 revealed 80,183 annotated variants, and bioinfor-
matics filtering by steps shown reduced the number of candidate vari-
ants to DOCK2. (B) Homozygosity mapping revealed 34 regions of
homozygosity >4 Mb, one of them being 7.2 Mb and harboring the
DOCK?2 gene locus. The total ROH in the proband is 320 Mb (11.2%
of the autozygome), consistent with the presence of extensive consan-
guinity. (C) Conservation analysis showed that the DOCK?2 variant
occurred at highly conserved residues through evolution across sev-
eral species. Black boxes indicate residues that differ from the normal
human DOCK?2 protein sequence. (D) The DOCK2 splicing variant
was confirmed by Sanger sequencing. The parents are heterozygous,
and both patients are homozygous for the detected variant. (E) The
pathogenicity of the variant, leading to exon 35 skipping, was con-
firmed at the cDNA level by RT-PCR using mRNA isolated from the
patient’s blood sample. (F) The 3D structure of the DOCK?2 protein
was visualized. The predicted truncated protein as a consequence of
skipping an exon was demonstrated. Frameshifted residues are shown
in red on the protein structure

EBYV is a well-recognized trigger for HLH, particularly
in individuals with primary immunodeficiencies that
compromise immune regulation, such as DOCK2 defi-
ciency [27, 39]. DOCK2 plays a crucial role in immune
cell migration and function, and its deficiency can lead
to impaired pathogen clearance and a hyperinflammatory
response upon viral infection [23, 40]. In DOCK2-defi-
cient patients, EBV infection can thus drive an unregulated
immune response, promoting the development of HLH
through sustained activation of T cells and macrophages
[27, 40, 41]. Similarly, COVID-19 has been associated
with hyperinflammatory syndromes, including HLH, due
to dysregulated immune responses that resemble those
observed in primary immunodeficiencies [42]. HLH
related to a dysregulated inflammatory response post-
COVID-19 has been documented in the literature [43-46],
and a case of HLH in a patient with DOCK?2 deficiency has
also been reported [27]. In both DOCK2-deficient patients
and COVID-19 patients, the inability to properly control
viral infections, such as EBV or SARS-CoV-2, may lead
to an overwhelming inflammatory state and predispose
individuals to HLH [40, 42]. This convergence of genetic
susceptibility (e.g., DOCK2 deficiency) and viral triggers
(e.g., EBV, SARS-CoV-2) underscores the importance of
immune dysregulation in HLH pathogenesis, emphasiz-
ing the critical need for vigilant clinical monitoring and
early intervention to potentially mitigate the progression
to severe inflammatory states.

While previous reports have noted moderate COVID-19
severity in GATA2-deficient patients, our case is the first to
document critical COVID-19 pneumonia in such a patient
[47-49]. (For a comprehensive review of the clinical and
genetic features of DOCK?2 deficiency and GATA?2 haploin-
sufficiency, please see Supplementary File, Figures S2 and
S4.)

We speculated that life-threatening COVID-19 pneumo-
nia could be caused by single-gene inborn immunity defects
in a subset of patients [50]. From a biological standpoint,
discovering this Mendelian subset might be conducive to
uncovering other etiologies that disrupt the same physiologi-
cal mechanisms in other patients in the multifactorial subset
[2]. Besides, from a clinical perspective, the ability to dis-
sect this high-risk Mendelian subset from a larger group of
patients with multifactorial etiology will provide a frame-
work and justification for incorporating genetic counseling
and the genetic diagnostic test into managing life-threatening
COVID-19 patients.

In previous reports, by unbiased NGS studies of life-
threatening COVID-19 patients, it has emerged that TLR-
7-dependent type I and/or III IFN immunity underlies
immunity against SARS-CoV-2 [1, 2, 4]. Presumably, criti-
cal COVID-19 appears to be caused by the selective disrup-
tion of TLR7-dependent blood pDCs type I IFN produc-
tion. Besides, it has been shown that Dock2 regulates the
migration and IFN production of pDCs through the TLR7/9
signaling pathway [4, 23, 51, 52]. Therefore, it is plausi-
ble to hypothesize that DOCK?2 deficiency through abroga-
tion of TLR7/9-mediated type I IFN induction in pDCs via
Rac activation leads to the development of critical COVID
pneumonia, although further studies should confirm this.
Additionally, the findings of our study align with a recent
GWAS of a Japanese cohort, including patients younger
than 65 years. A single nucleotide polymorphism (SNP),
rs60200309-A, on chromosome 535, close to DOCK2, was
associated with critical COVID-19 [6].

