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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 

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, CD14−/
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 10× 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 
µg/mL anti-hCD14-IgG (InvivoGen) or mouse antihuman 
HLA-ABC (BD Pharmingen) as control. Polymyxin B 10 µg/
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 μL RSV-A2-GFP or 
serum-free Opti-MEM only (mock).

Respiratory Syncytial Virus Immunoglobulin 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 (NH4SCN), 3.0 M NH4SCN, 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 patient’s 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 
CD14 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 × 10−5 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 

Age (months) 10 12 14 16 18 20 22 24 26 28 30 32 34 36

Otitis

Prophylaxis

Hospitalized in PICU 12 days
Pathogen: RSV B,

Bocavirus & H. influenzae
Intervention: invasive
mechanical ventilation

Outpatient:
Rhinovirus

RTI

Cotrimoxazol

Legend: 

= RSV (+) RTI

= RSV (–) RTI

= Otitis event

= Antibiotic prophylaxis

= Outpatient visit

48

Hospitalized 2 days
Pathogen: RSV B

Intervention: none

Hospitalized 2 days
Pathogen: Influenza B

Intervention: low flow resp.
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Pathogen: unknown

Intervention: high flow resp.
support

Hospitalized 3 days
Pathogen: Rhinovirus/Enterovirus

Intervention: low flow resp.
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Rhinovirus/

Enterovirus RTI
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Rhinovirus/

Enterovirus RTI
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CoVOC43 & 

Rhinovirus RTI
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AdenovirusRTI
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Pathogen: RSV A
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Pathogen: RSV A

Intervention: low flow resp.
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Figure 1. 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 
OC43; CRP, C-reactive protein; RSV, respiratory syncytial virus; RTI, respiratory tract infection; resp, respiratory.
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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 2c 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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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 CD14 comparing the patient (CD14−/−) with his parents (both CD14+/−) 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 CD14, 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. (−/−), 
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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 PBMCs 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 patient’s 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 (MX1, 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 CD14-
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, CD14−/− 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 Immune 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 7c). Finally, B-cell phenotyping revealed that 
memory IgG + B cells binding to pre-F, post-F, 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 
HRV 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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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 RTI’s 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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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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These data, taken together, suggest a protective role of CD14 
during bacterial-induced systemic inflammation and could 
explain the low burden of severe bacterial infections in our 
patient.

A strength of our study is that we were able to perform 
extensive clinical, genetic, epithelial, and immunological 
phenotyping. We were able to address part of the longstanding 
question about the clinical relevance of CD14 in RSV disease. 

100

1000

10 000

100 000

RSV-pre-F 5 µg/mL

Time (hours)

C
on

ce
nt

ra
tio

n
IL

-6
(p

g/
m

L
) HC (n = 2)

Father

Index patient

0 4 8 12 16 20 24

0 4 8 12 16 20 24

10

100

1000

10 000

RSV-F 10 µg/mL

Time (hours)

C
on

ce
nt

ra
tio

n
IL

-6
(p

g/
m

L
)

HC (n = 2) pre-F

HC (n = 2) post-F

Index patient pre-F

Index patient post-F

A

B

Figure 5. CD14 expression on monocytes mediates the interleukin (IL)-6 response to respiratory syncytial virus fusion (RSV-F). (a) The IL-6 protein response after 4, 18, 
and 24 hours of stimulation by RSV-pre-F and post-F (10 µg/mL), by peripheral blood mononuclear cells of 2 healthy controls (HC) and the index patient (IP). One experiment, 
performed in duplicates, lines indicate mean per individual (+standard deviation). (b) The IL-6 protein response during 24 hours of stimulation by RSV-pre-F (5 µg/mL) by 
Percoll-isolated monocytes of 2 healthy controls, the index patient, and his father. One experiment, lines indicate mean per individual. 

0 5 10 15 20 25 0 5 10 15 20 25
100

1000

10 000

100 000

RSV-pre-F

RSV-pre-F (µg/mL)

C
on

ce
nt

ra
tio

n 
IL

-6
 (p

g/
m

L
)

No antibody

aMHC-I

aCD14

100

1000

10 000

100 000

RSV-post-F

RSV-post-F (µg/mL)

C
on

ce
nt

ra
tio

n 
IL

-6
 (p

g/
m

L
)

No antibody

aCD14

aMHC-1

A B

Figure 6. Impaired interleukin (IL)-6 protein response to respiratory syncytial virus fusion (RSV-F) after blocking CD14 in healthy adult donor monocytes. The figure shows 
IL-6 protein production after stimulation of healthy donor monocytes with RSV pre-F (a) or post-F (b) at different concentrations, by healthy donor monocytes, after Percoll 
isolation, in the presence of CD14 blocking antibodies (aCD14), control antibody (aMHC-1), or no antibody. The lines indicate the mean (+standard deviation) of 3 independent 
experiments with a total of 7 donors.

