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Background.  Recurrent respiratory syncytial virus (RSV) infection requiring hospitalization is rare and the underlying mech-
anism is unknown. We aimed to determine the role of CD14-mediated immunity in the pathogenesis of recurrent RSV infection.

Methods. We performed genotyping and longitudinal immunophenotyping of the first patient with a genetic CD14 deficiency
who developed recurrent RSV infection. We analyzed gene expression profiles and interleukin (IL)-6 production by patient periph-
eral blood mononuclear cells in response to RSV pre- and post-fusion (F) protein. We generated CD14-deficient human nasal epi-
thelial cells cultured at air-liquid interface (HNEC-ALI) of patient-derived cells and after CRISPR-based gene editing of control cells.

We analyzed viral replication upon RSV infection.
Results.

Sanger sequencing revealed a homozygous single-nucleotide deletion in CD14, resulting in absence of the CD14 pro-

tein in the index patient. In vitro, viral replication was similar in wild-type and CD14”~ HNEC-ALI Loss of immune cell CD14 led
to impaired cytokine and chemokine responses to RSV pre- and post-F protein, characterized by absence of IL-6 production.

Conclusions.

We report an association of recurrent RSV bronchiolitis with a loss of CD14 function in immune cells. Lack of

CD14 function led to defective immune responses to RSV pre- and post-F protein without a change in viral replication.
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Respiratory syncytial virus (RSV) is one of the most impor-
tant viral pathogens identified in respiratory tract infections
(RTIs) in children. It causes a major global health burden,
with a hospitalization rate of ~3.2 million and an estimated
yearly mortality rate of 125 000 in children under 5 [1]. Most
infants who develop severe infection and require admission
to the intensive care unit are below the age of 3 months [2].
Recurrent RSV hospitalization is rare and without a known
genetic etiology. The recent discovery and stabilization of the
pre-fusion (F) conformation of the RSV surface F glycopro-
tein accelerated vaccine development [3]. Still, designing an
effective RSV vaccine or therapy remains challenging [4].
Defining immunological determinants of RSV susceptibility
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and disease severity may aid the advancement of new thera-
peutics and vaccine development [4, 5].

Respiratory syncytial virus F is required for infection of res-
piratory epithelial cells. After entering the respiratory tract,
RSV is confronted with the innate antiviral responses mediated
by the airway epithelium and lung resident immune cells such
as alveolar macrophages [5]. These first molecular events upon
infection define the size and direction of the inflammatory re-
sponse. A dysregulated inflammatory response can lead to
increased viral burden, as well as enhanced pulmonary inflam-
mation [5]. Hence, robust innate defenses that partially control
virus replication will reduce the level of adaptive immune re-
sponses needed to clear infection, reducing immunopathology
[6]. Toll-like receptors (TLRs) such as TLR2 and TLR4, and
the coreceptor CD14, have been shown to modulate the im-
mune response to RSV and accelerate viral clearance [7-9].
The CD14 receptor exists in 2 forms: membrane bound by a
glycosylphosphatidylinositol anchor to immune and epithe-
lial cells (mCD14) and soluble (sCD14), circulating in the
blood and at mucosal sites [10]. CD14 functions primarily as
a lipopolysaccharide (LPS) transferase, greatly accelerating the
binding of LPS to a complex consisting of TLR4 and myeloid
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differentiation factor 2 (MD2) [11, 12]. The association of CD14
function with RSV disease outcome remains controversial, and
the clinical relevance of CD14 as part of the putative RSV re-
ceptor complex has not been shown [13-16]. It has even been
proposed that RSV evolved the ability to stimulate the CD14-
TLR4-MD2 axis for its own benefit [13]. Over the years, the role
of CD14 has been extensively studied in cell lines and animal
models, but a human model has yet to be described. We de-
scribe the first child with a homozygous frameshift mutation
in CD14, leading to autosomal recessive CD14 deficiency, as a
novel genetic etiology associated with recurrent RSV bronchi-
olitis. The accidental identification of a CD14-deficient patient
enabled us to investigate the role of the CD14-mediated im-
mune response in the context of RSV infection. We aimed to
confirm the role of human CD14 expressed by monocytes in
response to RSV-F stimulation. Next, we studied whether RSV
viral replication in vitro is affected by the absence of CD14 in
airway epithelial cells.

MATERIAL AND METHODS

Study Participants

The patient and infant controls were initially enrolled
through a study previously performed by our group (Neon
Study: Institutional Review Board review reference number
NL58404.041.16). In short, the Neon study was set up to study
the phenotype and function of airway and blood-derived neu-
trophils of patients with severe bronchiolitis [17] All parti-
cipants gave written informed consent. The Parent Advisory
Board of our RSV research team was involved in writing a pa-
tient information letter specifically for the index patient.

Immunophenotyping

We performed flow cytometry to identify CD14 surface ex-
pression on patient and control immune cells. Whole blood
was depleted from red blood cells. Cells were stained for sur-
face markers for 20 minutes at 4°C in phosphate-buffered sa-
line (PBS) containing 0.01% (m/v) sodium azide and 1% (m/v)
bovine serum albumin. Cell types were identified according to
their characteristic forward and side light-scatter properties
and by their typical cell surface markers: neutrophils, CD147/
CD16"; monocytes, CD14"/CD16 . 7-aminoactinomycin D was
used to distinguish apoptotic cells. Generation of RSV pre-F
and post-F probes and identification of RSV pre-F and post-F
binding B cells were performed as described previously [3].

