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Abstract
Macrophages are essential to maintaining lung homoeostasis and recent work has demon-

strated that influenza-infected lung macrophages downregulate their expression of the scav-

enger receptor CD36. This receptor has also been shown to be involved in phagocytosis of

Streptococcus pneumoniae, a primary agent associated with pneumonia secondary to viral

infection. The aim of this study was to investigate the role of CD36 in the effects of viral infec-

tion on macrophage phagocytic function. Human monocyte-derived macrophages (MDM)

were exposed to H3N2 X31 influenza virus, M37 respiratory syncytial virus (RSV) or UV-irra-

diated virus. No infection of MDM was seen upon exposure to UV-irradiated virus but incuba-

tion with live X31 or M37 resulted in significant levels of viral detection by flow cytometry or

RT-PCR respectively. Infection resulted in significantly diminished uptake of S. pneumoniae

by MDM and significantly decreased expression of CD36 at both the cell surface and mRNA

level. Concurrently, there was a significant increase in IFNβ gene expression in response to

infection and we observed a significant decrease in bacterial phagocytosis (p = 0.031) and

CD36 gene expression (p = 0.031) by MDM cultured for 24 h in 50IU/ml IFNβ. Knockdown of

CD36 by siRNA resulted in decreased phagocytosis, but this was mimicked by transfection

reagent alone. When MDM were incubated with CD36 blocking antibodies no effect on

phagocytic ability was observed. These data indicate that autologous IFNβ production by

virally-infected cells can inhibit bacterial phagocytosis, but that decreased CD36 expression

by these cells does not play a major role in this functional deficiency.

Introduction

Respiratory infections are a leading cause of global morbidity and mortality. The especially
high mortality rates in the 1918–19 influenza pandemic have been ascribed in part to
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secondary bacterial infection of the airway leading to pneumonia [1]. The major bacterial
organism identified in these secondary bacterial pneumonias was Streptococcus pneumoniae
[1]. This bacterial pathogen is also a feature of complications of seasonal influenza outbreaks,
causing much of the morbidity and mortality associated with influenza on an annual basis [2].

Macrophages are key to the immune surveillance and defence of the human respiratory
tract, being responsible for phagocytosis and clearance of infectious organisms [3]. Bacterial
phagocytosis is a receptor-mediated event and numerous cell surface proteins have been impli-
cated in the uptake of bacteria by macrophages including the Macrophage Receptor with Col-
lagenous structure (MARCO) [4], CD36 [5] and CD206 [6]. There is increasing evidence that
not only are macrophages targets of influenza infection [1], but also that the ability of macro-
phages from infected lungs to eliminate bacteria is compromised [4, 7–9]. A recent study utilis-
ing whole-genome microarrays has analysed the response of alveolar macrophages to influenza
infection and has demonstrated a decrease in the gene expression of Dectin-1 (CLEC7A), Mac-
rophage Scavenger Receptor (MSR)-1, CD206 (aka Mannose Receptor C 1) and CD36, which
correlated with an inability of the macrophages to phagocytose zymosan [10].

CD36 is the prototypic class B scavenger receptor acting as a mediator of non-opsonic
phagocytosis [11]. This receptor has been linked with both bacterial phagocytosis and proin-
flammatory signalling, as well as binding numerous ligands including oxidised low-density
lipoproteins (oxLDL), thrombospondin-1 and long-chain fatty acids [5, 12–16]. CD36 has also
been shown to have a role in S. pneumoniae phagocytosis in mice [17]. However, the mecha-
nisms by which influenza infection affects CD36 expression and function of human macro-
phages has not been fully elucidated.

We have previously shown in an ex vivo lung model of influenza infection that influenza
virus has tropism for both epithelial cells and macrophages [18]. In the present study, we have
used a previously validated in vitro model of lung macrophages [19] to further investigate the
role of CD36 in the effects of influenza infection on macrophage phagocytic function.

Materials and Methods

Ethics

The collection of lung tissue and blood was approved by and performed in accordance with the
ethical standards of the South Central—Hampshire A Research Ethics Committee (LREC no:
13/SC/0416). Written informed consent was obtained from all participants.

Monocyte isolation & differentiation

Monocytes were isolated from human peripheral blood mononuclear cells (PBMC) and differ-
entiated into macrophages as previously described [19].

Infection of MDMs

Influenza A virus strain X31 was supplied at a concentration of 4 x 107 pfu/ml (a kind gift of
3VBiosciences). Inactivated virus (UVX31) was prepared by exposure of the X31 to an ultra-
violet (UV) light source for 2 h. Macrophages were incubated for 2 h with no virus, 500 pfu
(MDM) of X31 or UVX31. Cells were then washed and incubated for a further 22 h at 37°C,
5% CO2. Supernatants were harvested for cytokine analysis, HA shedding and LDH assays.
Cells were collected using non-enzymatic cell dissociation solution (Sigma, Poole, UK) for
immediate flow cytometry analysis or lysed and stored at -80°C for RNA analysis.

A similar method was used to infect MDM with Respiratory Syncytial Virus (RSV—strain
M37—Meridian Life Science Inc, Memphis, USA). Inactivated RSV (UV-RSV) was prepared
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by exposure of the RSV to an ultra-violet (UV) light source for 45 min. 500 μl of stock RSV (3.5
x 106 pfu) was diluted 1:1 in basal RPMI and a 1:10 dilution was made in each well and incu-
bated for 2 h at 37°C. MDMs were then washed with basal RPMI and cultured in reduced
serum (RS– 0.1%)-RPMI for a further 22 h.

Flow cytometry analysis

Samples were resuspended in FACS buffer (PBS, 0.5% w/v BSA, 2 mM EDTA) containing 2
mg/ml human IgG before being incubated on ice in the dark for 30 min in the presence of
fluorescently-labelled antibodies or isotype controls (all BD Biosciences, Oxford, UK). Intra-
cellular staining for viral nucleoprotein (NP)-1, was performed using BD Cytofix/Cytoperm
kit according to manufacturer’s instructions, and AlexaFluor 488 (AF488)-conjugated anti-
NP1 antibody (HB-65, a kind gift of 3VBiosciences). Intracellular staining for RSV F protein
was performed using BD Cytofix/Cytoperm kit according to manufacturer’s instructions,
RSV-F protein antibody (Meridian Life Science Inc). After incubation on ice for 30 min,
MDM were washed and incubated with AlexaFluor 488 anti-mouse antibody (Invitrogen,
Paisley, UK). Flow cytometric analysis was performed on a FACSAria using FACSDiva soft-
ware v5.0.3 (all BD).

