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Abstract
Background: Activated eosinophils cause major pathology in stable and exacerbating 
asthma; however, they can also display protective properties like an extracellular an‐
tiviral activity. Initial murine studies led us to further explore a potential intracellular 
antiviral activity by eosinophils.
Methods: To follow eosinophil‐virus interaction, respiratory syncytial virus (RSV) and 
influenza virus were labeled with a fluorescent lipophilic dye (DiD). Interactions with 
eosinophils were visualized by confocal microscopy, electron microscopy, and flow 
cytometry. Eosinophil activation was assessed by both flow cytometry and ELISA. In 
a separate study, eosinophils were depleted in asthma patients using anti‐IL‐5 (me‐
polizumab), followed by a challenge with rhinovirus‐16 (RV16).
Results: DiD‐RSV and DiD‐influenza rapidly adhered to human eosinophils and were 
internalized and inactivated (95% in ≤ 2 hours) as reflected by a reduced replication 
in epithelial cells. The capacity of eosinophils to capture virus was reduced up to 75% 
with increasing severity of asthma. Eosinophils were activated by virus in vitro and in 
vivo. In vivo this correlated with virus‐induced loss of asthma control.
Conclusions: This previously unrecognized and in asthma attenuated antiviral prop‐
erty provides a new perspective to eosinophils in asthma. This is indicative of an im‐
balance between protective and cytotoxic properties by eosinophils that may 
underlie asthma exacerbations.
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1  | INTRODUC TION

Asthma is a chronic but heterogeneous inflammatory airway disease 
characterized by episodes of variable symptoms like wheezing, cough‐
ing, chest tightness, and shortness of breath.1 Patients can experience 
periods of acute worsening of their asthma symptoms (exacerbations), 
which are predominantly triggered by respiratory viral infections, and 
to a lesser extent by allergens and air pollution.2,3 Exacerbations are 
paralleled by increased airway inflammation. These symptoms se‐
verely impact the patient's quality of life and even are life‐threatening 
in severe asthma. Corticosteroids, the cornerstone in anti‐inflamma‐
tory treatment of asthma, are not always effective during exacerba‐
tions and in severe asthma, despite enhanced doses. Therefore, there 
is a need for specific interventions tailored to the underlying inflam‐
matory process. This was illustrated by the recent finding that eosin‐
ophil depletion by monoclonal anti‐IL‐5 antibody (eg, mepolizumab) 
treatment in moderate to severe eosinophilic asthma attenuated cor‐
ticosteroid use and reduced exacerbations,4,5 the latter of which was 
also shown for treatment with anti‐IL‐5 receptor antibody.6

Airway eosinophilia is a hallmark of allergic asthma and of se‐
vere nonatopic late‐onset asthma. It has been associated with both 
allergen‐ and respiratory virus‐induced asthma exacerbations, air‐
way hyperresponsiveness, and remodeling.7 In asthma, eosinophils 
are considered predominantly pro‐inflammatory and contribut‐
ing to tissue damage by the release of specific cytotoxic granular 
constituents and reactive oxygen species.8,9 However, earlier and 
recent studies have provided further support to earlier claims that 
eosinophils can also display protective regulatory functions in 
asthma.13,14 Eosinophils have been found to accumulate in airways of 
asthma patients during virus‐induced exacerbations suggesting that 

eosinophils may also be actively involved in the antiviral response. 
Extracellular eosinophil‐derived neurotoxin (EDN) displays RNAse 
activity and can enter viral capsids to degrade RNA from respira‐
tory syncytial virus (RSV).13,16,17 In vivo relevance of this activity 
was shown in eotaxin2/IL‐5 double transgenic (tg) mice that were 
protected against a lethal pneumonia virus infection.16 Apparently in 
line with these findings, we recently found that anti‐IL‐5‐mediated 
depletion of eosinophils resulted in enhanced influenza X31 viral 
loads in house dust mite‐sensitized mice, whereas the enhanced 
morbidity was reduced.20

These initial findings urged us to further study the antiviral activ‐
ity of eosinophils. Here, we show that mouse and human eosinophils 
efficiently capture and rapidly reduce infectivity of respiratory vi‐
ruses. In line herewith, we21 showed that depletion of eosinophils by 
anti‐IL‐5 treatment significantly enhanced viral loads in airways from 
asthma patients challenged with rhinovirus 16 (RV16). Intriguingly, 
we here found that DiD‐labeled virus interacted less with eosino‐
phils from asthma patients compared to those from healthy controls, 
which may lead to a less effective virus inactivation. These findings 
support a newly recognized antiviral activity of eosinophils and place 
the role of eosinophils during virus‐induced asthma exacerbations in 
a new perspective.