Monocyte Isolation and Stimulation

Peripheral blood mononuclear cells (PBMCs) were extracted
from whole blood using Ficoll. Monocytes were isolated from
the PBMCs by Percoll gradient. Standard Isotone Percoll
(SIP) was prepared by adding 10:1 10X PBS. The PBMCs were
taken up in 60% SIP, followed by gentle addition of 47.5% and

34% SIP, centrifuged for 45 minutes, 1750 relative centrifugal
force, at room temperature. Monocytes were collected from
the upper ring and washed twice with PBS. After isolation,
PBMCs or monocytes were stimulated with a panel of Toll-
like receptor (TLR) agonists. All TLR stimuli were obtained
from InvivoGen, unless stated otherwise. Where indicated,
monocytes were preincubated for 30 minutes at 4°C with 10
pg/mL anti-hCD14-IgG (InvivoGen) or mouse antihuman
HLA-ABC (BD Pharmingen) as control. Polymyxin B 10 pg/
mL (InvivoGen) was added to the PBMCs 10 minutes before
the addition of LPS or RSV F. For heat inactivation, LPS and
RSV F were heated for 10 minutes at 99°C before adding this
to the PBMCs. All assays with cells derived from the index
patient were performed within the age range of 10 months
to 3 years.

Collection and Differentiation of Nasal Epithelial Cells

Primary human nasal epithelial cells (HNECs) were obtained
from (1) healthy children and the (2) index patient by
nasal brushes. All participants or their caregivers provided
written informed consent. The study was approved by a spe-
cific ethical board for the use of biobanked materials TcBIO
(Toetsingscommissie Biobanks), an institutional Medical
Research Ethics Committee of the University Medical Center
Utrecht (protocol ID: 19/678). Nasal airway cells were collected,
isolated, expanded and differentiated as previously described
[18]. CD14 knockout cell lines were made with CRISPR-Cas9
technologies as described previously [19-21].

Viral Infection of Human Nasal Epithelial Cells Cultured at Air-Liquid
Interface

One day before infection, culture medium of the HNEC cul-
tured at air-liquid interface (HNEC-ALI) was refreshed. RSV-
A2-GFP was diluted in serum-free Opti-MEM (Gibco) to
obtain a multiplicity of infection (MOI) of 1. The HNEC-ALI
were infected at the apical side with 100 uL RSV-A2-GFP or
serum-free Opti-MEM only (mock).

Respiratory Syncytial Virus Inmunoglobulin G Concentrations and Avidity
Assays

Analysis of immunoglobulin (Ig)G in serum was performed
using an RSV multiplex immunoassay as described earlier. The
avidity of the RSV-specific antibodies was determined using
the same RSV multiplex immunoassay with some adaptations.
After incubation of the sera with the RSV proteins, all samples
were additionally incubated for 10 minutes, at room tempera-
ture, in 3-fold, on the same plate, in the presence of 1.5 M am-
monium thiocyanate (NH,SCN), 3.0 M NH SCN, or PBS (pH
7.4). The avidity index was expressed as the percentage of re-
sidual mean fluorescence intensity IgG signal in comparison to
the undenatured (PBS) signal, which was set at 100%.
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Respiratory Syncytial Virus Neutralization Assays

Neutralization by sera from the index patient, 15 adult controls
of a previous study [22], and the BEI NR-4020 control sera were
measured by a fluorescence plate reader neutralization assay de-
scribed previously [3].

Statistical Analysis

Statistical analysis was performed with GraphPad Prism soft-
ware version 8.3.0. An unpaired t test was performed to compare
patient groups or samples. P < 0.05 were considered significant.
Additional information on the applied methodologies can be
found in this article’s online Supplement.

RESULTS

Clinical Phenotype of CD14 Deficiency

The index patient, a boy, had life-threatening RSV type B bron-
chiolitis at the age of 9 months (Figure 1). He required intu-
bation and invasive mechanical ventilation at the pediatric
intensive care unit (PICU) for a period of 11 days. His RSV
cycle threshold (Ct) value was 19.18, and control infants ad-
mitted to the PICU with severe RSV had a mean RSV Ct value
of 24.51 (+standard deviation [SD] 4.2) (Figure 2a), measured
in broncho tracheal aspirates. He had 3 additional episodes of

RSV bronchiolitis at the age of 14 and 22 months and 4 years,
which required hospital admission for observation of the res-
piratory status and supplemental oxygen supply. The patient
tested negative for RSV between episodes. At the time of the
first RSV episode, we discovered the patients CD14 defi-
ciency by studying the patient’s leukocytes via flow cytometry
(Supplementary Figure S1) [23]. This was confirmed by Sanger
sequencing, which showed a single-nucleotide deletion in the
CDI14 gene: a homozygous variant (NM_000591.4:c.196del),
resulting in a frameshift and truncation in the CD14 protein
(NP_000582.1:p.Leu66*) (Figure 2b and Supplementary Figure
S2). This rare variant is present in the European (non-Finnish)
population with an allele frequency of 4.54 X 1075 and is ab-
sent in the homozygous state (gnomAD). Both parents were
heterozygous for the mutation, and the sister had a normal
genotype. Both parents had normal CD14 cell surface expres-
sion (Supplementary Figure S3). No other de novo or recessive
variants were identified that score as variant of uncertain sig-
nificance or higher according to the 2015 American College
of Medical Genetics and Genomics-Association for Molecular
Pathology guidelines [24]. The child was admitted 3 times with
non-RSV respiratory tract infections, including human rhino-
virus (HRV)/enterovirus infection. Figure 1 shows an overview

Hospitalized in PICU 12 days

Pathogen: RSV B,
Bocavirus & H. influenzae
Intervention: invasive
mechanical ventilation

Hospitalized 2 days
Pathogen: RSV B
Intervention: none

support

Hospitalized 6 days
Pathogen: RSV A
Intervention: low flow resp.