Phagocytosis experiments

MDM were infected with Streptococcus pneumoniae strain D39 serotype 2 at an MOI of 0.1
in RS-RPMI (without antibiotics) for 2 h in the presence or absence of 10 μg/ml CD36 block-
ing antibody or isotype control (Abcam, Cambridge, UK). MDMs were washed and incu-
bated for 30 min in antibiotic-containing RS-RPMI to remove extracellular bacteria. Cells
were then incubated in 1X Permwash (BD) for 20 min before vortexing and plating onto
blood agar.

RNA Isolation & RT-PCR

MDM were harvested in peqGOLD Trifast (Peqlab Lutterworth, UK)) and stored at -80°C
prior to RNA extraction according to manufacturer’s instructions. RNA concentration was
determined by NanoDrop 1000 (Thermo Scientific, Wilmington, USA) and 250 ng was mixed
with 1X RT-buffer, 4mM dNTPs, 1X random primer, 50U Multiscribe Reverse Transcriptase
and 20U RNase inhibitor (all from ThermoFisher, Basingstoke, UK) before thermocycling to
generate cDNA. cDNA was diluted 1:10 and 1 μL mixed with 1X Taqman Universal MasterMix
II, 1X Taqman Gene Expression Assay buffer and 0.25 μL of primers for RSV N gene, CD36,
IFNβ and β2-microglobluin (β2M –all ThermoFisher), before undergoing qPCR. Gene expres-
sion was normalised to β2M and quantified using the ΔΔCT method.

Supernatant analyses

IFNβ concentrations in culture supernatants were measured by ELISA according to the manu-
facturer’s instructions (MSD, Gaithersberg, USA). Culture supernatants were analysed for IL-
10 by Luminex assay as per manufacturer’s instructions (Bio-Rad). LDH release was measured
using CytoTox 961 Non-Radioactivity Cytotoxicity Assay according to the manufacturer’s
instructions (Promega, Southampton, UK). Release of viral hemagglutinin was measured using
a dot blot assay on nitrocellulose membrane detected using a rabbit polyclonal anti-influenza
serum. The bound rabbit antibodies were detected using the Bio-Rad anti-Rabbit HRP detec-
tion system according to the manufacturer’s instructions.
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Transfection of MDM

HiPerfect immunocomplexes of 60 nM pooled CD36 siRNA sequences (Qiagen Crawley, UK)
or scrambled RNA (AllStars Neg. siRNA AF488 Qiagen) were vortexed and incubated in the
dark for 10 min at RT. MDM were incubated at 37°C in 100 μl RS-RPMI containing the immu-
nocomplexes for 6 h before addition of 400 μl of RS-RPMI. MDM were then incubated for a
further 18 h before further analysis. Transfection efficiency was calculated by analysis of fluo-
rescently labelled scrambled RNA uptake by MDM using flow cytometry. The mean transfec-
tion efficiency was 96.33% (n = 5).

Western blotting

After transfection MDMs were lysed in 150 mM Tris-HCl pH 8 containing 150 mM NaCl and
1% v/v Triton X-100. The lysates were agitated on ice for 30 min, before centrifugation at
12,000 g and supernatant harvest. Protein concentration was measured with the Pierce BCA
Protein Assay Kit (ThermoFisher) according to manufacturer’s instructions and 30 μg of pro-
tein was loaded into a NuPage Novex 4–12% Bis-Tris Protein Gel (ThermoFisher). Electropho-
resis was carried out at 200V for 1 h in NuPAGE MOPS SDS running buffer (ThermoFisher).
Protein was then transferred to a PVDF membrane using the iBlot transfer system (Invitrogen)
according to manufacturer’s instructions. After transfer the membranes were blocked for 1 h at
RT in 5% non-fat dry milk (NFDM) in Tris-buffered saline (150mM NaCl, 50mM TrisHCl
pH7.5) with 0.1%v/v Tween-20 (TBST). Membranes were then washed with TBST and incu-
bated with either 1:1000 rabbit αCD36 (Abcam) or 1:50,000 α-β-actin-HRP (Abcam) for 1 h in
NFDM-TBST at RT. Membranes stained for CD36 protein were washed again in TBST and
incubated with 1:2000 goat α-rabbit-HRP (Sigma, Poole, UK) in NFDM-TBST for 1 h at RT.
The membranes were then developed in the Novex ECL Chemiluminescent Substrate Reagent
Kit (ThermoFisher) and imaged with the Chemidoc XRS imaging system (BioRad).

Statistics

Statistical analyses were performed using a Wilcoxon’s signed rank test or paired Student’s t-
test (GraphPad Prism v6, GraphPad Software Inc., San Diego, USA) as indicated. Results were
considered significant if p<0.05.

For a full description of all the methods used please see Supporting Information S1 Methods

Results

Virally infected monocyte-derived macrophages (MDM) have a specific

defect in bacterial phagocytosis

We infected MDM matured in the presence of 2 ng/ml GM-CSF for 12 d, as previously described
[19]. After maturation, GM-CSF containing media was removed and replaced with RS RPMI.
Cells were then incubated in the presence or absence (NT) of 500 pfu H3N2 X31 (X31) or UV-
inactivated H3N2 X31 (UVX31) for 2 h. After a further 22 h, cells were collected and immedi-
ately analysed by flow cytometry. Using flow cytometry, 30% of MDM were NP-1+ after 22 h
X31 infection, but no increase in NP-1 was detected in UVX31-exposed cells (Fig 1A and 1B).

We next investigated if influenza had an effect on phagocytosis in our MDM model. MDM
were infected as described above and after 24 h media was replaced and D39 S. pneumoniae
was added for 2 h. After extensive washing in antibiotic containing media, cells were lysed and
uptake of bacteria was assessed by culture. Phagocytosis of bacteria was significantly reduced in
X31-infected MDMs by 92% (p = 0.0313), but not in UVX31 exposed cells (Fig 1C). Moreover
this inhibitory effect on phagocytosis was not limited to influenza, as infecting the MDM with
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RSV (Fig 2A–2C) also significantly reduced uptake of bacteria by 45% (p = 0.0469—Fig 2D).
However, influenza infection had no effect on the ability of MDMs to phagocytose latex micro-
spheres (See S1 Fig).