2  | RESULTS

2.1 | Murine lung eosinophils capture influenza 
virus and are activated in vivo

In a mouse model of eosinophilia (IL‐5 transgenic (tg) mice), recovery 
after infection with a nonlethal dose of influenza (PR8) was faster 

G R A P H I C A L  A B S T R A C T
1,19 – dioctadecyl ‐ 3, 3, 39, 39 – tetramethylindocarbocyanine (DiD)‐respiratory syncytial virus and DiD‐influenza adhered to human 
eosinophils. Both viruses were internalized and inactivated by eosinophils. The capacity of eosinophils to capture virus was reduced with 
increasing severity of asthma. IL‐5 Tg: IL‐5 transgenic; RSV: Respiratory syncytial virus; WT: Wild‐type
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as compared to controls (WT), as was apparent from the reduced 
weight loss, a surrogate marker of inflammation (Figure 1A). In con‐
cordance, the pulmonary viral load at day 8, but not yet at the viral 
peak at day 6, was significantly lower than in WT mice (Figure 1B). 
IL‐5 tg mice have elevated blood and bronchoalveolar lavage (BAL) 
eosinophils at homeostasis, and upon infection, the eosinophils were 
recruited to the airways (Figure S1A). The BAL inflammatory pro‐
file upon influenza infection did not differ with respect to the re‐
cruitment of other immune cells (Figure S1B). By using DiD‐labeled 
PR8,22 purified by density gradient centrifugation, we traced virus 
not only to alveolar macrophages (CD11chigh CD11blow SiglF+) as was 
expected, but also to eosinophils (F4/80− CD11c− CD11b+ SiglF+ 
cells) in BAL and draining mediastinal lymph nodes (mLN) of IL‐5 tg 
mice (Figure 1C). The differentiation between alveolar macrophages 
and eosinophils is shown in Figure S1D. Within 4 hours after infec‐
tion, more than 60% of the BAL eosinophils were associated with 
DiD‐labeled PR8 (Figure 1D), as was confirmed by confocal micros‐
copy (Figure 1E). Part of these PR8+ eosinophils migrated to the 
draining mLNs (Figure 1D). Both BALF and mLN PR8+ eosinophils 
showed elevated expression of CD86, CD80 (only mLN), MHCII, and 
CCR7 compared to their PR8− counterpart (Figure S1C). So besides 
their potential extracellular antiviral activity, these data indicate that 
murine pulmonary eosinophils can also capture virus in vivo and be‐
come activated.

2.2 | Rapid capture and inactivation of respiratory 
viruses by human eosinophils

Next, we extended these findings to human cells by exposing blood 
eosinophils from healthy donors to DiD‐labeled respiratory syncytial 
virus (RSV) and influenza (PR8) in vitro. After 2 hours coculture, for 
both viruses, three distinct staining patterns were observed by confo‐
cal microscopy: (a) those showing separate viral particles spread across 
the eosinophil membrane (diffuse staining), (b) those with predomi‐
nantly clustered virus (clustered staining), and (c) few cells without virus 
(Figure 2A,B). Similar staining patterns were found for BAL eosinophils 
(Figure 2C). DiD labeling of virus itself did not lead to aggregation of the 
virus as shown by confocal microscopy, indicating that the viral clusters 
on the eosinophils result upon interaction with virus.

After 25 minutes, about 70% of blood eosinophils were DiD‐
positive, predominantly diffuse staining (Figure 2D). After 90 min‐
utes, nearly all eosinophils were DiD‐positive, either diffusely or 
clustered, to an equal extent. At 120 minutes, most eosinophils 
were DiD‐positive with the majority showing diffuse staining. The 
number of viral particles (DiD label) associated per eosinophil over 
time increased as shown by increased mean fluorescence intensity, 
although this varies per donor (Figure 2E).