Hospitalized 2 days
Pathogen: RSV A
Intervention:
low flow resp. support

Hospitalized 2 days
Pathogen: Influenza B
Intervention: low flow resp.

Hospitalized 5 days
Pathogen: unknown
Intervention: high flow resp.

support support
Outpatient: Outpatient: Outpatient:
Rhinovirus Parainfluenza & CoVOC43 &
RTI AdenovirusRTI  § Rhinovirus RTT

Age (months)

Otitis

Hospitalized 3 days

Pathogen: Rhinovirus/Enterovirus

Intervention: low flow resp.
support

Outpatient:
Rhinovirus/
Enterovirus RTI

Outpatient:
Rhinovirus/
Enterovirus RTIT

Prophylaxis Cotrimoxazol

Legend:

B =rsv @RI
B -rsvOrRT
8 = Otitis event

= Antibiotic prophylaxis

D = Outpatient visit

Figure 1.

0C43; CRP, C-reactive protein; RSV, respiratory syncytial virus; RTI, respiratory tract infection; resp, respiratory.

Overview of the patient's medical history. Timeline of critical events in the patient’s medical history, according to his age in months. CoVOC43, human coronavirus
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Figure 2. Phenotypic and genetic analysis of CD14 deficiency. (a) Respiratory syncytial virus (RSV) cycle threshold (Ct) value of the index patient during the first RSV infec-
tion and of 9 controls admitted with RSV at the pediatric intensive care unit in the same season. Mean + standard deviation is shown for the controls. (b) Genomic deoxy-
ribonucleic acid sequence of CD74 comparing the patient (CD147) with his parents (both CD74+/-) and sister (wild type). The band indicates the deletion of C in the index
patient. In the family pedigree, circles and squares denote female and male family members, black dots represent a heterozygous mutation in C074, and the black square
represents the index patient. (c) Flow cytometry plot of the index patient. Cells were gated based on their forward and side scatter (SSC) properties, and single, nonapoptotic
cells were selected. Monocytes were identified a CD14%/CD16™. (d) Plasma levels of soluble CD14 (sCD14) in the index patient compared to control infants (n = 6) and RSV
infants (n = 10). Levels of lipopolysaccharide-binding protein (LBP) during and after the first RSV episode in the index patient, compared to control infants (n = 6) and RSV
infants (n = 10). An unpaired t test was performed to compare expression between patient groups. Only significant values are shown. *, P=<.05; **** P=<.0001. (7,

genetic knock out.

of the events in the patient’s medical history, and an extended
case report is presented in an online repository. Altogether, the
clinical phenotype of CD14 deficiency is characterized by res-
piratory infections, in particular recurrent RSV bronchiolitis,
requiring hospital admission.

Immunological Phenotype of Human CD14 Deficiency

Evaluation of patient’s leukocytes by flow cytometry showed no
CD14 cell surface expression (truncated or intact), and there
was no intact sCD14 detected in the plasma (Figure 2¢ and d).
In case a truncated form of CD14 is present in the circulation,
we predicted this would not be functional because it lacks the
pocket rim needed for LPS binding (Supplementary Figure
S2b) [25]. We measured LPS-binding protein (LBP) levels in
patient plasma during his first RSV episode and at several time

points thereafter. Our index patient, and other infants hospi-
talized with severe RSV, had mildly increased LBP levels com-
pared to control infants. After the first RSV episode, the index
patient had normal LBP levels (Figure 2d). To investigate the
local inflammatory response during RSV infection in vivo, we
measured levels of IL-6 and IL-8 in sputum of the index pa-
tient and controls. The levels of IL-6 and IL-8 in sputum of
the index patient fell within the range of the control patients
(Supplementary Figure S4). In addition, because neutrophils
are the main immune cell in the airways during RSV infection,
we analyzed neutrophil responses, as investigated in a previous
study by our group [23]. The mean percentage of airway neu-
trophils was slightly higher in the index patient (77.1%) com-
pared to control infants with RSV (56.9%; +SD 24). The patient
and controls showed a similar increase of CD66b and decrease
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of CD62L surface expression on RSV airway neutrophils com-
pared with circulating neutrophils during severe RSV infection.
In addition, oxidative burst by the patient neutrophils was sim-
ilar to that of control infants (data not shown). In conclusion,
local neutrophil function during RSV infection was similar in
the index patient and control infants.