265 • JID 2022:226 (15 July) •Recurrent RSV Infection in CD14 Deficiency

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/226/2/258/6569352 by U

trecht U
niversity Library user on 20 D

ecem
ber 2022



Age (mo)

A

B

C

D

 RSV status   Ga Gb Post F  N Pre f  

9 First RSV episode 0 0 1.0 0.6 1.8

10 - 7.9 15.2 947.5 1765.5 320.9

14 Second RSV episode  No sample available 

21 - 0 2.3 224.3 646 109.6

22 Third RSV episode 14.2 28.5 5973.8 11210.4 7770.4

28  - 110.7

%
 B

ou
nd

 1
.5

M
 N

H
4S

C
N

 in
cu

ba
tio

n

%
 B

ou
nd

 3
M

 N
H

4S
C

N
 in

cu
ba

tio
n

7.2 1629.9 2100.2 1386.5

100 Controls Index patient

Controls Index patient

Avidity to pre-F 1.5M

RSV A Neutralization

N.D.L
og

2 
in

te
rn

at
io

n
al

 u
n

it
s/

m
L

Controls Index patient

Avidity to pre-F 3M

Normal RSV antibody maturation

Normal RSV A and B neutralization

Normal B-cell response

80

60

40

20

0

20

15

10

5

0

Age (months)

Age (months)

Reference

Pre-F Binding Dual-Binding Post-F Binding

14

0.3

0.2

0.1

%
 o

f I
gG

+
 B

 C
el

ls

%
 o

f I
gG

+
 B

 C
el

ls

0.0

0.3

0.2

0.1

0.0

%
 o

f I
gG

+
 B

 C
el

ls

0.3

0.2

0.1

0.0

22 30

Controls Index patient

RSV B Neutralization

No competition

Post-F competed

L
og

2 
in

te
rn

at
io

n
al

 u
n

it
s/

m
L

20

15

10

5

0

Age (months)

Reference 14 22 30

RIV
M

 C
trl

 (n
 =

 80
)

In
fan

t C
trl

 (n
 =

 5)

RSV C
trl

 (n
 =

 5) 9 10 21 22 28

Age (months)

RIV
M

 C
trl

 (n
 =

 80
)

In
fan

t C
trl

 (n
 =

 5)

RSV C
trl

 (n
 =

 5) 9 10 21 22 28

80

60

40

20

0

Figure 7. Normal pre-fusion (F)-specific antibody response in CD14 deficiency. (a) Seroconversion of respiratory syncytial virus (RSV)-specific antibodies after the first RSV 
infection in the index patient. Depicted are the concentrations immunoglobulin (Ig)G against Ga, Gb, post-F, N, and pre-F in arbitrary units/mL at different time points during 
and in between RSV infections. (b) Percentage pre-F-specific IgG bound after incubation with 1.5M NH4SCN (left graph) and 3M NH4SCN (right graph), at the time points 
indicated in a. (c) Conformation-specific RSV A and B neutralizing activity in sera obtained at 14, 22, and 30 months, in the absence and presence of excess post-F. Bars 
represent mean neutralizing activity normalized to International Units of Neutralization. As a reference, the mean neutralization of 15 adult controls is depicted. (d) B-cell 
specific binding to RSV-pre- and post-F, 8 months after the second RSV infection and 6 months after third RSV infection. Bars show assembled percentage of total IgG + B 
cells that bind pre-F, post-F, or both probes (dual binding) in the index patient. The interquartile range of healthy controls is depicted in gray. N.D., not determined due to too 
little available serum; RIVM, Rijksinstituut voor Volksgezondheid en Milieu (National Institute for Public Health and the Environment).

266 • JID 2022:226 (15 July) • Besteman et al

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/226/2/258/6569352 by U

trecht U
niversity Library user on 20 D

ecem
ber 2022



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 × 104), 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.
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