To exclude that association of DiD‐labeled virus by eosinophils 
is part of productive infection, eosinophils were incubated with 

F I G U R E  1   Reduced virus‐induced pathology in mice with eosinophilia. A, Weight loss of IL‐5 tg mice and controls after a PR8 infection. 
B, Viral load in the lungs at day 8 after PR8 infection. C, Representative flow cytometry plots of DiD‐labeled PR8 uptake by BALF and mLN 
eosinophils from IL‐5 tg mice. D, Quantification of DiD‐labeled PR8 in BALF (left panel) and mLNs (right panel). E, Representative confocal 
microscopy image of DiD‐labeled PR8 virus with BALF eosinophils. Data are representative of 2 experiments with 3 (C‐E) mice each or 
combined from 2 experiments with 2‐12 mice (A,B) and expressed as mean ± SEM.: 2‐way ANOVA (for A) or normal t test (B); *P < 0.05; 
**P < 0.01; ***P < 0.001
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heat‐inactivated DiD‐labeled RSV (HI:RSV) or GFP‐tagged RSV, which 
expresses GFP upon viral replication.23 Eosinophils and HI:RSV ad‐
hered (Figure 2F) to a similar extent as viable RSV, indicative of uptake 
instead of infection. Also, RSV‐GFP, which infects and replicates in ep‐
ithelial cells, did not replicate in eosinophils (Figure S1). Furthermore, 
the capacity of RSV to infect epithelial cells was reduced by 95% when 
RSV was incubated with eosinophils for 2 hours (Figure 2J). Together 
this indicates that eosinophils rapidly capture viral particles and effec‐
tively reduce their infectivity.

Imaging of RSV‐exposed eosinophils by electron microscopy re‐
vealed viral particles with the typical RSV structure and the approxi‐
mate size (120‐300 nm) within eosinophils, but only in the cytoplasm 
and not enclosed by a membrane (Figure 3). Combined these find‐
ings confirm uptake of viral particles by eosinophils.

2.3 | Eosinophils from asthma patients capture less 
DiD‐labeled virus

As respiratory viral infections in asthma patients trigger acute 
worsening of asthma symptoms, we set out to determine how the 

antiviral properties of eosinophils from asthma patients compared 
to those from healthy controls. Strikingly, blood eosinophils from 
mild to severe asthma patients (Table S1) displayed reduced lev‐
els of DiD‐labeled RSV. Whereas more than 85% of eosinophils 
from healthy donors bound RSV, eosinophils from mild to moder‐
ate asthmatics could be divided into two subgroups: either binding 
identical to those from controls or up to a 40% reduced binding 
(Figure 4A). Interestingly, eosinophils showing binding similar to 
those from controls were all derived from patients using inhaled 
corticosteroids. In severe asthmatics, all on either high doses of 
inhaled corticosteroids or oral corticosteroids, a further reduced 
capacity by eosinophils to bind virus was observed. In some do‐
nors, only 20% of eosinophils bound RSV while others showed a 
moderate reduced binding capacity compared to that of healthy 
controls. To clarify whether eosinophils from asthma patients 
also display an aberrant capacity to reduce infectivity of virus, 
epithelial cells were exposed to a cell lysate of eosinophils from 
severe asthmatics and healthy controls exposed for 2 hours to 
RSV. Eosinophils from healthy controls reduced RSV infectivity 
(Figure 4B; P < 0.0001), and possibly slightly less by eosinophils 

F I G U R E  2   Rapid capture and inactivation of virus by human eosinophils. A, Representative confocal microscopy images of peripheral 
blood eosinophils incubated with DiD‐labeled RSV (red) for 2 h. B, Bright‐field images corresponding to (A). C, BALF eosinophils co‐
incubated with either DiD‐labeled RSV or PR8 for 2 h. D, Patterns of virus associated with eosinophils over time, assessed by confocal 
microscopy (n = 4). E, RSV+ eosinophils over time, assessed by flow cytometry (G,H: n = 3). RSV (red), influenza (pink), heat‐inactivated RSV 
(black) binding at 37°C and at 4°C (blue) to both peripheral blood (F,H: n = 6) and BALF eosinophils (g and i: n = 2). J, RSV load in epithelial 
cells 24 h after exposure to lysates from eosinophils exposed for 2 h to RSV (Healthy). RSV only is RSV added directly to the epithelial cells 
(n = 9). Ct value of 27.89 (5000 c/PCR) refers to a virus concentration of 6250 c/mL. Data are expressed as mean ± SEM. Paired t test: 
*P < 0.01; **P < 0.001; ***P < 0.0001
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from patients, as compared to epithelial cells directly infected 
with RSV (RSV only). In our analysis, we also considered that some 
severe asthma patients used oral corticosteroids (n = 4) (n = 3 for 
virus infectivity) or only inhaled corticosteroids (n = 5) (n = 4 for 
virus infectivity). We stratified the severe group by OCS use, and 
we examined a significant difference between severe asthmatics 
without OCS (−OCS) and healthy individuals (Figure S5A), but we 
do not see this in severe asthmatics on OCS (+OCS) and healthy 
subjects. There is also no difference between severe asthmatics 
(total group) and healthy subjects. Virus binding, however, is inde‐
pendent of OCS use (Figure S5B).

