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Background.  Respiratory syncytial virus (RSV) is a major cause of severe acute lower respiratory tract infections in infants. Natural 
killer (NK) cells are important antiviral effector cells that likely encounter RSV in the presence of virus-specific (maternal) antibodies. 
As NK cells potentially contribute to immunopathology, we investigated whether RSV affects their antiviral effector functions.

Methods. We assessed the phenotype and functionality of primary neonatal and adult NK cells by flow cytometry after stimula-
tion with RSV or RSV-antibody complexes.

Results. We demonstrate for the first time that RSV infects neonatal and adult NK cells in vitro. Preincubation of virus with 
subneutralizing concentrations of RSV-specific antibodies significantly increased the percentage of infected NK cells. Upon infec-
tion, NK cells were significantly more prone to produce interferon-γ, while secretion of the cytotoxicity molecule perforin was not 
enhanced.

Conclusions. Our findings suggest that (antibody-enhanced) RSV infection of NK cells induces a proinflammatory rather than a 
cytotoxic response, which may contribute to immunopathology. Considering that most RSV vaccines currently being developed aim 
at inducing (maternal) antibodies, these results highlight the importance of understanding the interactions between innate effector 
cells and virus-specific antibodies.
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Human respiratory syncytial virus (RSV) is a major cause of 
severe lower respiratory tract disease in infants [1]. There are 
currently no market-approved vaccines or antivirals avail-
able against this virus. The estimated global burden of RSV-
associated severe acute lower respiratory infection was 33.1 
million in 2015, with an estimated 118 200 deaths in children 
<5  years of age [2]. Hospitalization for severe RSV-mediated 
disease peaks between 6 weeks and 6 months of life [3], when 
infants mainly depend on maternal antibodies and their innate 
immune system for protection against infectious diseases. 
Despite extensive research efforts, the immunological determi-
nants of severe RSV-mediated disease remain elusive.

Natural killer (NK) cells are innate lymphocytes that play an 
important role in the control of viral lung infections. Within 
days after infection, large numbers of NK cells are recruited 
to the lung and become activated [4, 5]. NK cells have multi-
ple mechanisms to combat viral replication: (1) death recep-
tor–mediated cytolysis to kill virus-infected target cells, (2) 
production of proinflammatory cytokines with antiviral 
activity (eg, interferon gamma [IFN-γ]), and (3) antibody-de-
pendent cell-mediated cytotoxicity, in which NK cells bind anti-
body-coated virus-infected target cells via Fc gamma receptor 
III (FcγRIII)/CD16 followed by target cell lysis.

The role of NK cells during RSV-induced disease is still 
unclear. In mice, increased numbers of NK cells are present 
in the lungs early after RSV infection [4–6]. In this model, the 
presence of NK cells is sufficient to eliminate RSV infection [7] 
and depletion of NK cells significantly increases viral loads [8]. 
However, increasing evidence suggests that NK cells also con-
tribute to inflammatory lung injury, for example via the produc-
tion of IFN-γ [5, 8, 9].

 There are contradictory reports on NK cells in humans 
during severe RSV infection. In infants, the proportion of 
NK cells has been reported both to be decreased [10–13] or 
increased [14, 15] in comparison with healthy controls or 
infants with mild symptoms. NK cell gene expression in whole 
blood was reported to be downregulated in infants with severe 
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RSV disease compared with controls [16]. Therefore, definitive 
conclusions about the role of NK cells in RSV infection and dis-
ease cannot be drawn from the data currently available.

In this study, we investigated whether interaction of RSV 
or RSV-antibody complexes with NK cells affects their func-
tion. Interestingly, we found that RSV infects NK cells and 
that infection influenced the effector function of both neona-
tal and adult NK cells. RSV-infected NK cells were more prone 
to produce IFN-γ than uninfected cells, while the percentage 
of perforin-secreting cells was not increased. We show that 
preincubation of RSV with subneutralizing concentrations 
of virus-specific antibodies increases the number of infected 
and, hence, IFN-γ–secreting NK cells. We propose that (anti-
body-enhanced) infection of NK cells with RSV may contribute 
to immunopathology, through induction of a proinflammatory 
rather than a cytotoxic response in these cells.

MATERIALS AND METHODS

Cells and Viruses

Peripheral blood mononuclear cells (PBMCs) were obtained 
from healthy volunteers at the National Institute for Public 
Health and the Environment (RIVM, the Netherlands). Cord 
blood mononuclear cells (CBMCs) from umbilical cords of 
healthy neonates born by cesarean delivery were collected at 
Radboudumc Nijmegen (the Netherlands). Blood was collected 
in heparin tubes and the mononuclear fraction was isolated by 
density gradient centrifugation (Lymphoprep, Nycomed). NK 
cells were purified by negative selection using a CD56+ NK cell 
isolation kit (Miltenyi Biotec). In all experiments, NK cells were 
gated as the CD3(–), CD56(+) population. Isolated cells were cul-
tured in Iscove’s Modified Dulbecco’s Media (IMDM; Gibco) sup-
plemented with 10% heat-inactivated fetal calf serum (hiFCS), 
1% penicillin/streptomycin/glutamine (PSG, Gibco), and 5  ng/
mL recombinant interleukin 15 (IL-15; Biolegend). CBMCs were 
stored at –135°C and thawed before NK cell isolation.

