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Human rhinovirus is frequently seen as an upper respiratory tract infection but growing
evidence proves the virus can cause lower respiratory tract infections in patients with
chronic inflammatory lung diseases including chronic obstructive pulmonary disease
(COPD). In addition to airway epithelial cells, macrophages are crucial for regulating
inflammatory responses to viral infections. However, the response of macrophages
to HRV has not been analyzed in detail. We used in vitro monocyte-derived human
macrophages to study the cytokine secretion of macrophages in response to the virus.
Our results showed that macrophages were competent at responding to HRV, as a robust
cytokine response was detected. However, after subsequent exposure to non-typeable
Haemophilus influenzae (NTHi) or to LPS, HRV-treated macrophages secreted reduced
levels of pro-inflammatory or regulatory cytokines. This “paralyzed” phenotype was not
mimicked if the macrophages were pre-treated with LPS or CpG instead of the virus.
These results begin to deepen our understanding into why patients with COPD show
HRV-induced exacerbations and why they mount a defective response toward NTHi.

Keywords: macrophage, rhinovirus, phagocytosis, cytokine, bacteria

INTRODUCTION

In chronic airway inflammatory diseases such as chronic obstructive pulmonary disease (COPD)
viral infections are considered a key driver for disease exacerbations. Human rhinovirus (HRV)
is frequently isolated from COPD patients during exacerbations (1, 2). Although exacerbations
are likely multifactorial (3), experimental rhinoviral infections in patients with COPD have been
successfully utilized to understand the impact of experimental “single” infections to clinical
outcomes. Patients with inflammatory airway diseases experience increased lower respiratory tract
symptoms and associated fall in lung function parameters in comparison to similarly infected
healthy volunteers (4, 5). Recent work in COPD patients has highlighted an increase in infections,
bacterial burden and outgrowth of pathogenic bacterial species in viral infected patients (6, 7).
More recently, a 2-year longitudinal follow up study (AERIS) of well-characterized COPD patients
at stable state and at exacerbations reported a large increase in bacterial and viral coinfections
during exacerbations (2), suggesting a possible role for viruses in regulating host defense response
to bacterial infections.
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Jubrail et al.

HRV16 Impairs Macrophages Secondary Activation

Epithelial cells and innate immune cells resident in the
airway lumen are key regulators of inflammation and clearance
following infections. Viral infection of these cells results in
abundant cytokine and chemokine release (8-13). Although
epithelial cells are the primary site for HRV infections, airway
macrophages are also permissive to rhinoviruses (14, 15) and

regulate inflammatory responses to HRV. Furthermore, there
are numerous reports of dysfunction of airway macrophages in
COPD, as reviewed by Jubrail et al. (16). The emerging clinical
literature of co-infections coupled with the reported bacterial
clearance defects highlight the importance of dissecting cellular
responses in macrophages to multi-pathogen infections and
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FIGURE 1 | Human macrophages release pro-inflammatory and regulatory cytokines in response to HRV16. (A) Experimental protocol: human macrophages
differentiated from blood monocytes were exposed to HRV16 (red bars), HRV1 ey (open bars) or Ml (black bars) for 1 h and rested overnight. Supernatants were
collected and analyzed by MSD. MSD results for (B) IFNy, (C) IL10, (D) IL12p70, (E) IL18, (F) IL4, (G) IL6, (H) IL8, (I) TNFa, (J) Relative fold changes for cytokine

production in HRV16 and HRV1 [ exposed human macrophages vs. MI. n = 5 independent experiments on different donors. Error bars represent standard error of
the mean (SEM). *p < 0.05, ***p < 0.0001 Two Way Anova with Dunnett’s Post Test vs. MI.

Mock infection (MI)
HRV16
%HRWSUV
1h
—
RT +
agitation
wash +
O/ incubation
%NTH' 37°C
A
.- collect
supernatant
E
1997 wizer0 M7 wp
8 E
2 3004
Q.
o
§ 200+
g
2 § 100+
I
1 L8 j1ooo- o—
3
g 800+
=}
"g 600~
g
2 g 200~
*kkk
L4 IL6 L8 TNFa

Frontiers in Immunology | www.frontiersin.org 2

December 2018 | Volume 9 | Article 2908


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Jubrail et al.

HRV16 Impairs Macrophages Secondary Activation

the regulation of inflammatory responses in these cells. This
work therefore addresses the hypothesis that viral infections can
regulate inflammatory cytokine release on subsequent bacterial
infections in human macrophages.