Effects of viral infection on CD36 expression by MDM

Since bacterial phagocytosis is a receptor mediated event, we analysed the expression of a range
of receptors known to be involved in phagocytosis by multichromatic flow cytometry. We
observed no significant difference in the surface expression of CD163 or CD206 but expression
of the scavenger receptor A (CD204) was increased in response to influenza infection (Fig 3).
In contrast, we observed a small but significant decrease in surface CD36 expression
(p = 0.0469) on the surface of infected cells but not cells exposed to UVX31 (Fig 4B). This
downregulation in CD36 surface expression was more pronounced at the level of mRNA
expression, with X31 infected cells expressing less than half the amount (mean 0.37 ± S.E. 0.13)

Fig 1. Effect of influenza infection on bacterial phagocytosis by MDM. MDM were differentiated in the presence of 2 ng/ml

GM-CSF for 12 d prior to infection with H3N2 X31 influenza virus or a UV-irradiated aliquot of virus (UVX31) for 2 h. After washing,

media was replaced and the cells incubated for a further 22 h before supernatants and cells were harvested for (A) & (B) influenza NP1

expression (% cells, n = 7) by flow cytometry. Phagocytosis of S. pneumonia was detected in (C) X31-infected (n = 5) MDM after a

further 2 h incubation with live bacteria by culture. (A) Representative flow cytometry plot of MDM expressing influenza NP1. Data are

expressed as means ±SE of n independent experiments and analysed using a Wilcoxon-signed rank test * p<0.05, ** p<0.01.

doi:10.1371/journal.pone.0163889.g001
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of CD36 steady state mRNA after 24 h (Fig 4C). A similar decrease in CD36 mRNA was
also observed in RSV infected MDM, although not quite to the same extent (mean 0.78 ± SE
0.06—Fig 4F), but both live and UV-inactivated RSV reduced surface expression of this recep-
tor (Fig 4E).

Blockade of viral replication reverses downregulation of CD36

To ascertain the stage during the influenza life cycle that was essential to the down regulation
of CD36, MDM were pretreated for 1 h with oseltamivir phosphate (10 μM—Tam) and conca-
namycin A (10 nM—ConA) before addition of X31 for a further 2 h and these compounds
were added back to the media after the virus had been removed. Oseltamivir is a neuraminidase
inhibitor that prevents viral shedding [20], but this compound could not reverse the decreased
expression of CD36 on X31-infected MDM (Fig 5B). ConA inhibits viral replication by inhibi-
tion of endosomal acidification [21] and this compound significantly inhibited NP-1 expres-
sion (Fig 5A, p = 0.016) and prevented the downregulation of CD36 by infected MDM

Fig 2. Effect of RSV infection on bacterial phagocytosis by MDM. MDM were differentiated in the presence of 2 ng/ml GM-CSF for

12 d prior to infection with M37 RSV or a UV-irradiated aliquot of virus (UV-RSV) for 2 h. After washing, media was replaced and the

cells incubated for a further 22 h before supernatants and cells were harvested for (A) & (B) RSV-F protein expression (% cells, n = 10)

by flow cytometry or (C) RSV-N gene expression by RT-PCR (n = 7). Phagocytosis of S. pneumonia was detected in RSV-infected

(n = 6) MDM after a further 2 h incubation with live bacteria by culture. (A) Representative flow cytometry plot of MDM expressing RSV

F-protein. The units for RSV-N gene expression are 2ΔCT. Data are expressed as means ±SE of n independent experiments and

analysed using a Wilcoxon-signed rank test * p<0.05, ** p<0.01.

doi:10.1371/journal.pone.0163889.g002
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Fig 3. Effect of influenza infection on scavenger receptor expression by MDM. MDM were

differentiated in the presence of 2 ng/ml GM-CSF for 12 d prior to infection with H3N2 X31 influenza virus or

a UV-irradiated aliquot of virus (UVX31) for 2 h. After washing, media was replaced and the cells incubated

for a further 22 h before supernatants and cells were harvested for cell surface (A) CD206 expression (n = 5),

(B) CD163 expression (n = 5) or (C) CD204 expression by flow cytometry (n = 5). Data are expressed as

means ±SE of n independent experiments and analysed using a Wilcoxon-signed rank test * p<0.05.

doi:10.1371/journal.pone.0163889.g003
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(p = 0.047—Fig 5C), suggesting replication of viral genes is essential in this process. Further-
more, we observed that in contrast to oseltamivir, ConA also significantly inhibited IFNβ
release by X31-infected MDM (p = 0.031—Fig 5D).

Effects of autologous cytokines released in response to viral infection

As the downregulation of CD36 by MDM was observed on the whole population of infected
cells this suggests that this downregulation may be driven by autologous soluble factors. The
previous data using ConA (Fig 5D) implicated IFNβ in the influenza-induced decrease of
CD36. We therefore investigated whether IFNβ alone could cause a reduction in CD36 mRNA
expression as well as bacterial phagocytosis in our model system. In agreement with our previ-
ous report [19], both influenza and RSV induced IFNβ gene expression from MDM (Fig 6A
and 6C). When we incubated the MDM in 50 IU/ml IFNβ for 24 h we observed significant
inhibition of CD36 mRNA expression by MDM (p = 0.031—Fig 6B). This dose of IFNβ signifi-
cantly reduced the ability of MDM to phagocytose S. pneumoniae (p = 0.031—Fig 6D).

Fig 4. Effect of viral infection on CD36 expression by MDM. MDM were differentiated in the presence of 2 ng/ml GM-CSF for 12 d

prior to infection with (A) & (B) H3N2 X31 influenza virus or a UV-irradiated aliquot of virus (UVX31) or (C) & (D) M37 RSV or a UV-

irradiated aliquot of virus (UV-RSV) for 2 h. After washing, media was replaced and the cells incubated for a further 22 h before

supernatants and cells were harvested for (B) & (E) CD36 cell surface expression by flow cytometry (specific mean fluorescence

intensity–SMFI n = 6) by flow cytometry or (C) & (F) CD36 gene expression by RT-PCR (X31 n = 6, RSV n = 7). PCR data were

normalised to β2MG and are expressed as mean fold induction over the non-infected (NI) sample ± SEM. Representative flow

cytometry histograms of cell surface CD36 expression in response to (A) influenza infection and (D) RSV infection are shown.