Vero cells (ATCC-CCL81) were propagated in Dulbecco’s 
modified Eagle’s medium supplemented with 5% hiFCS and 1% 
PSG. Human chronic myelogenous leukemic K562 cells (a kind 
gift from Jeannette Cany, Radboudumc Nijmegen) were prop-
agated in IMDM, supplemented with 10% hiFCS and 1% PSG.

Recombinant RSV-X and RSV-X-GFP7 (encoding green 
fluorescent protein [GFP]) were propagated in Vero cells as 
described before [17, 18]. Virus stocks were purified between 
layers of 10% and 50% sucrose by ultracentrifugation. The 50% 
tissue culture infectious dose (TCID50)/mL was determined on 
Vero cells using the Spearman and Karber method [19].

Plaque Reduction Neutralization Test

Using RSV-X-GFP7, a Vero-based plaque reduction neutraliza-
tion test was performed for intravenous immunoglobulin (IVIg; 
KIOVIG, Baxalta), palivizumab (SYNAGIS, AbbVie), and the 
World Health Organization (WHO) International Standard for 

antiserum to RSV (National Institute for Biological Standards 
and Control [NIBSC]), as described previously [18]. Based on 
the neutralization curves, the amount of international units 
(IU) of anti-RSV neutralizing antibodies per milliliter was cal-
culated for IVIg and palivizumab using the WHO standard as 
reference serum (containing 2000 IU/mL).

RSV Infection

NK cells were infected with RSV-X-GFP7 or RSV-X by spinoc-
ulation for 1 hour at 700g at 20°C, followed by incubation for 1 
hour at 37°C. A  multiplicity of infection (MOI) of 1 based on 
titration on Vero cells was used. Next, cells were washed with 
phosphate-buffered saline and replenished with culture medium. 
For antibody-dependent enhancement (ADE) assays, RSV was 
preincubated with the indicated concentrations of IVIg or paliv-
izumab for 10 minutes at 37°C, before spinoculation of NK cells. 
Incubation at 37°C was followed by flow cytometric analysis at the 
indicated time points using an LSR Fortessa X20 (BD Biosciences). 
RSV infection was blocked by coincubation with 100 nM fusion 
inhibitor (TMC-353121, MCE) [20]. FcγRIII/CD16 was blocked 
by preincubation of NK cells with 50 µg/mL anti-CD16 Fab frag-
ments (3G8, Ancell). Infection was measured by GFP expression 
for RSV-X-GFP7 or with a fluorescein isothiocyanate (FITC)–
conjugated RSV-G antibody (131-2G, Millipore). Productivity of 
NK cell infection was assessed by TCID50 of the cleared superna-
tants on Vero cells as described above.

Flow Cytometric Phenotypic Characterization

The following fluorochrome-conjugated monoclonal anti-
bodies were used to phenotypically characterize (RSV-
infected) NK cells: CD3-APCAF750 (UCHT1, Beckman 
Coulter), CD16-PacificOrange (3G8, Thermo Fisher), CD56-
ECD (N901, Beckman Coulter), CD85j-PerCP-Cy5.5 (ILT2, 
LILRB1; GHI/75, BioLegend), CD161-APC (191B8, Miltenyi), 
CD158a-AF700 (KIR2DL1; 143211, R&D Systems), CD158a/
h-PC5.5 (KIR2DL1/S1; EB6B, Beckman Coulter), CD158b1/
b2,j-PC7 (KIR2DL2/L3/S2; GL183, Beckman Coulter), 
CD158e1-BV421 (KIR3DL1; DX9, BioLegend), CD159a-APC 
(NKG2A; Z199, Beckman Coulter), CD159c-PE (NKG2C; 
134591, R&D Systems), CD244-AF700 (2B4; C1.7, BioLegend), 
CD314-APC (NKG2D; ON72, Beckman Coulter), CD335-PC7 
(NKp46; BAB281, Beckman Coulter), CD336-PE (NKp44; 
Z231, Beckman Coulter), CD337-PerCP-Cy5.5 (NKp30; P30-
15, BioLegend), RSV-G-FITC (131-2G, Millipore). Cells were 
measured using a Navios flow cytometer (Beckman Coulter).

NK Activation Assay

At 20 hours postinfection with RSV or RSV-antibody com-
plexes, the NK cells were incubated for 4 hours in the absence 
or presence of K562 target cells together with brefeldin A (BD 
Bioscience) and CD107a-PE/Cy7 antibody (H4A3, Biolegend). 
Subsequently, cells were stained using the following antibod-
ies: CD56-PE (HCD56, Biolegend), CD3-PerCP (SK7, BD 
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Biosciences), RSV-G-FITC (131-2G, Millipore), IFN-γ–APC 
antibody (B27, BD Bioscience), perforin-BV421 (B-D48, 
Biolegend), and fixable viability dye eFluor780 (eBioscience).

Statistical Analysis

Comparison of 2 groups or data points was performed by using 
a nonparametric Wilcoxon signed-rank test. Multiple compar-
isons were analyzed by using a nonparametric Friedman test, 
followed by Dunn multiple comparisons test. P values <.05 were 
considered statistically significant. All statistical analyses were 
performed with Prism 7 software (GraphPad).

Ethics Statement

All blood donors (PBMCs) and mothers (CBMCs) provided 
written informed consent.

