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We described for the first time a female patient with the simultaneous presence
of two homozygous mutations in MYD88 and CARD9 genes presenting with
pyogenic bacterial infections, elevated IgE, and persistent EBV viremia. In addition to
defective TLR/IL1R-signaling, we described novel functional alterations into the myeloid
compartment. In particular, we demonstrated a defective production of reactive oxygen
species exclusively in monocytes upon E. coli stimulation, the inability of immature
mono-derived DCs (iDCs) to differentiate into mature DCs (mDCs) and the incapacity of
mono-derived macrophages (MDMs) to resolve BCG infection in vitro. Our data do not
provide any evidence for digenic inheritance in our patient, but rather for the association
of two monogenic disorders. This case illustrates the importance of using next generation
sequencing (NGS) to determine the most accurate and early diagnosis in atypical clinical
and immunological phenotypes, and with particular concern in consanguineous families.
Indeed, besides the increased susceptibility to recurrent invasive pyogenic bacterial
infections due to MYD88 deficiency, the identification of CARD9 mutations underline the
risk of developing invasive fungal infections emphasizing the careful monitoring for the
occurrence of fungal infection and the opportunity of long-term antifungal prophylaxis.

Keywords: MYD88, CARD9, NGS, primary immune deficiency (PID), pyogenic infections

HIGHLIGHTS

- Patient with atypical primary immunodeficiency
- Clinical manifestations: pyogenic bacterial infections, high IgE level, and persistent EBV viremia
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Chiriaco et al.

Patient With MYD88-CARD9 Deficiencies

- Next-generation sequencing reveals two homozygous
mutations in MYD88 and CARD9 genes leading to complete
absence of proteins

- Monocytes/macrophages function and DC differentiation
were severely compromised

- NGS has a key role to determine the correct diagnosis in
atypical primary immunodeficiency leading to reconsider the
individualized treatment.

INTRODUCTION

Primary immunodeficiency diseases (PIDs) are a heterogeneous
group of disorders characterized by poor or absent function
in one or more components of the immune system which
predisposes affected individuals to recurrent and severe
infections, autoimmunity, aberrant inflammation, atopy,
lymphoproliferation, and malignancy. To date more than 350
different disorders have been genetically characterized and new
disorders continually being recognized (1). PIDs are caused by
defects in the adaptive immunity, T-cell, B-cell, or combined B
and T cell immunodeficiencies, or innate immunity, phagocyte,
NK cell, several classes of pattern recognition receptors (PRRs),
and complement disorder (2).

The innate immune response represents the first line of
defense against pathogens. Appropriate recognition of threats
and induction of the downstream signaling cascades are
essential steps in the removal of these organisms from the
system. The failure of the innate system to identify pathogens,
delays the induction of the immune response worsening
outcomes of infection. Over the last two decades, several inborn
errors affecting primarily components of innate immunity,
conferring vulnerability to a narrow range of microorganisms,
such as Mendelian susceptibility to mycobacterial disease
(MSMD), herpes simplex 1 encephalitis (HSE), and monogenic
susceptibility to invasive pneumococcal disease (IPD) have been
identified (3).

Myeloid differentiation primary response protein 88
(MYDS88) is a cytosolic adaptor protein recruited from most
toll-like receptors (TLRs) and IL-1 receptors (IL-1Rs) to
trigger the canonical pathway leading to NF-«kB activation
and inflammatory cytokine gene transcription. Patients with
mutations in MYD88 present a Mendelian predisposition to
invasive (meningitis and septicaemia) and non-invasive bacterial
infections caused principally by S. pneumoniae, S. aureus and,
less frequently, by few Gram-negative bacteria. Typically, clinical

Abbreviations: AF, allelic frequency; BCG, bacillus calmette-guerin; CARDY,
caspase-associated recruitment domain-containing protein 9; CBC, complete
blood count; EBV, epstein-barr virus; IL-1Rs, IL1 receptors; IPD, invasive
pneumococcal disease; HBV, hepatitis B virus; HD, healthy donor; HIB,
Haemophilus Influenzae B; HIES, hyper IgE syndrome; HSE, herpes simplex
virus 1 encephalitis; MDCs, mono-derived dendritic cells; MDMs, mono-derived
macrophages; MSMD, mendelian susceptibility to mycobacterial disease; MYD88,
myeloid differentiation primary response protein 88; NADPH, nicotinamide
adenine dinucleotide phosphate; NGS, next-generation sequencing; NF-kB,
nuclear factor kappa-light-chain-enhancer of activated B cells; PB, peripheral
blood; PCR, polymerase chain reaction; PID, primary Immunedeficiency; PRRs,
pattern recognition receptors; ROS, reactive oxygen species; Tth, T follicular helper
cells; TLRs, Toll-like receptors; Tregs, T regulatory cells.

and laboratory signs of inflammation (e.g., fever, elevated
C-reactive protein level) in MYD88 patients are weak or delayed
even in case of severe infection (4-6). Moreover, an interesting
feature is that contrary to the most of PID, in which patient’s
condition undergo a gradual deterioration over time, clinical
status, and outcome in MYD88 deficient patients improve with
age even in the absence of preventive measures, suggesting that
the MyD88/TIR pathway becomes redundant once acquired
immunity, is fully functional and can ensure protection.