Grey = NI, Blue = UV virus, Red = Live virus. Cell surface data are expressed as means ±SE of n independent experiments and

analysed using a Wilcoxon-signed rank test * p<0.05, ** p<0.01.

doi:10.1371/journal.pone.0163889.g004
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Previous work has also suggested a role for the anti-inflammatory cytokine, IL-10, in modu-
lating macrophage function after influenza infection [22]. However, there was a trend towards
decreased expression of IL-10 mRNA after 24 h infection by X31-infected MDM (See S2 Fig).
Correspondingly, there was also no statistically significant increase of IL-10 release into the
supernatants of infected MDMs (See S2 Fig).

CD36 blockade is dispensable for bacterial phagocytosis

To investigate the role of CD36 on bacterial phagocytosis, siRNA was used to knockdown
CD36 receptor expression by MDM. Specific siRNA targeting of CD36 caused a 92% reduction
in CD36 mRNA (Fig 7A) with a 64.3% decrease at the cell surface, as measured by flow cytom-
etry (Fig 7C). The agent used to deliver RNA, HiPerfect, was also shown to cause a small
(19%), but significant decrease in CD36 protein expression compared to the non-transfected
control. A correspondingly small, but not significant decrease in CD36 mRNA transcripts was
also observed with empty HiPerfect.

Having demonstrated successful CD36 knockdown using this approach, S. pneumoniae
uptake was assessed in CD36 siRNA transfected MDM (Fig 7D). Interestingly, a reduced
uptake of S. pneumoniae was observed for cells transfected with empty HiPerfect, as well as
those with CD36 siRNA. MDM transfected with RNA showed the greatest decrease in S. pneu-
moniae uptake. These results suggest that the transfection process itself affected the phagocytic
ability of macrophages.

Fig 5. Effects of influenza infection on MDM cytokine expression. MDM were differentiated in the presence of 2 ng/ml GM-CSF

for 12 d prior to infection with 500 pfu of H3N2 X31 influenza virus or a UV-irradiated aliquot of virus (UVX31) for 2 h in the presence

or absence of oseltamivir phosphate (Tam– 10 μM) or concanamycin A (ConA– 10 nM). After washing, media containing inhibitors

was replaced and the cells incubated for a further 22 h before supernatants and cells were harvested for (A) Viral NP1 expression

(% cells, n = 6) by flow cytometry, (B) release of hemagglutinin into supernatants (n = 6), (C) CD36 cell surface expression by flow

cytometry (SMFI–n = 6) and (D) IFNβ release by MSD are expressed as percentage of X31-infection (n = 6). Data are expressed as

means ±SE of n independent experiments. Data analysed using a Wilcoxon-signed rank test. * p<0.05.

doi:10.1371/journal.pone.0163889.g005
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Since the HiPerfect reagent reduced CD36 surface expression (Fig 7C), these data could sug-
gest that CD36 plays a pivotal role in the phagocytosis of S. pneumoniae by MDM. In an
attempt to confirm this, we performed western blotting on transfected MDM (Fig 7E). In con-
trast to the surface expression data, we observed no effect of either the HiPerfect alone or the
CD36 siRNA on total cellular expression of this protein, suggesting the surface loss of this pro-
tein in response to transfection may be due to CD36 internalisation. To further investigate the
role of CD36 in S. pneumoniae phagocytosis we incubated the MDM in the presence of an anti-
body that blocks the CD36 receptor for 30 min prior to exposure to the bacteria. Blocking the
CD36 receptor in this manner had no effect on the phagocytic ability of the MDM (Fig 7F).

Discussion

This study has demonstrated that respiratory viral infection of macrophages inhibits the ability
of these cells to phagocytose bacteria, and that this effect is likely driven by autologous release
of IFNβ. In addition, although the expression of the phagocytic receptor CD36 was decreased
by both viral infection and IFNβ, this receptor does not seem to be involved in the phagocytosis
of bacteria by human macrophages as inhibition of CD36 interaction with bacteria through the
use of blocking antibody had no effect on the uptake of bacteria by MDM.

Fig 6. Virus-induced expression of IFNβ and effect of IFNβ on bacterial phagocytosis. MDM were differentiated in the presence of 2

ng/ml GM-CSF for 12 d prior to infection with (A) H3N2 X31 influenza virus or a UV-irradiated aliquot of virus (UVX31) or (C) M37 RSV or a

UV-irradiated aliquot of virus (UV-RSV) for 2 h. After washing, media was replaced and the cells incubated for a further 22 h before

supernatants and cells were harvested for IFNβ gene expression by RT-PCR (X31 n = 9, RSV n = 7). MDM were differentiated for 12 d as

above before treatment without (NT) or with 50 IU/ml IFNβ for 24 h and (B) cells harvested for CD36 gene expression by RT-PCR (n = 5) or

(D) phagocytosis of S. pneumonia was detected after a further 2 h incubation with live bacteria by culture (n = 5). PCR data were

normalised to β2MG and are expressed as mean fold induction over the non-infected (NI) sample ± SEM. Data are expressed as means

±SE of n independent experiments and analysed using a Wilcoxon-signed rank test * p<0.05, ** p<0.01.

doi:10.1371/journal.pone.0163889.g006
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Influenza infection of the airway has long been known to affect macrophage phagocytosis
and bacterial killing [23], but the question as to whether this was mediated by exogenous factors
or by infection of the macrophages themselves has remained open. Early studies demonstrated
that virus-induced suppression of antibacterial defences was mediated by lymphocytes [24]. Sub-
sequent studies suggested that it is the cytokines released by lymphocytes, such as IFNγ and IL-
10, that mediate the suppressive effects of the virus [4, 7, 22, 25]. However, influenza can infect
and replicate in human alveolar macrophages [26] and we have previously demonstrated that
macrophages are a target of influenza infection in a human lung explant model [19]. The
observed effects of virus on phagocytic ability are unlikely to be a result of virus-induced cell
death as we have previously demonstrated that the dose of virus used in our MDM model does
not cause increased cell death [19]. Furthermore, macrophages were shown to be relatively resis-
tant to influenza-inducedcell death [27]. Similarly to this previous study we have also observed
no decrease in the ability of influenza-infectedMDMs to take up fluorescent microspheres [27].
In contrast, the ability of MDMs to phagocytose live S. pneumoniae was significantly reduced,
suggesting different mechanisms for the uptake of latex beads and bacteria.