RESULTS

RSV Infects and Replicates in Primary Adult NK Cells

To assess the interaction of RSV with NK cells, primary adult 
NK cells (>95% CD3[–] cells) were spinoculated with RSV-
X-GFP7 at a Vero-based MOI of 1.  We observed steadily 

increasing expression of virus-encoded GFP, which is indicative 
of viral replication. In a time-course experiment, the maximum 
percentage of GFP-positive NK cells (CD3[–], CD56[+]) was 
observed at 24 hours postinfection (Figure 1A). The level of RSV 
infection showed considerable donor variability, and reached a 
maximum of up to 20% infected NK cells in some donors. The 
amount of intracellular GFP increased over time as shown by 
the Median Fluorescence Intensity (MFI) (Figure 1B). TCID50 
assays of the NK cell supernatant showed a decrease in viral titer 
over time, suggesting that little or no infectious viral particles 
were released (Figure 1C). Inoculation of NK cells with RSV-X-
GFP7 in the presence of a fusion inhibitor (TMC) showed effi-
cient inhibition of NK cell infection (Figure 1D), indicating that 
viral entry was required for GFP detection and depended on the 
fusion (F) protein. The TMC vehicle control (dimethyl sulfox-
ide) showed no effect on infection (Supplementary Figure 1A). 
Moreover, increasing the titer of the inoculum resulted in con-
siderably higher infection rates (Supplementary Figure  1B), 
suggesting that RSV does not exclusively infect a minor NK cell 
subpopulation. Altogether, these data show that RSV infects 
primary adult NK cells in vitro.
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Figure 1. Respiratory syncytial virus (RSV) infects primary natural killer (NK) cells in vitro. A and B, Flow cytometric analysis showing the percentage (A) or median fluo-
rescence intensity (B) of green fluorescent protein–positive cells for adult primary NK cells after spinoculation with RSV-X-GFP7 (multiplicity of infection = 1). Graphs depict 
geometric mean and standard deviation (SD) of 4 donors pooled from 2 independent experiments. C, The 50% tissue culture infectious dose of cleared RSV-infected NK cell 
supernatant on Vero cells. Graph depicts geometric mean and SD of 3 donors from 1 experiment. The dashed line depicts the retitration of the initial RSV inoculum. D, NK 
cells were spinoculated with RSV-X-GFP7 in the absence or presence of a fusion inhibitor (TMC) and infection was measured by flow cytometry at 20 hours postinfection. 
Data were pooled from 6 independent experiments and each set of paired data points represents an individual donor (n = 14). Wilcoxon signed-rank test was used for com-
parison between conditions (***P < .001). Abbreviations: GFP, green fluorescent protein; h.p.i., hours postinfection; MFI, median fluorescence intensity; NK, natural killer; RSV, 
respiratory syncytial virus; TCID50, 50% tissue culture infectious dose.
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Nonneutralizing RSV-Specific Antibodies Enhance NK Cell Infection

The vast majority of individuals infected with RSV possess RSV-
specific antibodies, which vary in concentration and are either 
maternally derived through transplacental transfer or induced 
by previous exposure. NK cells that are recruited to the lung 
most likely encounter viral particles in complex with these anti-
bodies. Since immunoglobulin G levels in the lung are lower 
than those found in serum [21], even neutralizing concentra-
tions of serum antibodies may be accompanied by nonneu-
tralizing antibody levels in the lung. Here we show that, while 
high antibody concentrations result in virus neutralization, 
incubation of NK cells with RSV-antibody complexes formed 
at subneutralizing concentrations results in ADE of infection 
(Figure 2A). This was shown for both IVIg, naturally contain-
ing RSV-specific antibodies, and palivizumab, a RSV-specific 
monoclonal antibody targeting the F protein. IVIg showed 
maximum enhancement around 1  μg/mL, corresponding to 
0.0027 IU/mL of anti-RSV neutralizing antibodies. For palivi-
zumab, maximum enhancement was observed at 0.03 μg/mL, 

corresponding to 0.0013 IU/mL. The standardized neutralizing 
antibody concentrations of IVIg and palivizumab were calcu-
lated using the WHO International Standard for antiserum to 
RSV as a reference (Supplementary Figure 1C).