Together this indicates that eosinophils from asthma patients 
bind less RSV and may have a reduced capacity to inactivate viruses 
as compared to eosinophils from healthy individuals.

2.4 | Eosinophils are activated by virus interaction

Exposure of human blood eosinophils for 2 hours to RSV as well as 
to PR8 significantly enhanced expression of CD69 and trend wise 
upregulated CD11b expression. CD66b and CD62L expression were 
unaffected by viral exposure (Figure 5A). Eosinophils can synthesize 

mediators de novo as well as release preformed mediators selec‐
tively.24 Within 2 hours, RSV and PR8 increased IL‐8 secretion by 
eosinophils (Figure 5B), whereas IL‐6 secretion was increased by 
PR8, but not by RSV. Neither virus induced the release of eosino‐
phil cationic protein (ECP) (Figure 5B). Together this suggests that 
eosinophils exposed to virus can drive subsequent inflammatory re‐
sponses in a virus‐specific manner.

2.5 | CD69 correlates to FEV1 in RV‐16‐induced 
loss of asthma control

To extend these in vitro findings, in a separate study, mild to moder‐
ate asthmatics (patient characteristics in Table S2) receiving eosino‐
phil‐depleting mepolizumab (anti‐IL‐5) or placebo were challenged 
with low‐dose (10TCID50) RV16.21 In this experimental exacerba‐
tion model, loss of asthma control as monitored by forced expiratory 
volume in 1 second (FEV1) started at 4‐5 days after RV16 exposure, 
peaked around day 7, and was paralleled by increased airway inflam‐
mation.25 CD69 expression by eosinophils recovered from BALF 
of patients receiving placebo or mepolizumab at day 7 after RV16 
exposure strongly correlated inversely with FEV1 %pred (relative 
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to predicted FEV1; Figure 6A right panel). This relationship was not 
found at day 0 (before RV16 was given, Figure 6A left panel), in‐
dicating that CD69 expression by eosinophils in RV16‐challenged 
asthma patients relates to the activation of eosinophils by RV16. 
Interestingly, eosinophils from patients treated with mepolizumab 
showed no significant increase in CD69 expression after RV16 ex‐
posure (Figure 6B).

3  | DISCUSSION

Eosinophils exert prominent cytotoxic properties that can harm the 
respiratory mucosa and attenuate lung function in stable and exac‐
erbating asthma.13,26 In the present study, however, we provide ex 
vivo and in vivo evidence that murine and human eosinophils can 
rapidly capture various respiratory viruses and significantly reduce 
infectivity of these viruses. Eosinophils that bound virus became ac‐
tivated, as reflected by altered expression of cell surface molecules 
like CD69 and the release of pro‐inflammatory cytokines such as IL‐6 

and IL‐8. In line herewith, RV16‐induced loss of asthma control in 
patients revealed a strong correlation with CD69 expression by eo‐
sinophils. Intriguingly, eosinophils from asthma patients displayed a 
reduced capacity to bind virus.

Together this indicates that human eosinophils may be important 
scavengers of virus at the respiratory mucosa in vivo, preventing fur‐
ther viral propagation. With the murine allergic house dust mite model 
for severe asthma exacerbations, we showed that depletion of eosino‐
phils using the anti‐IL‐5 antibody TRFK5 resulted in enhanced viral ti‐
ters.20 Similarly, in our human study, depletion of eosinophils followed 
by a RV16 challenge resulted in enhanced viral titers.21 These studies 
underline the in vivo antiviral activity of eosinophils and are in accor‐
dance with earlier murine studies showing that the number of eosino‐
phils influenced killing of pneumonia virus of mice (PVM), although the 
mechanisms proposed were distinct from that shown here.16,18,19,27 
Electron microscopy of eosinophils incubated with virus showed intact 
viral particles in the cytoplasm, but we failed to detect viral particles 
enclosed by a membrane, which would have supported the concept of 
intracellular inactivation of viral particles. During the infectious cycle, 