Previous murine studies have demonstrated a role for both IL-10 and IFNγ in this virus-
induced defect of phagocytosis [4, 22], yet we observed no expression of IFNγmRNA or release

Fig 7. Role of CD36 in bacterial phagocytosis by MDM. (A)-(E) MDM were differentiated in the presence of 2 ng/ml GM-CSF for 12 d

before transfection with non-specific siRNA or siRNA specific for CD36 for 24 h before cells were harvested for analysis of (A) CD36

mRNA expression by RT-PCR (n = 4) and (B) & (C) CD36 surface expression by flow cytometry (n = 6) or (D) phagocytosis of S.

pneumonia was detected after a further 2 h incubation with live bacteria by culture (n = 4). (E) Total cellular expression of CD36 was

assessed by western blot 24 h after transfection. β-actin is used as a loading control. Blot representative of 3 independent experiments.

(F) MDM were differentiated for 12 d as above before phagocytosis of S. pneumonia was detected in the presence or absence of 10 μg/

ml αCD36 blocking antibody or isotype control (ISO) after a further 2 h incubation with live bacteria by culture (n = 5). PCR data were

normalised to β2MG and are expressed as mean fold induction over the not treated (NT) sample ± SEM of n independent experiments.

B) Representative flow cytometry histograms of CD36 surface expression in response to transfection are shown. Grey = NT,

Blue = HiPerfect (HF), Red = CD36 siRNA. Flow cytometry and phagocytosis data are expressed as means ±SE of n independent

experiments. (A) & (C) Data analysed using a paired t-test ** p<0.01. (B) & (D) Data analysed using a Wilcoxon-signed rank test *
p<0.05.

doi:10.1371/journal.pone.0163889.g007
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in X31-infected MDM [19] and a trend towards a virally-induced decrease in IL-10 mRNA
expression. These results suggest that, in contrast to murine models of influenza infection, nei-
ther IFNγ nor IL-10 are playing a role in the decreased bacterial phagocytosis. However, we did
observe a possible role for virus-induced IFNβ release as a mediator of defective phagocytosis.
The effects of type I IFN on macrophage phagocytosis are somewhat understudied in the litera-
ture. Stimulation of type I IFNs by the TLR3 agonist PolyI:C has been shown to increase pneu-
mococcal nasopharyngeal colonisation in a murine model [8]. More recently in line with our
data, IFNβwas also demonstrated to decrease the ability of human MDM to phagocytose the
fungus, Candida albicans [28]. Intriguingly, IFNβwas previously reported to increase the abil-
ity of macrophages to phagocytose apoptotic cells [29]. These observations also have potential
implications for the use of IFNβ in the prevention of virus-induced exacerbations of asthma
[30], a disease already associated with decreased phagocytic function of macrophages [31].

Our data demonstrating influenza and RSV induced decreases in CD36 expression are in
line with a recent report of gene expression changes in alveolar macrophages in response to
influenza infection [10]. In addition, we are the first to report that IFNβ can also cause downre-
gulation of this receptor. In contrast, our data regarding the functional relevance of this CD36
downregulation on bacterial phagocytosis are not so clear cut. Using siRNA that specifically
targets CD36 we have demonstrated that we can reduce CD36 mRNA, cell surface expression
and bacterial phagocytosis. Surprisingly, the siRNA transfection reagent alone induced a small,
but significant, decrease in CD36 surface expression and subsequent reduction in bacterial
phagocytosis. As CD36 is known to be involved in recognition and uptake of lipids as well as
bacteria [11, 17] this could indicate that the HiPerfect, which is a mixture of cationic and neu-
tral lipids, may inhibit bacterial phagocytosis by acting as a CD36 blocking agent. However, we
observed no effect of the CD36 blocking antibody on bacterial phagocytosis, suggesting this
postulation is unlikely. Furthermore, we observed no effect of transfection on total cellular
expression of CD36 suggesting that this change at the cell surface may be mediated by interna-
lisation of the protein. A further possibility for this effect of HiPerfect is suggested by the role
of CD36 in the phagocytosis of apoptotic cells [32, 33]. In this case, HiPerfect may be mimick-
ing apoptotic cells which may lead to similar anti-inflammatory and tolerogenic pathways
being activated [34]. Further work is required to support this speculation.

The question remains is the virus-induced decrease in bacterial phagocytosis mediated by
decreased scavenger receptor expression? The microarray data from influenza-infectedalveolar
macrophages published by Wang et al (2012), demonstrated that Dectin-1, CD204, CD206 and
CD36 gene expression was decreased by infection [10]. Our data suggest no role for CD36,
CD204 or CD206 in decreased bacterial uptake in response to viral infection. Dectin-1 is a C-
type lectin that recognises fungal-derived glucans [10] and is therefore unlikely to be involved
in the uptake of bacteria. Intriguingly, there is a defect in the ability of macrophages derived
from patients with chronic obstructive pulmonary disease (COPD) to phagocytose bacteria
that was not associated with any changes in a similar panel of scavenger receptors [35]. Thus,
the decrease in phagocytic ability in response to viral infection and in COPD may be receptor
independent. Further investigation into the mechanisms and pathways involved in decreased
bacterial phagocytosis are therefore required.