Incubation of NK cells with RSV-antibody complexes formed 
at subneutralizing antibody concentrations (5 µg/mL or 0.014 
IU/mL IVIg), resulted in up to 4-fold increased infection com-
pared to the absence of antibodies (Figure 2B). Neutralizing anti-
body concentrations (500 µg/mL or 1.4 IU/mL IVIg) completely 
inhibited infection. ADE of infection was completely blocked in 
the presence of TMC, indicating that viral entry still depended 
on the F protein (Figure 2C). ADE of NK cell infection seems to 
involve CD16/FcγRIII, as incubation with CD16-blocking Fab 
fragments decreased infection in the presence but not in the 
absence of RSV-specific antibodies, although this difference was 
not statistically significant (Figure 2D). Spinoculation was used 
to enhance infection in all experiments, but this had no effect 
on the fold increase of antibody-enhanced infection compared 
to regular infection (Supplementary Figure 1D).
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Figure 2. Antibody-dependent enhancement of respiratory syncytial virus (RSV) infection in natural killer (NK) cells. A, Infection of adult primary NK cells in the presence 
of RSV-X-GFP7-antibody complexes (with the indicated concentration of intravenous immunoglobulin [IVIg] or palivizumab). Graph depicts the geometric mean and standard 
deviation (SD) of 3 donors from 1 experiment. Dashed line depicts the geometric mean percentage green fluorescent protein (GFP)–positive cells in absence of antibodies (no 
antibodies). B, Infection of NK cells with RSV-X-GFP7 or (sub)neutralizing RSV-antibody complexes (5 µg/mL or 500 µg/mL IVIg). Data were pooled from 6 independent exper-
iments and each set of paired data points represents an individual donor (n = 14). C, Infection of NK cells with subneutralizing RSV-antibody complexes (5 µg/mL IVIg) in the 
absence or presence of a fusion inhibitor (TMC). Data were pooled from 6 independent experiments and each set of paired data points represents an individual donor (n = 14). 
D, Infection of NK cells in the absence or presence of subneutralizing RSV-antibody complexes (5 µg/mL IVIg) with 50 µg/mL CD16-blocking Fab fragments. Graph depicts the 
geometric mean and SD of 3 donors from 1 experiment. All GFP measurements were performed by flow cytometry at 20 hours postinfection. Nonparametric Friedman test 
with Dunn multiple comparisons test was used for comparisons between multiple conditions (*P < .05, ****P < .0001). Wilcoxon signed-rank test was used for comparison 
between 2 conditions (***P < .001). Abbreviations: Abs, antibodies; ADE, antibody-dependent enhancement; GFP, green fluorescent protein; h.p.i., hours postinfection; IVIg, 
intravenous immunoglobulin; NK, natural killer; RSV, respiratory syncytial virus.
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Phenotypic Characterization of RSV-Infected NK Cells

Next, we set out to determine the phenotypic characteristics 
of RSV-infected NK cells using an extensive NK cell receptor 
panel. Those receptors showing the most pronounced effect 
upon infection are shown in Figure 3; the remaining receptors 
are depicted in Supplementary Figure 2. In the presence of sub-
neutralizing RSV-antibody complexes, the activation markers 
NKG2D and NKp44 are downregulated (Figure 3A and 3B). The 
presence of RSV alone has a similar, but nonsignificant effect. In 
contrast, the HLA-C–specific killer cell immunoglobulin-like 
receptors KIR3DL1, which is inhibitory, and KIR2DL2/L3/S2, 
which can be activating or inhibiting, were more abundantly 
expressed on RSV-infected NK cells compared to mock-in-
fected cells (Figure 3C and 3D). Taken together, although the 
effect on individual markers is not very dramatic, RSV-infected 
NK cells appear to be skewed toward an inhibitory phenotype.

Neonatal NK Cells Are Susceptible to (Antibody-Enhanced) RSV Infection

RSV is known to cause the most severe symptoms in the first 
months of life [3]. Therefore, the cells that are present at the 
moment of severe RSV disease in infants may more closely 
resemble umbilical cord blood NK cells than adult cells. 
We found that also neonatal NK cells (>90% CD3[–] cells) 
could be infected by RSV in vitro, and that infection was 
blocked by the fusion inhibitor TMC (Figure 4A). Neonatal 
NK cells showed a 6-fold increase in infection upon incu-
bation with RSV-antibody complexes formed at subneutral-
izing antibody concentrations (5  µg/mL IVIg) compared 
to the no-antibody control (Figure  4B). Neutralizing anti-
body concentrations (500 µg/mL IVIg) completely inhibited 
infection. Overall, these results show that neonatal NK cells 
are comparable to adult NK cells in their susceptibility to 
RSV infection.
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Figure 3. Phenotypic characterization of respiratory syncytial virus (RSV)–infected natural killer (NK) cells. A–C, Adult primary NK cells were inoculated with RSV-X or 
subneutralizing RSV-X antibody complexes (5 µg/mL intravenous immunoglobulin) and stained with 3 different antibody panels for flow cytometric analysis at 20 hours 
postinfection. RSV-infected and uninfected populations within 1 well are indicated with (+) and (-), respectively. Geometric mean of fluorescence intensity is depicted for the 
markers with the most pronounced differences compared to mock-infected NK cells: activating receptors NKG2D (A) and NKp44 (B), and KIRs KIR3DL1 (C), which is inhibi-
tory, and KIR2DL2/L3/S2 (D), which can be either activating or inhibiting. Graphs depict the geometric mean and standard deviation of 6 donors pooled from 2 independent 
experiments. Nonparametric Friedman test with Dunn multiple comparisons test was used for comparison between multiple conditions (*P < .05, **P < .01, ***P < .001). 
Abbreviations: gMFI, geometric mean fluorescence intensity; IVIg, intravenous immunoglobulin; KIR, killer cell immunoglobulin-like receptor; NK, natural killer; RSV, respira-
tory syncytial virus.
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RSV Infection of NK Cells Induces IFN-γ Production

Because RSV infection of immune cells can have a profound 
effect on their functionality [22–24], we set out to explore 
the effect of RSV infection on NK cell functionality. First, we 
assessed IFN-γ production in 4 different NK cell populations: 
(1) mock-infected control cells; RSV-exposed (2) infected and 
(3) uninfected cells; and (4) uninfected cells exposed to RSV 
in the presence of TMC. The gating strategy for the NK cell 

activation assays is depicted in Supplementary Figure 3. RSV-
infected neonatal NK cells showed significantly more IFN-γ–
expressing cells compared to all control conditions (Figure 5A). 
CD107a, a marker of NK cell activity, was also upregulated in 
RSV-infected NK cells (Supplementary Figure 4). In agreement 
with the results obtained for infection by RSV in the absence 
of antibodies, infection of neonatal NK cells by RSV-antibody 
complexes resulted in even more IFN-γ–expressing cells 
(Figure 5B). Similar results were obtained using adult NK cells 
(Figure 5C and 5D). In summary, both neonatal and adult NK 
cells are prone to produce IFN-γ upon RSV infection, and ADE 
of infection increases the total number of IFN-γ–positive cells 
by increasing the number of infected cells.