F I G U R E  3   Representative EM images of eosinophils incubated with RSV (MOI 10). Intact RSV particles were found free in the cytoplasm 
but never surrounded by a plasma membrane (left panel)
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F I G U R E  4   Eosinophils from asthma patients have a reduced capacity to bind and inactivate virus, but still inactivate virus in vivo 
(A). DiD‐labeled RSV determined by flow cytometry. Eosinophils without exposure to DiD‐labeled RSV (Naive), and after exposure to 
DiD‐labeled virus for eosinophils from 4 healthy (Healthy), 8 mild to moderate asthmatics (Mild asthma) and 9 severe asthmatics (Severe 
asthma) for 16 h. Eosinophils from mild asthma patients not on ICS are depicted in gray. B, Infectious RSV (depicted by Ct‐values) derived 
from lysates from RSV co‐incubated with eosinophils, reflected by 24‐h replication on epithelial cells. RSV only is RSV added directly to 
the epithelial cells (n = 16). Healthy refers to lysates from eosinophils from healthy donors (n = 4) and Severe asthma to those from severe 
asthma patients (n = 7). Ct value of 27.89 (5000 c/PCR) refers to a virus concentration of 6250 c/mL. Data are expressed as mean ± SEM. 
Paired or unpaired t test *P < 0.02, ***P ≤ 0.0001
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F I G U R E  5   Eosinophils are activated upon exposure to virus in vitro (A). CD11b, CD62L, CD66b, and CD69 expression on blood 
eosinophils from healthy subjects after 2‐h incubation with DiD‐labeled RSV or influenza; gray, isotype‐matched antibodies (n = 6). B, IL‐8, 
IL‐6, and ECP secretion of blood eosinophils from healthy subjects after 2‐h incubation with RSV (MOI 10) or PR8 (MOI 2) (n = 9). Data are 
expressed as mean ± SEM. Paired t test: **P < 0.01; ***P < 0.001
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RSV fuses with the plasma membrane,28,29 and thus, the presence of 
intact viral particles is indicative of viral uptake. Elucidation of the pre‐
cise mechanisms by which viruses are inactivated by eosinophils, how‐
ever, awaits further studies. Like eosinophils, macrophages also serve 
as a sink for virus; however, contrary to our findings for eosinophils, 
this involves an infectious cycle.30,31

Recently, in a murine study, CD101‐low eosinophils residing in 
lung tissue with a regulatory signature were distinguished from in‐
flammatory CD101‐high eosinophils, which typically are recruited 
into the lung.15 There are some indications that both eosinophil 
types exist in humans. In the present study, we did not distinguish 
between either types, although our findings with human eosino‐
phils relate to circulating and recruited eosinophils and thus likely 
inflammatory eosinophils. In another study, we reported that 
CD101+ eosinophil influx in HDM‐sensitized mice was boosted in 
response to house dust mite (HDM) and further increased by influ‐
enza infection.32 Interestingly, blocking IL‐33 signaling, which drives 
influenza‐induced exacerbation in HDM‐sensitized mice, resulted 
in a significant reduction of CD86+ MHC‐II+ CD101− eosinophils, 
but did not affect the inflammatory (CD101+) eosinophil popula‐
tion.32 As blocking of IL‐33 signaling was paralleled by an increased 
clearance of virus, we consider it unlikely that resident eosinophils 
contributed to this. Although we did not distinguish between resi‐
dent and inflammatory eosinophils in our anti‐IL‐5 studies,20,31 the 
increase in viral load upon anti‐IL‐5 treatment is again suggestive of 
an antiviral role for inflammatory eosinophils and not resident cells, 
as the presence of the latter appears independent of IL‐5.15 Further 
studies, particularly in humans, however, are needed to clarify the 
role of resident eosinophils in the antiviral response.