In summary, we have shown that whilst viral infection and IFNβ treatment of macrophages
downregulates both phagocytic ability and CD36 expression, the downregulation of CD36
appears to be uncoupled from bacterial phagocytosis. Instead, downregulation of this molecule
by virus-infected MDM may reflect an attempt by the macrophage to return to homeostasis by
reducing inflammatory potential since CD36 can mediate an inflammatory cascade [5]. The
data reported herein also have implications for the use of lipid-containing transfection reagents
for the study of pathways involved in bacterial phagocytosis.
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Supporting Information

S1 Fig. Viability and cell surfacemarker expression of infectedMDM. MDM were infected
with X31 virus or UVX31 for 24 h before incubating with 0.4 μM YG latex microspheres at a
ratio of 2.5 microspheres:1 cell. Phagocytosis of fluorescent beads was measured by flow
cytometry. Data are expressed as means ± SE of 5 independent experiments and analysed using
a Wilcoxon-signed rank test.
(PPTX)

S2 Fig. Infection of MDM by influenza. MDM were differentiated in the presence of 2 ng/ml
GM-CSF for 12 d prior to infection with H3N2 X31 influenza virus or a UV-irradiated aliquot
of virus (UVX31) for 2 h. After washing, media was replaced and the cells incubated for a fur-
ther 22 h before supernatants and cells were harvested for A) IL-10 gene expression by
RT-PCR (n = 4) or B) IL-10 release (n = 6) by Luminex ELISA analysis of culture supernatants.
PCR data were normalised to β2MG and are expressed as mean fold induction over the non-
infected (NI) sample ± SEM. Data are expressed as means ±SE of n independent experiments
and analysed using a Wilcoxon-signed rank test.
(PPTX)

S1 Methods. A full description of all the methods used to generate the data contained
within this paper.
(DOC)

Acknowledgments

The authors wish to thank Richard Jewell and Dr Carolann McGuire of the University of
Southampton Faculty of Medicine Flow Cytomtery Unit. We are also grateful for the assistance
of Denise Morris and Rebecca Anderson in preparing stocks of bacteria. We extend our grati-
tude to all the volunteers who gave of their time and enthusiasm to make this research possible.

Author Contributions

Conceptualization:BN AST MC RD TMAW KJS.

Formal analysis: GEC ZCP JCW LYB-L BN CC ECR KM KJS.

Funding acquisition: RD TMAW KJS.

Investigation: GEC ZCP JCW LYB-L BN CC ECR KM AST KJS.

Methodology:GEC ZCP JCW BN AST MC KJS.

Project administration: KJS.

Resources: AST MC.

Supervision:KJS.

Visualization: GEC JCW KJS.

Writing – original draft: GEC KJS.

Writing – review& editing: GEC JCW MC TMAW KJS.

References
1. Sheng ZM, Chertow DS, Ambroggio X, McCall S, Przygodzki RM, Cunningham RE, et al. Autopsy

series of 68 cases dying before and during the 1918 influenza pandemic peak. Proceedings of the

Virus Inhibits Bacterial Phagocytosis

PLOS ONE | DOI:10.1371/journal.pone.0163889 October 4, 2016 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163889.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163889.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163889.s003


National Academy of Sciences of the United States of America. 2011; 108(39):16416–21. doi: 10.

1073/pnas.1111179108 PMID: 21930918.

2. McCullers JA. Insights into the interaction between influenza virus and pneumococcus. Clinical micro-

biology reviews. 2006; 19(3):571–82. doi: 10.1128/CMR.00058-05 PMID: 16847087.

3. Sibille Y, Reynolds HY. Macrophages and polymorphonuclear neutrophils in lung defense and injury.

The American review of respiratory disease. 1990; 141(2):471–501. doi: https://dx.doi.org/10.1164/

ajrccm/141.2.471 PMID: 2405761.

4. Sun K, Metzger DW. Inhibition of pulmonary antibacterial defense by interferon-gamma during recov-

ery from influenza infection. Nature medicine. 2008; 14(5):558–64. doi: 10.1038/nm1765 PMID:

18438414.

5. Baranova IN, Kurlander R, Bocharov AV, Vishnyakova TG, Chen Z, Remaley AT, et al. Role of human

CD36 in bacterial recognition, phagocytosis, and pathogen-induced JNK-mediated signaling. Journal

of immunology. 2008; 181(10):7147–56. doi: 10.4049/jimmunol.181.10.7147 PMID: 18981136.

6. Wright AK, Rao S, Range S, Eder C, Hofer TP, Frankenberger M, et al. Pivotal Advance: Expansion of

small sputum macrophages in CF: failure to express MARCO and mannose receptors. Journal of leu-

kocyte biology. 2009; 86(3):479–89. doi: 10.1189/jlb.1108699 PMID: 19403625.

7. Hang do TT, Choi EJ, Song JY, Kim SE, Kwak J, Shin YK. Differential effect of prior influenza infection

on alveolar macrophage phagocytosis of Staphylococcus aureus and Escherichia coli: involvement of

interferon-gamma production. Microbiology and immunology. 2011; 55(11):751–9. doi: 10.1111/j.

1348-0421.2011.00383.x PMID: 21895747.

8. Nakamura S, Davis KM, Weiser JN. Synergistic stimulation of type I interferons during influenza virus

coinfection promotes Streptococcus pneumoniae colonization in mice. The Journal of clinical investi-

gation. 2011; 121(9):3657–65. doi: 10.1172/JCI57762 PMID: 21841308.

9. Ludewick HP, Aerts L, Hamelin ME, Boivin G. Long-term impairment of Streptococcus pneumoniae

lung clearance is observed after initial infection with influenza A virus but not human metapneumovirus

in mice. The Journal of general virology. 2011; 92(Pt 7):1662–5. doi: 10.1099/vir.0.030825–0 PMID:

21411678.

10. Wang J, Nikrad MP, Travanty EA, Zhou B, Phang T, Gao B, et al. Innate immune response of human

alveolar macrophages during influenza A infection. PloS one. 2012; 7(3):e29879. doi: 10.1371/journal.

pone.0029879 PMID: 22396727.

11. Areschoug T, Gordon S. Scavenger receptors: role in innate immunity and microbial pathogenesis.

Cell Microbiol. 2009; 11(8):1160–9. doi: 10.1111/j.1462-5822.2009.01326.x PMID: 19388903.

12. Park YM. CD36, a scavenger receptor implicated in atherosclerosis. Exp Mol Med. 2014; 46:e99. doi:

10.1038/emm.2014.38 PMID: 24903227.

13. Martin-Fuentes P, Civeira F, Recalde D, Garcia-Otin AL, Jarauta E, Marzo I, et al. Individual variation

of scavenger receptor expression in human macrophages with oxidized low-density lipoprotein is asso-

ciated with a differential inflammatory response. Journal of immunology. 2007; 179(5):3242–8. doi: 10.

4049/jimmunol.179.5.3242 PMID: 17709540.