Caspase-associated recruitment domain-containing protein 9
(CARD?Y) is a central regulator of innate immune response, acting
as downstream regulator of Dectin-1, Dectin-2, Dectin-3, Mincle,
and others involved in the recognition of fungal pathogene (7). Its
deficiency causes a rare PID characterized by superficial and deep
fungal infection in otherwise healthy individuals (HD). CARD9
deficiency cause defective cytokine production in response to
fungal ligand, impaired T cell- dependent IL17 production and
impaired neutrophil recruitment to infection sites and/or killing.
Age at onset is heterogeneous and, although the most of reported
patients showed an adult onset, fungal infections can occur at any
age (8-11).

Here we report for the first time a female patient with
inherited MYD88 and CARD9 deficiencies presenting with
pyogenic bacterial infections, high level of IgE and persistent
EBV viremia.

CASE REPORT

A female infant patient was born from consanguineous parents
with a family history suggestive for PID. Her sisters deceased,
respectively, for meningitis and sepsis of unknown origin
(Figure 1A). The umbilical cord fell at 30 days and she was fully
immunized including measles, mumps, and rubella, without any
complications. During the first year of life she suffered from
recurrent respiratory infections and one episode of urinary tract
infection due to P. aeruginosa. At the age of 2 years she was
hospitalized for an intramuscular and deep abdominal abscess
caused by S. aureus, without any signs of inflammation, which
was successfully treated with a combined therapy of intravenous
antibiotics and surgical drainage. Extensive immunological
work up revealed a normal complete blood count (CBC),
normal number of T-, B-, and NK-cells (including naive
and memory subsets, and CD4TCD31"), normal nitroblue
tetrazolium (NBT) test, normal serum immunoglobulin levels
and normal specific antibody response to T. toxoid, HBV,
and HIB. We detected high levels of IgE (4,550 KU/L),
mild eosinophilia (900/mcL), and non-protective response to
pneumococcal vaccines. In spite of elevated circulating IgE
levels, patient did not develop allergic symptoms and allergen-
specific IgE was not detectable. During follow-up, despite co-
trimoxazole prophylaxis, she developed urinary tract infection
caused by E. coli and a relapsing necrotizing granulomatous
lymphadenitis of left cervical lymph nodes, not responding to
antibiotic therapy, and successfully treated with surgical removal.
Moreover, the patient showed persistent EBV viremia in the
blood with no evidences of organs damage. Further analysis
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FIGURE 1 | Characterization of MYD88-CARDS deficiency patient: part 1. (A) Family pedigree showing proband (II3), carrier parents (1, 12), and sisters (11, 112).
Genotype + and — indicate in the figure wild type and mutated, respectively. (B) Percentage of CD3+CD4+IL17+ cells after PMA stimulation (mean + SEM of n = 2).
(C) Sanger sequencing confirmed a homozygous in-frame deletion (c.195_197delGGA) in MYD88 gene and a homozygous splice-donor mutation (c.1434+1G>C) in
CARD9 gene. (D) Western Blot of CARD9 and MYDB88 proteins performed on PBMC, EBVB, and PHA derived T cell lines. (E) TNFa production by monocytes after
LPS stimulation (mean + SEM of n = 2). (F) Phenotypic analysis of iDC and mDC differentiated in vitro. Results indicate the mean percentage 4+ SD of CD83
maturation/activation markers in gated CD14-CD1a+HLA-DR+ subsets of iDC and mDC. (G) Capacity of MDM to Kill (right panel) BCG (*P < 0.05).
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FIGURE 2 | Characterization of MYD88-CARDS deficiency patient: part 2. (A,B) NADPH oxidase activity evaluated by dihydrorhodamine (DHR) assay in patient’s
neutrophils and monocytes stimulated with PMA or E. coli. The production of ROS is determined by the oxidation of DHR into the fluorescent rhodamine. (C) INFy
production by patient’s CD3 cells stimulated with PMA or LPS/monocytes. Left panel shows representative plots and right panel shows mean + SEM of n = 2.
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revealed a normal frequency of Tregs and Tth cells, and a normal
level of INFy produced by CD41 and CD8™ T cells after PMA
stimulation (data not shown). Patient showed lower frequency
(3.4-fold decreased) of circulating Th17 with respect to HD (Pt
0.36 £ 0.14 vs. HDs 1.23 £ 0.19%) (Figure 1B). Moreover, a
mild decreased level of memory B cells with impaired B cells
responsiveness to CpG-TLR9 stimulation was observed (data
not shown).