As a consequence of viral binding in vitro, eosinophils become 
activated as reflected by increased expression of various activation 
markers and a fast release of mediators like IL‐6 and IL‐8, but not that 
of ECP. It is important to realize here that the DiD‐labeled virus was 
purified on a density gradient, and thus, the activation of eosinophils 
is unlikely to be due to pro‐inflammatory mediators released by cells 

to produce the virus. Thus, eosinophils activated by virus can exert 
virus‐specific immunomodulatory roles locally.33 The IL‐8 release 
can in part explain the influx of neutrophils during a viral infection. 
During a RSV infection in infants, neutrophilic inflammation is con‐
sidered the most important cause of acute bronchiolitis.34 At early 
time points of a RSV infection, particularly eosinophilic degranula‐
tion products are found,35 which may emphasize the important role 
of eosinophils in RSV infections.

Also, the strong inverse correlation between CD69 expression 
by eosinophils and lung function (FEV1) in asthma patients 7 days 
after a challenge with RV16 is in line with virus‐induced activation 
of eosinophils and the cytotoxic properties of eosinophils in asthma 
(6‐8). Although in our in vitro studies eosinophils failed to release 
ECP upon activation by viruses, it is possible that in an in vivo setting 
ECP is released. In our RV16 challenge study in asthma patients,21 
we found an increase in ECP although it did not reach significance. 
Along these lines, it is possible that in more severe patients and with 
a more virulent virus, the release of ECP is more prominent. This 
is important as ECP has ribonuclease activity, which may inactivate 
viruses, but on the other hand, ECP also exerts cytotoxic, neuro‐
toxic, fibrosis‐promoting, airway‐inflammatory, and immune‐regula‐
tory functions.36,37 Besides the activation of eosinophils, the murine 
studies indicate that after viral exposure, eosinophils migrated to 
the draining lymph nodes and increased expression of MHCII and 
co‐stimulatory molecules. This points to an additional role for eosin‐
ophils in antigen presentation, as has been proposed earlier.40

It is known that eosinophils in asthma patients are primed, for ex‐
ample, by IL‐5.41 This could lead to a more pronounced virus‐induced 
activation of eosinophils in asthma patients and to the release of ECP 
and other granular proteins. In line herewith, CD69 expression on 
eosinophils did not increase in patients treated with mepolizumab. 
Remarkably, eosinophils from asthma patients displayed a reduced 
capacity to bind and inactivate virus, which was particularly evident 
in patients with severe asthma. So, on the one hand, eosinophils in 
asthma patients may be less capable of clearing virus, whereas on 

F I G U R E  6   Eosinophils are activated upon exposure to virus in vivo (A). FEV1 of asthma patients before RV16 challenge does not 
correlate (left) with CD69 expression on BALF eosinophils, whereas they correlate after RV16 challenge (right) (placebo‐ and mepolizumab‐
treated groups (Pearson r: −0.55; P = 0.01) and for placebo‐treated group alone (Pearson r: −0.74; P < 0.01)). (b) After RV16 exposure in 
vivo, eosinophils become more activated (all mild asthmatics (pink; n = 19), placebo (gray; n = 11) and mepolizumab (black; n = 8)). Data are 
expressed as mean ± SEM. Paired t test or Pearson correlation: ***P < 0.001
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the other hand, virus may more profoundly activate eosinophils, 
because of their primed state. Therefore, both the number of eo‐
sinophils and their activation state control their antiviral response. 
As eosinophils from asthma patients are already activated in the cir‐
culation, this could explain their reduced capacity to bind viruses. 
Interestingly, mild to moderate asthma patients on corticosteroids, 
which attenuates eosinophil activation, had a higher antiviral activ‐
ity, in support of the previous.42 The effect of corticosteroids may 
relate to inhibition of mediators that activate eosinophils but also to 
direct effects on eosinophils, such as by stabilizing the eosinophil's 
cell membrane.43 In the reported studies, we used predominantly 
PR8 and RSV to show the direct interaction between virus and eo‐
sinophils, whereas we used RV16 in the human challenge model. 
Although the apparent uniform interaction of RSV and PR8 with 
eosinophils may indicate a general mechanism applicable also to 
RV16, we have not been able to test that. RV16 is known to rapidly 
inactivate after thawing, which is incompatible with DiD labeling of 
RV16. Alternatively, we could not use another virus than RV16 in our 
human challenge model and so there is uncertainty whether RV16 
is actually captured by eosinophils. However, exposure to RV16 re‐
sulted in eosinophil activation and, upon depletion of eosinophils, 
in enhanced viral titers,21 all in line with findings for RSV and PR8.