CD14 Deficiency Leads to Impaired Toll-Like Receptor Signaling

Next, we studied (1) the functionality of CD14.-dependent
signaling pathways by stimulating PBMC:s of the patient and (2)
healthy adult controls with TLR agonists, and we measured in-
nate immune gene expression by NanoString, a methodology
for measuring messenger ribonucleic acid (mRNA) levels in
the absence of amplification. The innate immune response to
TLR 1/2, 2/6, 4, and 5 but not TLR 7/8 stimulation was im-
paired in the patients PBMCs compared to healthy controls
(HCs) (Figure 3a—c). This included an absent IL-6 mRNA re-
sponse to RSV-pre-F in the index patient (Figure 3d). In addi-
tion, mRNA expression of several chemokines (CCL2, CCL20)
and interferon (IFN)-stimulated genes (MX1I, IFNa 1/13) were
compromised (Figure 3d). Subsequent protein measurement
of IL-6 in supernatant confirmed the IL-6 mRNA data (Figure
3e). In line with these results, prolonged stimulation of patient-
derived PBMCs (Supplementary Figure S5) with LPS, but not
the TLR7/8 ligand R848, with varying concentrations, showed
impaired IL-6 protein production. We conclude that this pa-
tient, with a homozygous autosomal recessive CD14 deficiency,
demonstrated a loss of known CD14 functions.

Airway Epithelial Derived CD14 Does Not Inhibit Respiratory Syncytial
Virus Infection

Next, we studied whether RSV viral replication in vitro is af-
fected by the absence of CD14 in airway epithelial cells (Figure
4a). First, we compared RSV infections in HC and CDI14-
deficient patient-derived ALI-HNEC (Figure 4a). As expected,
soluble CD14 protein levels could be detected in HC ALI-
HNEC culture supernatants, but not in the supernatants of the
CD14-deficient patient (Figure 4b). However, we did not ob-
serve differences in RSV replication between HC and CD14-
deficient patient-derived cells in time (Figure 4b). We further
confirmed the lack of effect of CD14 deficiency on RSV infec-
tion in airway epithelial cells by using CD14™~ cells developed
with CRISPR-Cas9-based gene editing (Supplementary Figure
S6). Corresponding with CD14-deficient patient-derived
cells, CD147"" cells displayed a lack of CD14 expression com-
pared with wild-type (WT) control cells (Figure 4c and d).
Furthermore, RSV replication in CD14”'~ ALI-HNEC was com-
parable with WT controls (Figure 4d). Finally, the production
of IL-8 was not different in CD14 knockout and WT HNEC-
ALI (Supplementary Figure S7). Based on these findings, we
conclude that in the absence of immune cells, epithelial-derived
CD14 does not inhibit RSV infection in the airway epithelium.

CD14 Expression on Immune Cells Mediates the Innate Inmune Response
Against Respiratory Syncytial Virus Fusion Protein

To investigate the role of systemic CD14 in the immune re-
sponse to RSV F, patient immune cells were stimulated for up to
24 hours with pre-F or post-F protein. This resulted in impaired
IL-6 response to both proteins in the patient (Figure 5). In
line, surface blockade of CD14 with a monoclonal antibody in
healthy donor monocytes inhibited the IL-6 protein response to
pre-F and post-F at different concentrations (Figure 6), which
confirmed previous observations [8]. To rule out that this re-
sponse was caused by LPS contamination of RSV F stocks, we
measured IL-6 (1) after heat inactivation and (2) in the presence
of LPS-neutralizing peptide polymyxin B. After stimulation
with heat-inactivated RSV F, IL-6 was not detectable in culture
supernatant, whereas it was present after addition of polymyxin
B, ruling out LPS contamination (Supplementary Figure S8). In
addition, we investigated adaptive immune responses to RSV.
The patient had normal seroconversion and concentrations of
RSV-specific antibody titers, with normal avidity (Figure 7a-b).
Furthermore, the binding and neutralizing activity of total
pre-F and pre-F exclusive RSV antibodies in the serum was
normal (Figure 7¢). Finally, B-cell phenotyping revealed that
memory IgG + B cells binding to pre-F, post-E, or both probes
fell within the expected range (Figure 7d), demonstrating an in-
tact memory B-cell response [22]. In conclusion, we show that
systemic CD14 mediates the innate immune response against
RSV infection.

DISCUSSION

Life-threatening RSV infection at age 9 months, followed by re-
current RSV-related hospitalizations, is rare [2], and a possible
genetic predisposition is unknown. Although single-nucleotide
polymorphisms (SNPs) in the CD14 and TLR4 genes have been
associated with severe RSV bronchiolitis, a genetic link to re-
current or severe disease has not been described [26, 27]. We
identified the first CD14-deficient patient with an impaired
innate immune response against RSV. We show that airway
epithelium-derived CD14 did not affect RSV viral infection
and that CD14 on immune cells impaired the immune response
against RSV. Our data suggest a beneficial role for CD14 in RSV
immune signaling, and we extend these findings to a clinical
phenotype for CD14 deficiency associated with recurrent respi-
ratory tract infections.