Although the clinical phenotype was not typical of the
hyper IgE syndromes (HIES), family history, elevated levels of
IgE, eosinophilia, and decreased Th17 cells led us to exclude
by Sanger sequencing genetic defects associated with HIES
(STAT3, DOCKS, and TYK2). Moreover, IRAK4 PID variants
were excluded considering the absence of fever and of a
significant increase of inflammatory markers during severe
infections. HaloPlex targeted sequencing panel, including 630
causative and candidate PID genes (Cifaldi et al., manuscript
submitted) identified two homozygous mutations in two
different genes (Figures 1C,D and Supplementary Table 1). A
known pathogenic in-frame deletion ¢.195_197delGGA (AF
of 8.13180e-06_1000 Genomes) in exonl of the MYD88 gene
leading to absent protein expression resulting in a loss-
of-function mutation (4), and a homozygous splice-donor
variant ¢.1434+1G>C (AF of G = 0.0008/4_1000 Genomes)
in the CARDY gene, with absent protein, previously described

as heterozygous variant (11). Sanger sequencing confirmed
the mutations and both parents resulted heterozygous (data
not shown).

Since both mutated proteins caused impaired innate
immunity we deeply investigated the myeloid compartment.
Patient's monocytes showed a marked reduction of TNFa-
production (7-fold decreased) after LPS-stimulation (Figure 1E),
although PB-monocytes (classical, intermediate, and non-
classical), and major subtypes of dendritic cells (mDCI,
mDC2, and pDC) were normally represented (data not
shown). Moreover, immature monocytes-derived DC had
a defective ability to become mature/activated-DC (mDC)
(3.5-fold decrease) (Figure 1F), while maintaining their
phagocytic capacity (data not shown). Additionally, patient’s
monocytes-derived macrophages (MDMs) failed to kill
Bacillus Calmette-Guérin (BCG) in vitro (Figure 1G) after
engulfment (12-14).

Next, we investigated the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activity by dihydrorhodamine
(DHR) flow cytometric assay using PMA and opsonized E.
coli to stimulate neutrophils and monocytes. Neutrophils from
our patient performed a normal respiratory burst (Figure 2A),
in agreement with what previously observed in MYDS88 and
CARD9Y deficient patients. Conversely, we found an impaired
capacity to produce ROS in patient’s monocytes selectively
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CARDS9 phenotype

High IgE level
Eosinophilia
Impaired IL17-dependent immunity

Impaired neutrophil killing and/or
recruitment to infection sites

Reduced pro-inflammatory cytokine
production upon fungal stimulation

Susceptibility to a narrow spectrum
of superficial and invasive fungal
infection

Clinical penetrance incomplete in
younger individuals

CARD9 mutations.

FIGURE 3 | Venn diagram showing MYD88- and CARD9-deficiency features and clinical/laboratory data of our patient with the simultaneous presence of MYD88 and

MYD88 phenotype

Indispensable for survival in infancy
and early childhood, but dispensable
for survival after adolescence

Impaired glycan-specific antibodies
response including isohemagglutinins

MYD88/CARD9
phenotype

Susceptibility to invasive and non
invasive infection with only a few Gram-
positive (S. aureus, S.pneumoniae) and
less frequently Gram-negative bacteria

Weak inflammatory response with
delayed fever

Impaired pro-inflammatory cytokine
production of IL-6, IL-8 , upon activation
with IL-1R and TLR agonists (except
TLR3)

Impaired neutrophil mobilization from
the onset of infection

Reduced IgM Memory B cells

High IgE level

stimulated with E. coli (7-fold decreased respect to HD)
(Figure 2B). Interestingly, these results showed the impaired
contact signal/trigger to external stimuli by monocytes, which
could in part explain, the susceptibility to urinary tract
infection. To confirm this inability, we tested the capacity of
monocytes to stimulate T cells via LPS to produce INFy and
found a defective LPS/monocytes-triggered INFy production
by patients CD3 cells (7-fold decreased) as compared to
HD (Figure 2C).