In summary, our data show that eosinophils are capable of rapid 
capture and inactivation of virus, which has been so far an unrec‐
ognized property of eosinophils. In addition, we found that eosino‐
phils particularly from severe asthma patients are defective in these 
properties, which may lead to enhanced viral loads. These reduced 
antiviral and enhanced cytotoxic properties of eosinophils from 
asthma patients likely underlie, at least in part, the pathogenesis of 
virus‐induced asthma exacerbations. These findings also lead to a 
new perspective of therapeutic benefits in reducing eosinophils in 
the airway. Novel therapeutics like anti‐IL‐5 and IL‐5R are currently 
aimed at reducing eosinophils and eosinophil cytotoxic compounds, 
however, consequently also reduce the potential protective proper‐
ties of eosinophils. Whether the current dosing (100 mg s.c.), which 
differs from what we used here (750 mg i.v.), and whether long‐term 
treatment with anti‐IL5 or anti‐IL‐5R has additional effects are cur‐
rently unknown. Based on the apparent maintenance of the antiviral 
properties of eosinophils from mild to moderate asthma patients by 
corticosteroids, we speculate that tapering anti‐IL‐5 and IL‐5R treat‐
ments to limit activation of eosinophils, rather than eradicate eosin‐
ophils, may lead to even better clinical results.

4  | METHODS

4.1 | General methods

4.1.1 | Virus and cells

Influenza strain A/PR/8/34, RSV‐A2 (a kind gift from AIMM thera‐
peutics), and GFP‐RSV (a kind gift from Dr Mark Peepels (Nationwide 
Children's Hospital, Columbus, Ohio, USA) and Dr Peter Collins (NIH, 
USA) were used. RSV was propagated in HE‐P2 cells in IMDM (Lonza) 

culture medium supplemented with 1% FCS and influenza in NCI‐
H292 cells in RPMI‐1640 with 1% FCS. At day 1‐3 postinfection, when 
cytopathic effects were observed, the supernatant was harvested. Cell 
debris was removed by centrifugation at 3000 g for 10 minutes, and 
the supernatant was snap frozen and stored at −80°C (Figure S4).

4.1.2 | DiD labeling of virus

1,19 – dioctadecyl ‐ 3, 3, 39, 39 – tetramethylindocarbocyanine 
(DiD) (Molecular Probes, Invitrogen) was dissolved in DMSO at a 
concentration of 20 mg/mL and used to label influenza A/PR/8/34 
or RSV‐A2. Influenza and RSV were incubated at room tempera‐
ture for 30 minutes with 10 μL or 2 μL DiD, respectively, followed 
by density gradient centrifugation to obtain purified labeled virus, 
essentially as described elsewhere.22 DiD labeling varied between 
preparations, and so for comparisons, a single batch of DiD‐labeled 
virus was used. Direct DiD staining of eosinophils yielded homoge‐
neous staining of the cell membrane, distinct from the staining seen 
upon exposure to DiD‐labeled virus.

4.1.3 | Confocal microscopy

Coverslips were precoated with 50 μg/mL poly‐l‐lysine (Life technol‐
ogies) for 2 hours at 37°C. Eosinophils (2.5 × 104) were seeded onto 
the precoated coverslips and fixated for 5 minutes in 3.7% paraform‐
aldehyde. These were either immediately mounted with ProLong 
Gold (life technologies) anti‐fade reagent with DAPI (nuclear stain‐
ing). Immunofluorescence images were made using the Confocal 
Microscope SP‐8 X SMD (Leica Microsystems) with a 63x/1.30 Oil 
CS2 objective.

4.1.4 | Electron microscopy

Eosinophils were fixed in 1% glutaraldehyde and 4% PFA in 0.1 mol/L 
sodium cacodylate buffer (McDowell fixative) and postfixed with 1% 
osmium tetroxide (OsO4, Electron microscopy sciences) in caco‐
dylate buffer. Samples were dehydrated in serial dilutions of alco‐
hol and embedded into Epon (LX‐112 resin Ladd research). Ultrathin 
Epon (50‐85 nm) sections were collected on formvar‐coated grids, 
counterstained with uranyl acetate and lead citrate, and visualized 
with transmission electron microscope (FEI Tecnai 12). For negative 
staining of RSV (Figure S3), the particles were allowed to adhere to 
carbon‐coated grids, washed with PBS, and postfixed with 1% glu‐
taraldehyde in PBS. Then, grids were washed with several drops of 
dH2O and counterstained with uranyl acetate.