RSV Infection of NK Cells Does Not Enhance Perforin Secretion

In addition to IFN-γ secretion, an important NK cell function 
is the secretion of granzymes and perforins to induce target cell 
death. Upon encountering a cytotoxicity trigger, for example, 
virus-infected or tumor cells, NK cells rapidly release preexisting 
granules containing both granzymes and perforins. Secretion of 
these granules results in a loss of intracellular perforin staining, 
which can be detected by flow cytometry [25]. This experimen-
tal approach allows for the discrimination between infected and 
uninfected cell responses in the same well, which would not 
be possible by measuring perforin released in the supernatant. 
We determined the percentage of perforin-negative cells as a 
measure for perforin secretion in 5 different NK cell popula-
tions: (1) mock-infected control cells without K562 target cells; 
(2) mock-infected control cells with target cells; RSV-exposed 
(3) infected and (4) uninfected cells with target cells; and (5) 
uninfected cells exposed to RSV in the presence of TMC with 
target cells.

Perforin secretion was slightly increased in all condi-
tions upon the addition of target cells to neonatal NK cells 
(Figure 6A). Although RSV-infected NK cells are considerably 
more prone to produce IFN-γ than control cells (Figure  5A), 
this was not the case for perforin secretion. When neonatal 
NK cells were incubated with subneutralizing antibody con-
centrations (5  µg/mL IVIg), only the RSV-negative cells were 
significantly more likely to secrete perforin than unstimulated 
cells, possibly due to activation by neighboring opsonized RSV-
infected NK cells (Figure 6B).

Since neonatal NK cells are described to be intrinsically less 
cytotoxic than adult NK cells [26, 27], we investigated whether 
the latter were more reactive in our cytotoxicity assay. Unlike 
neonatal cells, adult NK cells showed a significant increase in 
perforin secretion upon addition of target cells, supporting 
the reportedly low cytotoxic capability of neonatal NK cells 
(Figure  6C). Strikingly, only RSV-infected NK cells did not 
show significantly increased perforin secretion upon addi-
tion of target cells. ADE of NK cell infection enhanced this 
effect, resulting in a significant difference in perforin secretion 
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between infected and uninfected NK cells in the same well 
(Figure 6D). These data suggest that, unlike what was seen for 
IFN-γ, the secretion of perforin is not enhanced and is possibly 
even reduced in RSV-infected adult NK cells.

DISCUSSION

In the past, it was thought that epithelial cells were the only tar-
get of RSV [11, 28]. However, there is increasing evidence that 
RSV is also able to infect immune cells in humans [22, 23], and 
viral RNA has been detected in peripheral blood cells during 
acute infection [29]. In our experiments, infected NK cells did 
not release infectious viral particles, which is consistent with 
studies of RSV infection in other immune cells [24, 30, 31]. 
Infection of NK cells has been documented before for several 
unrelated viruses (including human immunodeficiency virus, 

vaccinia virus, human herpesvirus 6, and influenza virus), and 
only some of these establish productive infections [32–35].

Considering that NK cells, recruited to the lungs during 
infection in infants, likely encounter RSV bound to (subneu-
tralizing levels of) virus-specific antibodies, it is probable that 
Fc gamma receptor (FcγR)–mediated antibody effector func-
tions are activated. Recently, researchers found that antibodies 
with enhanced binding to CD16/FcγRIII determined disease 
severity in dengue infection [36]. Moreover, in vitro ADE of 
RSV infection has been shown before by several groups includ-
ing our own [37–39]. In the current study, we show that in the 
presence of subneutralizing antibody concentrations, infection 
of NK cells can be enhanced up to 4-fold for adult NK cells and 
up to 6-fold for neonatal NK cells, resulting in a substantial pro-
portion of infected NK cells in vitro. Further research is needed 
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to determine the exact contribution of CD16/FcγRIII to ADE of 
RSV infection in NK cells.

We show that RSV infection of NK cells results in increased 
numbers of IFN-γ–producing cells. In mouse models of RSV 
infection, NK cells were shown to be the most important source 
of IFN-γ early after infection [4, 5]. However, the role of IFN-γ 
in RSV disease has been much debated. On the one hand, it has 
been suggested that IFN-γ is involved in acute lung injury, aller-
gic airway disease, and airway obstruction in animal models [5, 
40, 41] and appears to be associated with virus-induced wheez-
ing in humans [42]. On the other hand, decreased IFN-γ levels 
were found in the blood and in the nasopharyngeal aspirates 
of mechanically ventilated infants compared to nonventilated 
infants [43, 44]. However, it is debatable whether measurements 
in the blood accurately reflect IFN-γ levels in the lungs during 