Casanova et al [28] showed that susceptibility to common
severe infections can be linked to single-gene inborn errors of
innate immunity. Previous TLR-signaling deficiencies linked to
disease in humans include the following: TLR3 deficiency as a
cause of herpes simplex encephalitis, MyD88-IRAK4 deficiency
in pyogenic infections, MDA5 deficiency underlying severe
HRYV infection, inherited IRF7 and IRF9 deficiencies associated
with severe influenza pneumonitis, and TIRAP deficiency as a
cause of staphylococcal disease [29-33]. We demonstrated that
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Figure 3. Impaired innate immune response to Toll-like receptor (TLR) 1/2, 2/6, 4, and 5 stimulation in CD14 deficiency. (a) Gene expression by peripheral blood mononu-
clear cells (PBMCs) after 4 hours of stimulation with a panel of TLR ligands, quantified using NanoString Technology. Log, normalized counts are represented for the index
patient (top) and a healthy control (bottom). Upregulated genes are depicted in gray, and downregulated genes are depicted in black. Each row represents a stimulus. Each
column represents 1 gene. In Supplemental Figure S9, a large version of the heatmap can be found. (b—d) Expression of the top 20 response genes measured in a, after stim-
ulation with lipopolysaccharide (LPS) (Escherichia coli [E. coli]) (10 ng/mL), R848 (1 pg/mL), and respiratory syncytial virus (RSV)-pre-fusion (pre-F) (10 ug/mL). Fold change
compared with unstimulated is shown for a healthy control ([HC] black bars) and the index patient (gray bars). (e) Interleukin (IL)-6 protein expression by patient and control
PBMCs (n = 4 donors) after TLR stimulation. Values show the mean + standard deviation of 2 independent experiments.

a deficiency of CD14 was characterized by, but not limited to,
recurrent RSV infections. The patient was also hospitalized with
RTIs caused by other viruses, including rhinovirus. Although
recurrent rhinovirus infection is common in childhood [34],
it could be that recurrent viral RTTs are part of the CD14 de-
ficiency phenotype. Thus far, a link between CD14 and these

viruses has not been reported in literature. In vitro, the patient’s
immune cells showed an impaired innate immune response to
the RSV F protein. Lung resident cells, including airway epi-
thelial cells, alveolar macrophages, and dendritic cells, together
with infiltrating monocytes and neutrophils initiate the innate
immune response against RSV [5, 35]. Impaired innate immune
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Figure 4. Airway epithelial derived CD14 does not inhibit respiratory syncytial virus (RSV) infection. (a) Schematic view of RSV infection of human nasal epithelial cells
cultured at air liquid interface (HNEC-ALI). The HNEC-ALI was derived from healthy control (HC) children (n = 2), the index patient (IP), wild type ((WT] n = 4), and CD14 (n = 4).
(b) Cultures were infected with RSV-A2-GFP. Cytokine production of soluble (s)CD14 at day 1, 2, and 3 postinfection in cultures of the index patient and controls is shown.
No significant difference in cycle threshold (Ct) value was observed between the index patient and controls (P> .05 at both time points). (c) Plots show mRNA expression of
CD14. We confirmed the absence of CD14 mRNA expression in CD14 knock out (CD147) cultures. (d) Cultures were infected with RSV-A2-GFP. Cytokine production of sol-
uble CD14 (sCD14) at day 1, 2, and 3 postinfection in WT and CD147 cultures is shown. No significant differences in cycle threshold (Ct) value were observed between WT
and CD147" cultures (P> .05 for all time points). Values show the mean + standard deviation of 4 donors. The experiment using patient-derived HNEC-ALI were performed
twice. The experiments using HNEC-ALI with WT and CD147~ was performed twice, using 2 individual donors per experiment. All experiments were performed in duplicate.
An unpaired ¢ test was performed to compare expression (1) between the index patient and controls and (2) between WT and CD147". Only significant values are shown.

responses by monocytes, as in our patient, are likely to affect
the host’s susceptibility to RSV. This is supported by our pre-
vious observation that SNPs in innate immune genes are re-
lated to predisposition to RSV infection [36]. Our data show
that without CD14-mediated engagement of innate immune re-
sponses, adaptive immunity to RSV may be inadequate to con-
trol viral replication and protect from recurrent RSV disease.

The mechanism by which CD14 affects IL-6 signaling in re-
sponse to RSV-F and how this is linked to the clinical phenotype
remains to be elucidated. First, we showed impaired monocyte
immune responses, characterized by impaired IL-6 production
in vitro. Second, IL-6 and IL-8 responses during severe RSV in-
fection in sputum in the CD14-deficient patient were similar
to control infants. Third, we show normal neutrophil function
and influx to the airway. Fourth, there are no clinical or bio-
chemical signs of chronic inflammation. Based on our data, we
hypothesize that an impaired CD14-mediated IL-6 response re-
sults in decreased viral protection, and that CD14 plays a lim-
ited role in neutrophil induced immune pathology or chronic
inflammation.

In humans, CD14 has been shown to interact with TLR2 and
TLR4 [37], whereas in mice CD14 also associates with TLR3,
TLR7, and TLR9 [38, 39]. We identified an impaired immune

response to agonists against TLR1/2, 2/6, 4, and 5, but not TLR
7/8 in the index patient. We previously found that TLR2/6 and
TLR4 can interact with RSV F to promote innate immune re-
sponses [7, 8]. It is uncertain which TLR or comolecules are
required for CD14-RSV F signaling in our patient, but direct
interaction between CD14 and RSV F protein, facilitated by the
presence of MD2, has been reported [8, 9, 40]. Dysregulation
of TLR signaling impacts various functions within the im-
mune system, including negative regulation of dendritic cell
maturation and changing B-cell proliferation [41]. Defective
TLR signaling has been associated with enhanced RSV disease
caused by poor antibody affinity maturation [42]. In our pa-
tient, antibody affinity, avidity, and B-cell memory were normal,
suggesting intact antibody maturation in CD14 deficiency.