14. Janabi M, Yamashita S, Hirano K, Sakai N, Hiraoka H, Matsumoto K, et al. Oxidized LDL-induced NF-

kappa B activation and subsequent expression of proinflammatory genes are defective in monocyte-

derived macrophages from CD36-deficient patients. Arterioscler Thromb Vasc Biol. 2000; 20(8):1953–

60. doi: 10.1161/01.atv.20.8.1953 PMID: 10938017.

15. Stuart LM, Deng J, Silver JM, Takahashi K, Tseng AA, Hennessy EJ, et al. Response to Staphylococ-

cus aureus requires CD36-mediated phagocytosis triggered by the COOH-terminal cytoplasmic

domain. J Cell Biol. 2005; 170(3):477–85. doi: 10.1083/jcb.200501113 PMID: 16061696.

16. Moore KJ, El Khoury J, Medeiros LA, Terada K, Geula C, Luster AD, et al. A CD36-initiated signaling

cascade mediates inflammatory effects of beta-amyloid. J Biol Chem. 2002; 277(49):47373–9. doi: 10.

1074/jbc.M208788200 PMID: 12239221.

17. Sharif O, Matt U, Saluzzo S, Lakovits K, Haslinger I, Furtner T, et al. The scavenger receptor CD36

downmodulates the early inflammatory response while enhancing bacterial phagocytosis during pneu-

mococcal pneumonia. Journal of immunology. 2013; 190(11):5640–8. doi: 10.4049/jimmunol.1202270

PMID: 23610144.

18. Nicholas B, Staples KJ, Moese S, Meldrum E, Ward J, Dennison P, et al. A novel lung explant model

for the ex vivo study of efficacy and mechanisms of anti-influenza drugs. Journal of immunology. 2015;

194(12):6144–54. doi: 10.4049/jimmunol.1402283 PMID: 25934861.

19. Staples KJ, Nicholas B, McKendry RT, Spalluto CM, Wallington JC, Bragg CW, et al. Viral infection of

human lung macrophages increases PDL1 expression via IFNbeta. PloS one. 2015; 10(3):e0121527.

doi: 10.1371/journal.pone.0121527 PMID: 25775126.

Virus Inhibits Bacterial Phagocytosis

PLOS ONE | DOI:10.1371/journal.pone.0163889 October 4, 2016 14 / 15

http://dx.doi.org/10.1073/pnas.1111179108
http://dx.doi.org/10.1073/pnas.1111179108
http://www.ncbi.nlm.nih.gov/pubmed/21930918
http://dx.doi.org/10.1128/CMR.00058-05
http://www.ncbi.nlm.nih.gov/pubmed/16847087
http://dx.doi.org/https://dx.doi.org/10.1164/ajrccm/141.2.471
http://dx.doi.org/https://dx.doi.org/10.1164/ajrccm/141.2.471
http://www.ncbi.nlm.nih.gov/pubmed/2405761
http://dx.doi.org/10.1038/nm1765
http://www.ncbi.nlm.nih.gov/pubmed/18438414
http://dx.doi.org/10.4049/jimmunol.181.10.7147
http://www.ncbi.nlm.nih.gov/pubmed/18981136
http://dx.doi.org/10.1189/jlb.1108699
http://www.ncbi.nlm.nih.gov/pubmed/19403625
http://dx.doi.org/10.1111/j.1348-0421.2011.00383.x
http://dx.doi.org/10.1111/j.1348-0421.2011.00383.x
http://www.ncbi.nlm.nih.gov/pubmed/21895747
http://dx.doi.org/10.1172/JCI57762
http://www.ncbi.nlm.nih.gov/pubmed/21841308
http://dx.doi.org/10.1099/vir.0.0308250
http://www.ncbi.nlm.nih.gov/pubmed/21411678
http://dx.doi.org/10.1371/journal.pone.0029879
http://dx.doi.org/10.1371/journal.pone.0029879
http://www.ncbi.nlm.nih.gov/pubmed/22396727
http://dx.doi.org/10.1111/j.1462-5822.2009.01326.x
http://www.ncbi.nlm.nih.gov/pubmed/19388903
http://dx.doi.org/10.1038/emm.2014.38
http://www.ncbi.nlm.nih.gov/pubmed/24903227
http://dx.doi.org/10.4049/jimmunol.179.5.3242
http://dx.doi.org/10.4049/jimmunol.179.5.3242
http://www.ncbi.nlm.nih.gov/pubmed/17709540
http://dx.doi.org/10.1161/01.atv.20.8.1953
http://www.ncbi.nlm.nih.gov/pubmed/10938017
http://dx.doi.org/10.1083/jcb.200501113
http://www.ncbi.nlm.nih.gov/pubmed/16061696
http://dx.doi.org/10.1074/jbc.M208788200
http://dx.doi.org/10.1074/jbc.M208788200
http://www.ncbi.nlm.nih.gov/pubmed/12239221
http://dx.doi.org/10.4049/jimmunol.1202270
http://www.ncbi.nlm.nih.gov/pubmed/23610144
http://dx.doi.org/10.4049/jimmunol.1402283
http://www.ncbi.nlm.nih.gov/pubmed/25934861
http://dx.doi.org/10.1371/journal.pone.0121527
http://www.ncbi.nlm.nih.gov/pubmed/25775126


20. McClellan K, Perry CM. Oseltamivir: a review of its use in influenza. Drugs. 2001; 61(2):263–83. doi:

10.2165/00003495-200161020-00011 PMID: 11270942.

21. Guinea R, Carrasco L. Requirement for vacuolar proton-ATPase activity during entry of influenza virus

into cells. Journal of virology. 1995; 69(4):2306–12. PMID: 7884876.

22. van der Sluijs KF, van Elden LJ, Nijhuis M, Schuurman R, Pater JM, Florquin S, et al. IL-10 is an impor-

tant mediator of the enhanced susceptibility to pneumococcal pneumonia after influenza infection.

Journal of immunology. 2004; 172(12):7603–9. doi: 10.4049/jimmunol.172.12.7603 PMID: 15187140.

23. Warshauer D, Goldstein E, Akers T, Lippert W, Kim M. Effect of influenza viral infection on the inges-

tion and killing of bacteria by alveolar macrophages. The American review of respiratory disease.

1977; 115(2):269–77. doi: https://dx.doi.org/10.1164/arrd.1977.115.2.269 PMID: 842940.