RSV infection. Also, in a more recent study, IFN-γ levels were 
found to be elevated during RSV bronchiolitis when measured 
by nasosorption, but not in nasopharyngeal aspirates, showing 
a clear effect of sampling technique [45]. Considering these 
findings, it seems that the detrimental effects of IFN-γ are an 
exacerbated outcome of an intrinsically beneficial role for this 
molecule in protection against RSV disease. We have shown 
that RSV infection of NK cells leads to more IFN-γ–produc-
ing cells, a potential way through which the virus disturbs the 
balanced NK cell response. In contrast to the increase in IFN-γ 
production in RSV-infected NK cells, we did not observe more 
perforin secretion upon RSV infection. Adult NK cells infected 
in the presence of RSV-antibody complexes even showed sig-
nificantly lower perforin secretion than uninfected cells in the 
same well. This effect is likely only seen in adult NK cells because 
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of the intrinsically lower capacity of neonatal NK cells to elicit a 
cytotoxic response. This is also evidenced by the almost 10-fold 
lower MFI for perforin in neonatal compared to adult NK cells 
(data not shown). Overall, we only observed minor differences 
between neonatal and adult NK cells. This was an unexpected 
finding, as earlier studies show more RSV infection in neonatal 
compared to adult monocytes [46] and severely decreased cyto-
toxic responses by neonatal NK cells [26, 27]. Our experiments 
were performed with the addition of small amounts (5  ng/
mL) of IL-15. This has been shown to increase the functional-
ity of neonatal NK cells [27] and possibly explains the limited 
differences between adult and neonatal NK cells in our study. 
Moreover, high variability has been observed between cord 
blood donors in earlier studies [47] with some donors exhibit-
ing similar or even higher cytotoxicity levels than adult donors.

Of note, in our experiments, CD107a expression correlated 
with IFN-γ production but not with perforin secretion. This 
suggests that CD107a is not merely a secretion marker of perfo-
rin, but acts as a more general marker for NK cell activity.

Increased IFN-γ production together with a possible inhibi-
tion of perforin secretion suggests a shift toward a proinflam-
matory rather than a cytotoxic NK cell state. In addition, the 
phenotypic characteristics of RSV-infected NK cells suggest 
skewing toward a less cytotoxic and more inhibitory phenotype. 
This may impair the cytolytic function of these cells, as has been 
shown for other viruses [35, 48]. Based on previous reports and 
the data described in this article, we propose that the proinflam-
matory response of RSV-infected NK cells may contribute to 
the development of RSV-mediated severe disease. Notably, the 
formalin-inactivated RSV vaccine that caused enhanced dis-
ease upon natural infection induced primarily nonneutralizing 
antibodies [49]. Our data support the idea that these antibodies 
may have contributed to enhanced inflammation [50].

To conclude, we have shown that RSV-infected NK cells are more 
prone to produce IFN-γ than uninfected cells, whereas the cytotoxic 
response is not increased. This combination may contribute to RSV 
immunopathology in vivo, but more research is needed to support 
this hypothesis. Moreover, we show that Fc-mediated effector func-
tions such as ADE of infection can have a profound effect on the 
immune response and a potential role in the development of dis-
ease. Our findings contribute to the understanding of the potential 
mechanisms responsible for the development of severe RSV disease 
and highlight the critical need to further characterize the role of NK 
cells and RSV-antibody complexes therein, as this will assist in the 
development of safe and effective RSV vaccines.

Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 
benefit the reader, the posted materials are not copyedited and 
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.

Notes

Acknowledgments. We thank T.  Guichelaar (RIVM) and 
J.  de Wit (RIVM) for helpful discussions, and A.  Nicolaie 
(RIVM) for help with the statistical analyses.

Financial support. E.  v. E., O.  W., and P.  v. K.  received 
funding from the Dutch Ministry of Health, Welfare and 
Sport Strategic Program (RIVM S/112008); G. F. received fund-
ing from the Virgo consortium (FES0908) and the Netherlands 
Genomics Initiative (050-060-452).

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. Conflicts that 
the editors consider relevant to the content of the manuscript 
have been disclosed.

References

 1. Glezen WP, Taber LH, Frank AL, Kasel JA. Risk of primary 
infection and reinfection with respiratory syncytial virus. 
Am J Dis Child 1986; 140:543–6.

 2. 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.

 3. Geoghegan S, Erviti A, Caballero MT, et al. Mortality due 
to respiratory syncytial virus. burden and risk factors. Am J 
Respir Crit Care Med 2017; 195:96–103.

 4. Hussell T, Openshaw PJ. Intracellular IFN-gamma expres-
sion in natural killer cells precedes lung CD8+ T cell 
recruitment during respiratory syncytial virus infection. J 
Gen Virol 1998; 79(Pt 11):2593–601.

 5. Li F, Zhu H, Sun R, Wei H, Tian Z. Natural killer cells are 
involved in acute lung immune injury caused by respiratory 
syncytial virus infection. J Virol 2012; 86:2251–8.

 6. Long X, Xie J, Zhao K, et al. NK cells contribute to persistent 
airway inflammation and AHR during the later stage of RSV 
infection in mice. Med Microbiol Immunol 2016; 205:459–70.

 7. Hussell T, Openshaw PJ. IL-12-activated NK cells reduce 
lung eosinophilia to the attachment protein of respiratory 
syncytial virus but do not enhance the severity of illness in 
CD8 T cell-immunodeficient conditions. J Immunol 2000; 
165:7109–15.

 8. Harker JA, Godlee A, Wahlsten JL, et  al. Interleukin 18 
coexpression during respiratory syncytial virus infection 
results in enhanced disease mediated by natural killer cells. 
J Virol 2010; 84:4073–82.