DISCUSSION

Here we describe a patient with a phenotype of recurrent
respiratory and deep tissue bacterial infections with granuloma
inflammation in whom two pathogenic homozygous mutations
in MYD88 and CARDY9 genes were identified by NGS.
In agreement with MYD88- and CARD9-deficiencies, we

showed a defective TLR/IL1R-signaling leading to a severe
decrease of TNFa and IL17 pro-inflammatory cytokines
production, that compromise neutrophils recruitment to the
site of acute inflammation (Supplementary Figure 1) and the
capacity of the immune system to definitely resolve bacterial
infections (15). The patient has a severely compromised myeloid
compartment. Indeed, peripheral monocytes were unable to
differentiate into mDCs, and MDMs cells do not resolve
in vitro BCG infection. Although NADPH-oxidase respiratory
burst is normally functioning after PMA-stimulation, monocytes
are severely unable to produce ROS in response to E. coli.
These data highlight the inability of patient monocytes to
receive and process external signals and could explain the
development of P. aeruginosa, S. aureus, and E. coli infections
in our patient. Additionally, we investigated if MYD88-CARD9
mutations hinder the development of an appropriate T cell
response. We found a marked defect (7-fold decrease) of
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INFy production by CD3 cells after LPS-monocytes stimulation
revealing a compromised cooperation between monocytes
and T cells.

High level of serum IgE, family history, recurrent bacterial
infections, and low level of circulating Th17 initially suggested
us a diagnosis of HIES or IRAK4 deficiency shortly refuted
by molecular diagnosis of CARD9 and MYD88 deficiencies.
Frans et al. (16) similarly to our patient, described an adult
female patient who was at first phenotypically diagnosed with
HIES because of severe bacterial and fungal infections, and
elevated serum IgE levels, but finally defined as suffering from
IRAK-4 deficiency. These findings highlight the importance
of using NGS to identify the genetic cause of the disease in
a patient presenting with atypical clinical and immunological
phenotype. Considering IRAK-4 deficiency as a phenocopy of
MYDS88 deficiency, although both CARDY (10) and MYD88 (6)
deficiency showed moderately increased level of IgE compared
to the very high levels found in HIES patients (17), we
believe that MYD88 plays a crucial role in determining the
patient’s phenotype.

We further demonstrate that MDMs were unable to resolve
in vitro BCG infection. Interestingly, MYD88 deficiency mice
showed an increased susceptibility and mortality to the
experimental infection with three Mycobacteria species (M.
avium, M. bovis, and M. tubercolosis) and Mycobacterium avium
infection has been reported in one IRAK4-deficient patient (18)
thus suggesting a possible role for MYD88/IRAK4 signaling axis
in protective immunity to Mycobacteria.

Interestingly our patient had a persistent-asymptomatic EBV
viremia commonly reported in several PID patients but not
typically associated with CARD9- or MYD88-deficiency (19).
The impaired TLR2/MYD88 axis observed in our patients by
the absence of Myd88 protein could induce a defective cytokines
production that allows EBV to establish persistent infections
evading immune surveillance (20, 21). The role of Card9 protein
during EBV infection still remains unknown. This condition
could be depend by the simultaneous presence of both defects
that may create the proper context to allow the EBV to replicate,
or by the presence of any other gene unknown variants that
could increase the susceptibility to EBV. Despite the persistent
asymptomatic EBV viremia represents the only new feature as
compared to MYD88- and CARD9- deficiency phenotype, we
do not feel to define our patient as affected by digenic PID
(22, 23), but rather with two monogenic disorders. Accordingly
to the patient’s age the predominant clinical phenotype is the
one associated with MYD88-deficiency (Figure 3). The age at
onset of fungal infection, characteristic for CARD9-deficiency,
is highly heterogeneous and could arise from childhood to
adulthood (10), with incomplete clinical penetrance in younger
individuals (24).

CONCLUDING REMARKS

We described for the first time a patient with the simultaneous
presence of two homozygous variant mutations in MYDS88

and CARDY genes presenting with pyogenic bacterial
infections, elevated IgE and persistent EBV viremia. In
addition to the defective TLR/IL1R-signaling, we demonstrated
a selective impaired monocytes/macrophages function and
DC differentiation. This study shows the difficult path to
perform a definitive diagnosis if patient’s phenotype is atypical.
Although NGS technologies have a key role to discover
mutated genes, a continuous critical comparison with the
patient clinical manifestations is needed to improve clinical
management. Indeed, besides the increased susceptibility
to recurrent invasive pyogenic bacterial infections due to
MYD88-deficiency, the identification of CARD9 mutations
underline the risk of developing invasive fungal infections
emphasizing the importance of careful monitoring for the
occurrence of fungal infection and the opportunity of long-term
antifungal prophylaxis.
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