24. Jakab GJ. Immune impairment of alveolar macrophage phagocytosis during influenza virus pneumo-

nia. The American review of respiratory disease. 1982; 126(5):778–82. doi: https://dx.doi.org/10.1164/

arrd.1982.126.5.778 PMID: 7149441.

25. Rodgers BC, Mims CA. Role of macrophage activation and interferon in the resistance of alveolar mac-

rophages from infected mice to influenza virus. Infection and immunity. 1982; 36(3):1154–9. PMID:

6178688; PubMed Central PMCID: PMC551451.

26. Rodgers BC, Mims CA. Influenza virus replication in human alveolar macrophages. Journal of medical

virology. 1982; 9(3):177–84. doi: 10.1002/jmv.1890090304 PMID: 7097255.

27. Hoeve MA, Nash AA, Jackson D, Randall RE, Dransfield I. Influenza virus A infection of human mono-

cyte and macrophage subpopulations reveals increased susceptibility associated with cell differentia-

tion. PloS one. 2012; 7(1):e29443. doi: 10.1371/journal.pone.0029443 PMID: 22238612.

28. Cardone M, Ikeda KN, Varano B, Belardelli F, Millefiorini E, Gessani S, et al. Opposite regulatory

effects of IFN-beta and IL-3 on C-type lectin receptors, antigen uptake, and phagocytosis in human

macrophages. Journal of leukocyte biology. 2014; 95(1):161–8. doi: 10.1189/jlb.0313168 PMID:

24018352.

29. Chan A, Seguin R, Magnus T, Papadimitriou C, Toyka KV, Antel JP, et al. Phagocytosis of apoptotic

inflammatory cells by microglia and its therapeutic implications: termination of CNS autoimmune

inflammation and modulation by interferon-beta. Glia. 2003; 43(3):231–42. doi: 10.1002/glia.10258

PMID: 12898702.

30. Djukanovic R, Harrison T, Johnston SL, Gabbay F, Wark P, Thomson NC, et al. The effect of inhaled

IFN-beta on worsening of asthma symptoms caused by viral infections. A randomized trial. American

journal of respiratory and critical care medicine. 2014; 190(2):145–54. doi: 10.1164/rccm.201312-

2235OC PMID: 24937476.

31. Liang Z, Zhang Q, Thomas CM, Chana KK, Gibeon D, Barnes PJ, et al. Impaired macrophage phago-

cytosis of bacteria in severe asthma. Respir Res. 2014; 15:72. doi: 10.1186/1465-9921-15-72 PMID:

24972601; PubMed Central PMCID: PMCPMC4086996.

32. Savill J, Hogg N, Ren Y, Haslett C. Thrombospondin cooperates with CD36 and the vitronectin recep-

tor in macrophage recognition of neutrophils undergoing apoptosis. The Journal of clinical investiga-

tion. 1992; 90(4):1513–22. doi: 10.1172/JCI116019 PMID: 1383273.

33. Ren Y, Silverstein RL, Allen J, Savill J. CD36 gene transfer confers capacity for phagocytosis of cells

undergoing apoptosis. The Journal of experimental medicine. 1995; 181(5):1857–62. doi: 10.1084/

jem.181.5.1857 PMID: 7536797.

34. Weigert A, Jennewein C, Brune B. The liaison between apoptotic cells and macrophages—the end

programs the beginning. Biol Chem. 2009; 390(5–6):379–90. doi: 10.1515/BC.2009.048 PMID:

19335180.

35. Taylor AE, Finney-Hayward TK, Quint JK, Thomas CM, Tudhope SJ, Wedzicha JA, et al. Defective

macrophage phagocytosis of bacteria in COPD. Eur Respir J. 2010; 35(5):1039–47. Epub 2009/11/10.

09031936.00036709 [pii] doi: 10.1183/09031936.00036709 PMID: 19897561.

Virus Inhibits Bacterial Phagocytosis

PLOS ONE | DOI:10.1371/journal.pone.0163889 October 4, 2016 15 / 15

http://dx.doi.org/10.2165/00003495-200161020-00011
http://www.ncbi.nlm.nih.gov/pubmed/11270942
http://www.ncbi.nlm.nih.gov/pubmed/7884876
http://dx.doi.org/10.4049/jimmunol.172.12.7603
http://www.ncbi.nlm.nih.gov/pubmed/15187140
http://dx.doi.org/https://dx.doi.org/10.1164/arrd.1977.115.2.269
http://www.ncbi.nlm.nih.gov/pubmed/842940
http://dx.doi.org/https://dx.doi.org/10.1164/arrd.1982.126.5.778
http://dx.doi.org/https://dx.doi.org/10.1164/arrd.1982.126.5.778
http://www.ncbi.nlm.nih.gov/pubmed/7149441
http://www.ncbi.nlm.nih.gov/pubmed/6178688
http://dx.doi.org/10.1002/jmv.1890090304
http://www.ncbi.nlm.nih.gov/pubmed/7097255
http://dx.doi.org/10.1371/journal.pone.0029443
http://www.ncbi.nlm.nih.gov/pubmed/22238612
http://dx.doi.org/10.1189/jlb.0313168
http://www.ncbi.nlm.nih.gov/pubmed/24018352
http://dx.doi.org/10.1002/glia.10258
http://www.ncbi.nlm.nih.gov/pubmed/12898702
http://dx.doi.org/10.1164/rccm.201312-2235OC
http://dx.doi.org/10.1164/rccm.201312-2235OC
http://www.ncbi.nlm.nih.gov/pubmed/24937476
http://dx.doi.org/10.1186/1465-9921-15-72
http://www.ncbi.nlm.nih.gov/pubmed/24972601
http://dx.doi.org/10.1172/JCI116019
http://www.ncbi.nlm.nih.gov/pubmed/1383273
http://dx.doi.org/10.1084/jem.181.5.1857
http://dx.doi.org/10.1084/jem.181.5.1857
http://www.ncbi.nlm.nih.gov/pubmed/7536797
http://dx.doi.org/10.1515/BC.2009.048
http://www.ncbi.nlm.nih.gov/pubmed/19335180
http://dx.doi.org/10.1183/09031936.00036709
http://www.ncbi.nlm.nih.gov/pubmed/19897561