So far, AR single-gene mutations in TYK2, IRF7, STATI,
STAT2, and IRF9 and AD mutations in TLR3 and MX1 have
been discovered in children with idiopathic severe seasonal
influenza pneumonia [4]. The discovery of these rare vari-
ants indicates that the disturbance of TLR3-dependent type
I and/or type III IFN immunity may be responsible for pneu-
monia caused by influenza that threatens life. This condi-
tion may result from the lack of type I IFN-pDCs in these
patients [53]. Patients with monoallelic GATA?2 deficiency
and susceptibility to severe influenza have also been reported
[54]. It was suggested that the absence of type I IFN-produc-
ing pDCs, which normally harbor TLR7 to sense influenza
virus, in these patients may contribute to the etiology of
this severe susceptibility [4, 55, 56]. Patients with GATA?2
deficiency are also probably susceptible to hypoxaemic
COVID-19 pneumonia, presumably due to a lack of type I
IFN-producing pDCs [56, 57].

Collectively, studies of both viral pneumonia cases sug-
gest a shared and, to some extent, overlapping defensive
immunity pathway, TLR-7/TLR3-dependent type I and/or
IIT IFN immunity, underlying immunity to both viruses (1,
2, 58). Although ARDS caused by both the seasonal influ-
enza virus and SARS-CoV-2 can be due to mutations that
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«Fig.4 Genetic etiology and virome study outcomes of a patient with
a monoallelic GATA?2 pathogenic variant. (A) Sanger sequencing con-
firmed a heterozygous deletion mutation in GATA2:NM_001145661;
¢.1075_1102del28, p.W360Sfs*18 in the proband. (B) The Sashimi
plot of RNA-Seq from cutaneous tissue shows the intraexonic
28-nucleotide deletion of exon 6. (C) The VirPy detected the pres-
ence of a-HPV2 with maximum and minimum viral loads in a wart
lesion and apparently normal skin biopsies, respectively, in compari-
son to no viral load in healthy control skin. (D) Conservation analy-
sis showed that the GATA2 variant occurred at highly conserved resi-
dues through evolution across several species. Black boxes indicate
residues that differ from the normal human GATA?2 protein sequence.
(E) The 3D structure of the GATA?2 protein. The predicted truncated
protein as a consequence of deletion was demonstrated. Frameshifted
residues are shown in red on the protein structure. (F) The mRNA
expression analysis (left panel) by heatmap revealed downregulation
of GATA2 transcript (compared with transcripts related to a random
set of housekeeping genes) and upregulations of transcripts expressed
from interferons and inflammatory gene markers implying strong
upregulation of interferon signaling in GATA?2 deficient patient com-
pared to healthy controls (n=4) in biopsied skin tissues (right panel)

impair type I IFN cell-intrinsic immunity in respiratory
epithelial cells (RECs), critical COVID-19 seems to be
preferentially caused by the selective disruption of TLR7-
dependent blood pDCs type I IFN production.

With primary cell material unavailable, analyzing the
DOCK?2 variant as a recombinant protein could provide
insights into its structure and function. Future studies
could use this approach to examine its role in immune
function for DOCK2 deficiency patients, offering essential
data on variant effects without relying on patient-derived
samples.

In conclusion, we report novel variants and phenotypes
in patients with DOCK2 and GATA?2 deficiency. In this
research, we broaden the genetic, clinical, and immunologi-
cal spectrum of DOCK?2 deficiency. DOCK2 deficiency has
a poor prognosis as a type of CID in individuals who do not
receive HSCT, suggesting immediate HSCT as the curative
treatment. Further studies are needed to define other treat-
ment options for DOCK2-deficient patients. Moreover, gene
therapy could emerge as an additional option in the future.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10875-025-01877-z.
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