We were surprised to find that our patient did not present
with invasive bacterial infections. In vivo trials with CD14
knock out mice have shown a protective effect of CD14 by
attenuating bacterial growth and dampening the systemic
inflammatory response against Gram-negative bacterial
infection [43]. In humans, in Phase 1 trials, the treatment
with a chimeric CD14 antibody (IC14) showed to protect
to LPS induced systemic inflammatory response, and it
did not increase the incidence of secondary infection [44].
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Furthermore, the broad clinical phenotype of recurrent respi-
ratory infections, and our in vitro TLR data, indicated a central
role for CD14 in innate immune signaling that extends beyond
TLR4. Soluble CD14 is studied as a marker for severe disease
during viral infections, including in individuals with human
immunodeficiency virus infection [45]. Therapeutics targeting
CD14 have been studied and are currently being developed,
such as the use of a monoclonal anti-CD14 antibody (IC14) for
the treatment of severe COVID-19 [37, 46]. Our study exposes
potential adverse effects of such therapies.

Limitations also require discussion. First, we described a
single CD14-deficient patient, and no other patients could be
identified because of the low allele frequency. However, there
are several other loss of function mutations identified in the
CD14 gene (combined allele frequency of 2.5 x 10%), although
no other CD14-deficient patient has been described thus far.
Second, the amount of blood limited the number of tests we
could do. For instance, we did not investigate phagocytosis or
monocyte responses to viruses other than RSV. Third, for prac-
tical reasons, adult controls were used for stimulation experi-
ments with immune cells. We found impaired TLR 1/2, 2/6, 4,
and 5 responses in the index patient up to age 3, when TLR
responses are at adult level in normal children [47, 48]. For the
epithelial studies, we were able to use healthy pediatric controls.
Finally, we only had access to samples of the upper airway of the
CD14-deficient patient. Growth kinetics of RSV and viral titers
are higher in bronchial compared with nasal cell cultures. In ad-
dition, immune responses in the upper and lower airway tract
show regional differences [49]. However, both culture models
show similar proinflammatory responses to RSV infection and
therefore are a suitable model to study RSV infection in vitro
[50].

CONCLUSIONS

We described a novel single-gene immunodeficiency resulting
in a phenotype characterized by, but not limited to, recurrent
RSV infections. This patient establishes an important role for
CD14 in RSV pathogenesis. Furthermore, CD14-mediated in-
nate immune responses are likely involved in the immune re-
sponse against pathogens in the respiratory tract. We predict
that other loss of function mutations in the CD14 signaling
pathway may be similarly associated with recurrent or severe
RSV infections.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Supplementary materials consist of
data provided by the author that are published to benefit the
reader. The posted materials are not copyedited. The contents of
all supplementary data are the sole responsibility of the authors.
Questions or messages regarding errors should be addressed to
the author.

Notes

Acknowledgments. We are most thankful to the patients and
parents/caregivers for participating in this study. We acknowl-
edge Samuel Wright for his knowledge and advice. We thank
Michiel van der Vlist, Inés Ramos, Margreet Westerlaken, and
Akashdip Singh for technical support. We thank Tom Wolfs for
critically reviewing the manuscript.

Author contributions. S. B. B., L. ]. B., and L. M. contributed
to conceptualization. S. B. B, L. J. B,, L. M., LWR., G. D. A, E.
A.K.-],D. G, and B. S. G. contributed to methodology. S. B. B.,
E.P,HHMR,RVvS,M.R,].C,R-M.S,S.G.S,K. D,
L.A.C,S.N,K M. M, T.J R, and T. v. d. B. contributed to
experiments. S. B. B. and N. V. contributed to visualization. L.
J. B, E. A. K.-].,, and D. G. contributed to funding acquisition.
N. D. contributed to project administration. L. J. B., L. M., G. v.
H.,J.M.B,G.D.A,G.A.M.B,E. A K-, D.G.,and B. S. G.
contributed to supervision. S. B. B. and L. J. B. contributed to
writing the original draft. S. B. B, A. P, M. R, N. V,, G. D. A,
and L. J. B. contributed to writing, review, and editing. All au-
thors were involved in writing the paper and had final approval
of the submitted and published versions.

Financial support. This work was funded by an internal
University Medical Centre Utrecht Grant (to L. J. B.). D. G. and
E. A. K.-J. report grants from National Institute of Health. The
rest of the authors declare that they have no relevant conflicts
of interest.

Potential conflicts of interest. All authors: No reported con-
flicts of interest. All authors have submitted the ICMJE Form
for Disclosure of Potential Conflicts of Interest.

References

1. Shi T, McAllister DA, O’Brien KL, et al. Global, regional,
and national disease burden estimates of acute lower respi-
ratory infections due to respiratory syncytial virus in young
children in 2015: a systematic review and modelling study.
Lancet 2017; 390:946-58.

2. Scheltema NM, Kavelaars XM, Thorburn K, et al. Potential
impact of maternal vaccination on life-threatening respira-
tory syncytial virus infection during infancy. Vaccine 2018;
36:4693-700.