 9. Harker JA, Yamaguchi Y, Culley FJ, Tregoning JS, Openshaw 
PJ. Delayed sequelae of neonatal respiratory syncytial virus 
infection are dependent on cells of the innate immune sys-
tem. J Virol 2014; 88:604–11.

 10. Larrañaga CL, Ampuero SL, Luchsinger VF, et al. Impaired 
immune response in severe human lower tract respiratory 



732 • JID 2019:219 (1 March) • van Erp et al

infection by respiratory syncytial virus. Pediatr Infect Dis J 
2009; 28:867–73.

 11. Welliver TP, Garofalo RP, Hosakote Y, et al. Severe human 
lower respiratory tract illness caused by respiratory syncy-
tial virus and influenza virus is characterized by the absence 
of pulmonary cytotoxic lymphocyte responses. J Infect Dis 
2007; 195:1126–36.

 12. Leahy TR, McManus R, Doherty DG, et al. Interleukin-15 
is associated with disease severity in viral bronchiolitis. Eur 
Respir J 2016; 47:212–22.

 13. Brand HK, Ferwerda G, Preijers F, et al. CD4+ T-cell counts 
and interleukin-8 and CCL-5 plasma concentrations dis-
criminate disease severity in children with RSV infection. 
Pediatr Res 2013; 73:187–93.

 14. Tripp RA, Moore D, Barskey A 4th, et al. Peripheral blood 
mononuclear cells from infants hospitalized because of 
respiratory syncytial virus infection express T helper-1 and 
T helper-2 cytokines and CC chemokine messenger RNA. J 
Infect Dis 2002; 185:1388–94.

 15. Kerrin A, Fitch P, Errington C, et al. Differential lower air-
way dendritic cell patterns may reveal distinct endotypes of 
RSV bronchiolitis. Thorax 2017; 72:620–7.

 16. Mejias A, Dimo B, Suarez NM, et  al. Whole blood gene 
expression profiles to assess pathogenesis and disease 
severity in infants with respiratory syncytial virus infection. 
PLoS Med 2013; 10:e1001549.

 17. Widjojoatmodjo MN, Boes J, van Bers M, van Remmerden Y, 
Roholl PJ, Luytjes W. A highly attenuated recombinant human 
respiratory syncytial virus lacking the G protein induces 
long-lasting protection in cotton rats. Virol J 2010; 7:114.

 18. van Remmerden Y, Xu F, van Eldik M, Heldens JG, Huisman 
W, Widjojoatmodjo MN. An improved respiratory syn-
cytial virus neutralization assay based on the detection of 
green fluorescent protein expression and automated plaque 
counting. Virol J 2012; 9:253.

 19. Hierholzer JC, Killington RA. Virus isolation and quan-
titation. In: Mahy BWJ, Kangro HO, eds. Virology meth-
ods manual. London and San Diego: Academic Press, 
1996:24–32.

 20. Roymans D, De Bondt HL, Arnoult E, et  al. Binding of a 
potent small-molecule inhibitor of six-helix bundle for-
mation requires interactions with both heptad-repeats of 
the RSV fusion protein. Proc Natl Acad Sci U S A 2010; 
107:308–13.

 21. Vogelzang A, Lozza L, Reece ST, et al. Neonatal Fc receptor 
regulation of lung immunoglobulin and CD103+ dendritic 
cells confers transient susceptibility to tuberculosis. Infect 
Immun 2016; 84:2914–21.

 22. Raiden S, Sananez I, Remes-Lenicov F, et  al. Respiratory 
syncytial virus (RSV) infects CD4+ T cells: frequency of cir-
culating CD4+ RSV+ T cells as a marker of disease severity 
in young children. J Infect Dis 2017; 215:1049–58.

 23. Zhivaki D, Lemoine S, Lim A, et  al. Respiratory syncy-
tial virus infects regulatory B cells in human neonates via 
chemokine receptor CX3CR1 and promotes lung disease 
severity. Immunity 2017; 46:301–14.

 24. Al-Afif A, Alyazidi R, Oldford SA, et  al. Respiratory syn-
cytial virus infection of primary human mast cells induces 
the selective production of type I interferons, CXCL10, and 
CCL4. J Allergy Clin Immunol 2015; 136:1346–54 e1.

 25. Weren A, Bonnekoh B, Schraven B, Gollnick H, Ambach 
A. A novel flow cytometric assay focusing on perforin 
release mechanisms of cytotoxic T lymphocytes. J Immunol 
Methods 2004; 289:17–26.

 26. Jenkins M, Mills J, Kohl S. Natural killer cytotoxicity and 
antibody-dependent cellular cytotoxicity of human immu-
nodeficiency virus-infected cells by leukocytes from human 
neonates and adults. Pediatr Res 1993; 33:469–74.

 27. Nguyen QH, Roberts RL, Ank BJ, Lin SJ, Thomas EK, 
Stiehm ER. Interleukin (IL)-15 enhances antibody-depen-
dent cellular cytotoxicity and natural killer activity in neo-
natal cells. Cell Immunol 1998; 185:83–92.

 28. Johnson JE, Gonzales RA, Olson SJ, Wright PF, Graham BS. 
The histopathology of fatal untreated human respiratory 
syncytial virus infection. Mod Pathol 2007; 20:108–19.

 29. Yui I, Hoshi A, Shigeta Y, Takami T, Nakayama T. Detection 
of human respiratory syncytial virus sequences in periph-
eral blood mononuclear cells. J Med Virol 2003; 70:481–9.