4.2 | Murine studies

4.2.1 | Animals

IL‐5 transgenic mice (NJ.1638) were obtained from Drs. James and 
Nancy Lee (Mayo Clinic).44 All animals (male; C57BL/6J; NJ.1638) 
were housed in standardized specific pathogen‐free conditions.
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4.2.2 | Influenza infection

IL‐5 transgenic mice or negative littermates were infected in with 10 
TCID50 influenza A/PR/8/34 and killed after 2, 4, 6, 8, or 10 days. 
For visualization of virus, in separate experiments (Figure 1C‐G), 
animals were infected with DiD‐labeled influenza as previously de‐
scribed45 and killed after 4, 24, or 48 hours.

All animal data are derived from at least two independent ex‐
periments with group sizes of 6‐8 animals, except the infection with 
DiD‐labeled influenza, which was performed twice with 3 animals 
per group.

4.3 | Human studies

4.3.1 | Rhinovirus 16 challenge in asthma patients 
under mepolizumab or placebo

This study was intended to clarify whether the attenuation of eo‐
sinophil numbers in asthma patients impacted the inflammatory re‐
sponse to a viral infection. To facilitate this, we aimed to not affect 
asthma pathophysiology otherwise than attenuating eosinophil 
numbers, as has been reported in detail in Ref.31 In a double‐blind 
placebo‐controlled two‐armed trial, mild to moderate, steroid‐naive 
asthma patients, characteristics shown in Table S2, received one 
infusion containing 750 mg mepolizumab or placebo, which was 
known to attenuate eosinophil numbers for up to 4 weeks. Two 
weeks after infusion, patients were intranasally inoculated with 
100 TCID50 of rhinovirus type 16 to induce loss of asthma control 
(NCT01520051). Bronchoalveolar lavages (8 × 20 mL) were per‐
formed 0 days before and 7 days after RV16 infection with compa‐
rable recoveries. As the initial procedure for immunophenotyping 
of BALF cells was not satisfactory and we did not always obtain 
paired samples (before vs after rhinovirus challenge), we lost sam‐
ples for analyses. For the specific analyses reported here, we only 
had complete data sets from eight patients on mepolizumab and 11 
on placebo. This, however, did not result in a selection bias as there 
were no statistical significant differences between the placebo(P)‐ 
and mepolizumab(M)‐treated groups as is shown in the Table S2, 
like there were no significant differences in the P‐ vs M‐treated 
groups in table 1 in Ref.21

4.3.2 | DiD‐labeled virus capture assay

Eosinophils used for this assay were isolated from peripheral blood 
from healthy, mild (different from those participating in the RV16 
challenge study) to moderate and severe asthma patients, character‐
istics shown in Table S1 (described in more detail in Supplementary 
methods). Eosinophils were incubated with either A/PR/8/34 or 
RSV‐A2 at a MOI of 2 and 10, respectively. Different conditions 
were used; the cells maintained in PBS supplemented with 1% BSA 
and were either incubated at 4ºC or 37ºC for 2 hours at 95% humid‐
ity and 5% CO2.

4.3.3 | Virus degradation assay

Eosinophils were incubated with RSV‐A2 at a MOI of 0.5, and 
the cells were incubated at 37ºC for 2 hours at 95% humidity and 
5% CO2. Eosinophils were subsequently lysed by a three times 
freeze‐thaw cycle and spun down for 5 minutes at 400 g. H292 
cells were incubated with eosinophil lysates for 1 hour, and RNA 
is collected after 24 hours (see also Figure S4 for explanation of 
the study set‐up). As a control, H292 cells were exposed directly 
to RSV‐A2 at a MOI of 0.5. Virus titer was determined as de‐
scribed elsewhere.46

4.4 | Statistics

Data from the RV16 challenge study for cell populations, cell activa‐
tion markers, and also the asthma‐related parameters were normally 
distributed and were expressed as mean ± SEM and analyzed using 
GraphPad Prism 6.0 software. The relevant statistical analyses for 
other analyses are described in legends to the figures. P < 0.05 was 
considered significant.

4.5 | Study approval

The Animal Care and Use Committee of the University of Amsterdam 
approved all experiments. The human study protocol was approved 
by the local ethics committee, and the participants provided written 
informed consent.
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