3. Crank MC, Ruckwardt TJ, Chen M, et al. A proof of con-
cept for structure-based vaccine design targeting RSV in
humans. Science 2019; 365:505-9.

4. Mazur NI, Higgins D, Nunes MC, et al. The respiratory
syncytial virus vaccine landscape: lessons from the grave-
yard and promising candidates. Lancet Infect Dis 2018;
18:€295-311.

5. Openshaw PJM, Chiu C, Culley FJ, Johansson C. Protective
and harmful immunity to RSV infection. Annu Rev
Immunol 2017; 35:501-32.

6. Medzhitov R, Schneider DS, Soares MP. Disease tolerance
as a defense strategy. Science 2012; 335:936-41.

Recurrent RSV Infection in CD14 Deficiency « JID 2022:226 (15 July) « 267



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Murawski MR, Bowen GN, Cerny AM, et al. Respiratory

syncytial virus activates innate immunity through Toll-like
receptor 2. J Virol 2009; 83:1492-500.

. Kurt-Jones EA, Popova L, Kwinn L, et al. Pattern recogni-

tion receptors TLR4 and CD14 mediate response to respira-
tory syncytial virus. Nat Immunol 2000; 1:398-401.

. Rallabhandi P, Phillips RL, Boukhvalova MS, et al

Respiratory syncytial virus fusion protein-induced toll-
like receptor 4 (TLR4) signaling is inhibited by the TLR4
antagonists Rhodobacter sphaeroides lipopolysaccharide
and eritoran (E5564) and requires direct interaction with
MD-2. MBio 2012; 3:e00218-12.

Jersmann HP. Time to abandon dogma: CD14 is expressed by
non-myeloid lineage cells. Immunol Cell Biol 2005; 83:462-7.
Wright SD, Ramos RA, Tobias PS, Ulevitch R], Mathison
JC. CD14, a receptor for complexes of lipopolysaccharide
(LPS) and LPS binding protein. Science 1990; 249:1431-3.
Park BS, Song DH, Kim HM, Choi BS, Lee H, Lee JO. The
structural basis of lipopolysaccharide recognition by the
TLR4-MD-2 complex. Nature 2009; 458:1191-5.
Medzhitov R. Toll-like receptors and innate immunity. Nat
Rev Immunol 2001; 1:135-45.

Janeway CA Jr, Medzhitov R. Innate immune recognition.
Ann Rev Immunol 2002; 20:197-216.

Caballero MT, Serra ME, Acosta PL, et al. TLR4 genotype
and environmental LPS mediate RSV bronchiolitis through
Th2 polarization. J Clin Invest 2015; 125:571-82.

Marr N, Turvey SE. Role of human TLR4 in respiratory syn-
cytial virus-induced NF-kappaB activation, viral entry and
replication. Innate Immun 2012; 18:856-65.

Besteman SB, Callaghan A, Langedijk AC, et al
Transcriptome of airway neutrophils reveals an interferon
response in life-threatening respiratory syncytial virus in-
fection. Clin Immunol 2020; 220:108593.

Amatngalim GD, Rodenburg LW, Aalbers BL, et al
Measuring cystic fibrosis drug responses in organoids de-
rived from 2D differentiated nasal epithelia [preprint].
bioRxiv 2021.07.20.453105.

Rapiteanu R, Karagyozova T, Zimmermann N, et al. Highly
efficient genome editing in primary human bronchial epi-
thelial cells differentiated at air-liquid interface. Eur Respir
] 2020; 55:1900950.

Koh KD, Siddiqui S, Cheng D, et al. Efficient RNP-
directed human gene targeting reveals SPDEF is required
for IL-13-induced mucostasis. Am ] Respir Cell Mol Biol
2020; 62:373-81.

Fujii M, Matano M, Nanki K, Sato T. Efficient genetic en-
gineering of human intestinal organoids using electropora-
tion. Nat Protoc 2015; 10:1474-85.

Phung E, Chang LA, Morabito KM, et al. Epitope-specific
serological assays for RSV: conformation matters. Vaccines
(Basel) 2019; 7(1):23.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Besteman SB, Callaghan A, Hennus MP, Westerlaken GHA,
Meyaard L, Bont LL. Signal inhibitory receptor on leuko-
cytes (SIRL)-1 and leukocyte- associated immunoglobulin-
like receptor (LAIR)-1 regulate neutrophil function in
infants. Clin Immunol 2020; 211:108324.

Richards S, Aziz N, Bale S, et al. Standards and guidelines
for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular
Pathology. Genet Med 2015; 17:405-24.

Kelley SL, Lukk T, Nair SK, Tapping RI. The crystal struc-
ture of human soluble CD14 reveals a bent solenoid with
a hydrophobic amino-terminal pocket. ] Immunol 2013;
190:1304-11.

Zhou ], Zhang X, Liu S, et al. Genetic association of
TLR4 Asp299Gly, TLR4 Thr399Ile, and CD14 C-159T
polymorphisms with the risk of severe RSV infection:
a meta-analysis. Influenza Other Respir Viruses 2016;
10:224-33.

Inoue Y, Shimojo N, Suzuki Y, et al. CD14 -550 C/T, which
is related to the serum level of soluble CD14, is associated
with the development of respiratory syncytial virus bron-
chiolitis in the Japanese population. ] Infect Dis 2007;
195:1618-24.