 30. Gómez RS, Ramirez BA, Céspedes PF, et al. Contribution of 
Fcγ receptors to human respiratory syncytial virus patho-
genesis and the impairment of T-cell activation by dendritic 
cells. Immunology 2016; 147:55–72.

 31. Becker S, Soukup J, Yankaskas JR. Respiratory syncytial 
virus infection of human primary nasal and bronchial epi-
thelial cell cultures and bronchoalveolar macrophages. Am 
J Respir Cell Mol Biol 1992; 6:369–74.

 32. Bernstein HB, Wang G, Plasterer MC, et al. CD4+ NK cells 
can be productively infected with HIV, leading to down-
regulation of CD4 expression and changes in function. 
Virology 2009; 387:59–66.

 33. Kirwan S, Merriam D, Barsby N, McKinnon A, Burshtyn 
DN. Vaccinia virus modulation of natural killer cell func-
tion by direct infection. Virology 2006; 347:75–87.

 34. Lusso P, Malnati MS, Garzino-Demo A, Crowley RW, Long 
EO, Gallo RC. Infection of natural killer cells by human 
herpesvirus 6. Nature 1993; 362:458–62.

 35. Mao H, Tu W, Qin G, et al. Influenza virus directly infects 
human natural killer cells and induces cell apoptosis. J Virol 
2009; 83:9215–22.

 36. Wang TT, Sewatanon J, Memoli MJ, et al. IgG antibodies to 
dengue enhanced for FcγRIIIA binding determine disease 
severity. Science 2017; 355:395–8.

 37. Krilov LR, Anderson LJ, Marcoux L, Bonagura VR, 
Wedgwood JF. Antibody-mediated enhancement of 



RSV Infection of NK Cells • JID 2019:219 (1 March) • 733

respiratory syncytial virus infection in two monocyte/mac-
rophage cell lines. J Infect Dis 1989; 160:777–82.

 38. Osiowy C, Horne D, Anderson R. Antibody-dependent 
enhancement of respiratory syncytial virus infection by sera 
from young infants. Clin Diagn Lab Immunol 1994; 1:670–7.

 39. van Erp EA, van Kasteren PB, Guichelaar T, et al. In vitro 
enhancement of respiratory syncytial virus infection by 
maternal antibodies does not explain disease severity in 
infants. J Virol 2017; 91. doi:10.1128/JVI.00851-17.

 40. van Schaik SM, Obot N, Enhorning G, et al. Role of inter-
feron gamma in the pathogenesis of primary respiratory 
syncytial virus infection in BALB/c mice. J Med Virol 2000; 
62:257–66.

 41. Nguyen TH, Maltby S, Tay HL, Eyers F, Foster PS, Yang M. 
Identification of IFN-γ and IL-27 as critical regulators of respi-
ratory syncytial virus-induced exacerbation of allergic air-
ways disease in a mouse model. J Immunol 2018; 200:237–47.

 42. van Schaik SM, Tristram DA, Nagpal IS, Hintz KM, Welliver 
RC 2nd, Welliver RC. Increased production of IFN-gamma 
and cysteinyl leukotrienes in virus-induced wheezing. J 
Allergy Clin Immunol 1999; 103:630–6.

 43. Aberle JH, Aberle SW, Dworzak MN, et al. Reduced inter-
feron-gamma expression in peripheral blood mononuclear 
cells of infants with severe respiratory syncytial virus dis-
ease. Am J Respir Crit Care Med 1999; 160:1263–8.

 44. Bont L, Heijnen CJ, Kavelaars A, et  al. Local interfer-
on-gamma levels during respiratory syncytial virus lower 

respiratory tract infection are associated with disease sever-
ity. J Infect Dis 2001; 184:355–8.

 45. Thwaites RS, Ito K, Chingono JMS, et al. Nasosorption as a 
minimally invasive sampling procedure: mucosal viral load 
and inflammation in primary RSV bronchiolitis. J Infect 
Dis 2017; 215:1240–4.

 46. Midulla F, Huang YT, Gilbert IA, Cirino NM, McFadden 
ER Jr, Panuska JR. Respiratory syncytial virus infection of 
human cord and adult blood monocytes and alveolar mac-
rophages. Am Rev Respir Dis 1989; 140:771–7.

 47. Ribeiro-do-Couto LM, Poelen M, Hooibrink B, Dormans 
JAMA, Roholl PJM, Boog CJP. Ultrastructural characteriza-
tion of effector-target interactions for human neonatal and 
adult NK cells reveals reduced intercellular surface contacts 
of neonatal cells. Hum Immunol 2003; 64:490–6.

 48. De Maria A, Fogli M, Costa P, et al. The impaired NK cell 
cytolytic function in viremic HIV-1 infection is associated 
with a reduced surface expression of natural cytotoxicity 
receptors (NKp46, NKp30 and NKp44). Eur J Immunol 
2003; 33:2410–8.

 49. Prince GA, Jenson AB, Hemming VG, et al. Enhancement 
of respiratory syncytial virus pulmonary pathology in cot-
ton rats by prior intramuscular inoculation of formalin-in-
activa ted virus. J Virol 1986; 57:721–8.

 50. Openshaw PJ, Tregoning JS. Immune responses and disease 
enhancement during respiratory syncytial virus infection. 
Clin Microbiol Rev 2005; 18:541–55.