Casanova JL, Conley ME, Seligman SJ, Abel L, Notarangelo
LD. Guidelines for genetic studies in single patients: les-
sons from primary immunodeficiencies. ] Exp Med 2014;
211:2137-49.

Zhang SY, Jouanguy E, Ugolini S, et al. TLR3 deficiency in
patients with herpes simplex encephalitis. Science 2007;
317:1522-7.

Picard C, von Bernuth H, Ghandil P, et al. Clinical features
and outcome of patients with IRAK-4 and MyD88 defi-
ciency. Medicine (Baltim) 2010; 89:403-25.

Lamborn IT, Jing H, Zhang Y, et al. Recurrent rhinovirus
infections in a child with inherited MDAS5 deficiency. ] Exp
Med 2017; 214:1949-72.

Hernandez N, Melki I, Jing H, et al. Life-threatening influ-
enza pneumonitis in a child with inherited IRF9 deficiency.
J Exp Med 2018; 215:2567-85.

Ciancanelli MJ, Huang SX, Luthra P, et al. Infectious dis-
ease. Life-threatening influenza and impaired interferon
amplification in human IRF7 deficiency. Science 2015;
348:448-53.

Kieninger E, Fuchs O, Latzin P, Frey U, Regamey N.
Rhinovirus infections in infancy and early childhood. Eur
Respir ] 2013; 41:443-52.

Habibi MS, Thwaites RS, Chang M, et al. Neutrophilic in-
flammation in the respiratory mucosa predisposes to RSV
infection. Science 2020; 370:eaba9301.

Janssen R, Bont L, Siezen CL, et al. Genetic susceptibility
to respiratory syncytial virus bronchiolitis is predominantly

268 « JID 2022:226 (15 July) « Besteman et al



37.

38.

39.

40.

41.

42.

43.

associated with innate immune genes. ] Infect Dis 2007;
196:826-34.

Raby A-C, Labéta MO. Therapeutic boosting of the immune
response: turning to CD14 for help. Curr Pharm Biotechnol
2016; 17:414-8.

Lee HK, Dunzendorfer S, Soldau K, Tobias PS. Double-
stranded RNA-mediated TLR3 activation is enhanced by
CD14. Immunity 2006; 24:153-63.

Baumann CL, Aspalter IM, Sharif O, et al. CD14 is a
coreceptor of Toll-like receptors 7 and 9. ] Exp Med 2010;
207:2689-701.

Rallabhandi P, Bell ], Boukhvalova MS, et al. Analysis of
TLR4 polymorphic variants: new insights into TLR4/MD-2/
CD14 stoichiometry, structure, and signaling. ] Immunol
2006; 177:322-32.

Iwasaki A, Medzhitov R. Toll-like receptor control of
the adaptive immune responses. Nat Immunol 2004;
5:987-95.

Delgado ME, Coviello S, Monsalvo AC, et al. Lack of an-
tibody affinity maturation due to poor Toll-like receptor
stimulation leads to enhanced respiratory syncytial virus
disease. Nat Med 2009; 15:34-41.

Huber-Lang M, Barratt-Due A, Pischke SE, et al. Double
blockade of CD14 and complement C5 abolishes the cy-
tokine storm and improves morbidity and survival in
polymicrobial sepsis in mice. ] Immunol 2014; 192:5324-31.

44.

45.

46.

47.

48.

49.

50.

Reinhart K, Gluck T, Ligtenberg J, et al. CD14 receptor oc-
cupancy in severe sepsis: results of a phase I clinical trial
with a recombinant chimeric CD14 monoclonal antibody
(IC14). Crit Care Med 2004; 32:1100-8.

Shive CL, Jiang W, Anthony DD, Lederman MM. Soluble
CD14 is a nonspecific marker of monocyte activation.
AIDS 2015; 29:1263-5.

ClinicalTrials.gov: National Library of Medicine (US).
Available at: https://clinicaltrials.gov/ct2/results?term=IC1
4&Search=Search. Accessed 12 February 2020.

Nguyen M, Leuridan E, Zhang T, et al. Acquisition of adult-
like TLR4 and TLRY responses during the first year of life.
PLoS One 2010; 5:e10407.

Belderbos ME, van Bleek GM, Levy O, et al. Skewed pat-
tern of Toll-like receptor 4-mediated cytokine production
in human neonatal blood: low LPS-induced IL-12p70 and
high IL-10 persist throughout the first month of life. Clin
Immunol 2009; 133:228-37.

Mihaylova VT, Kong Y, Fedorova O, et al. Regional dif-
ferences in airway epithelial cells reveal tradeoff between
defense against oxidative stress and defense against rhino-
virus. Cell Rep 2018; 24:3000-7.€3.

Guo-Parke H, Canning P, Douglas I, et al. Relative respi-
ratory syncytial virus cytopathogenesis in upper and lower
respiratory tract epithelium. Am J Respir Crit Care Med
2013; 188:842-51.

Recurrent RSV Infection in CD14 Deficiency « JID 2022:226 (15 July) « 269


https://clinicaltrials.gov/ct2/results?term=IC14&Search=Search
https://clinicaltrials.gov/ct2/results?term=IC14&Search=Search