MATERIALS AND METHODS
Cell Culture

Human primary monocytes were isolated from the blood of
healthy donors (Etablissement Frangais du Sang, Ile de France,
Site Trinité) with the appropriate ethics prior approval as stated
in the EFS/ Inserm agreement #15/EFS/012 and #18/EFS/030,
ensuring that all donors gave a written informed consent, and
providing anonymized samples. Density gradient sedimentation
in Ficoll (GE Healthcare) was followed by adhesion on plastic at
37°C for 2h and culture in the presence of macrophage medium
(RPMI 1640 (Life Technologies) supplemented with 10% fetal
calf serum (FCS) (Eurobio), 100 pg/ml penicillin/streptomycin
and 2mM L-glutamine (Invitrogen/Gibco). Monocyte-derived

macrophages were then obtained as described previously (17).
HeLa Ohio cells were purchased from the European Collection
of Authenticated Cell Cultures (ECACC) and were cultured
in DMEM GlutaMax containing 25mM D-glucose and 1 mM
sodium pyruvate (Life Technologies) supplemented with 10%
FCS, 100 pg/ml penicillin/streptomycin and 2 mM L-glutamine.
They were passaged every 3 days.

Preparation of Human Rhinovirus 16 and

Non-typeable Haemophilus Influenzae
Human rhinovirus 16 (HRV16) (VR-283, strain 11757, lot
62342987) was purchased from the American Type Culture
Collection (ATCC) and stocks were produced by infecting HeLa
Ohio cells as described previously (18). Briefly, supernatants from
infected or mock-infected (MI) cells were collected after 48 h
and clarified. In certain experimental conditions, HRV16 was
inactivated with UV light (1000 m]/ cm?) for 20 min. Inactivation
was confirmed by adding the inactivated virus to HeLa Ohio cells
and checking for cytopathic effects.
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FIGURE 2 | Human macrophages secrete pro-inflammatory and regulatory cytokines in response to LPS and CpG. Human macrophages were exposed to HRV16
(red bars), LPS (blue bars), CpG (orange bars) or Ml (black bars) for 1 h and rested overnight. Supernatants were collected and analyzed by MSD. MSD results for (A)
IFNy, (B) IL10, (C) IL12p70, (D) IL1B, (E) IL4, (F) IL6, (G) IL8, (H) TNFa. "o < 0.5, *p < 0.01 Kruskal Wallis Test with Dunn’s Post Test vs. MI. (I) Relative fold changes
for cytokine production in HRV16, LPS and CpG exposed human macrophages vs. Ml. *p < 0.01, **p < 0.001, ***p < 0.0001 Two Way Anova with Dunnett’s Post
Test vs. MI. Error bars represent standard error of the mean (SEM). n = 4 independent experiments on different donors.
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NTHi strain RAKW20 (19) was purchased from the ATCC
(51907). It was grown on chocolate agar plates (Biomerieux)
at 37°C overnight. Bacteria were grown in LB medium
supplemented with 10 g/ml hemoglobin and 2 pg/ml B-NAD.

Quantification of the Tissue Culture
Infective Dose 50 (TCID5g) of HRV16

HeLa Ohio cells were cultivated in 96 well plates at 1 x 10°
cells/well for 24 h. HRV16 was diluted 10-fold from undiluted
to 10~ in virus medium (DMEM GlutaMax containing 25 mM
D-glucose and 1 mM sodium pyruvate supplemented with 10%
FCS and 2 mM L-glutamine). Fifty microliter of each dilution was
added to the cells in 8 replicate wells. Fifty microliter of virus
medium was added to 2 groups of control wells in 8 replicate
wells per group. Cultures were incubated for 4 days at 37°C
until cytopathic effect was observed in 50% of wells. TCIDs
was calculated using the Spearman-Karber formula as previously
outlined (18).

HRV16 and NTHi/LPS Infection of Human

Macrophages

Macrophages were washed once in PBS and rested in virus
medium. HRV16, HRV16YY or MI supernatants were added
to the macrophages and placed at room temperature for
1h with agitation to achieve a TCIDsy of 1 x 107/ml.
Cultures were then washed with virus medium and
rested in macrophage medium for 24, 48 or 72h. Prior
to bacterial infection or LPS (Sigma) treatment, culture
supernatants were collected and stored at —80°C for further
analysis.

NTHi was grown until mid-log growth phase, centrifuged
at 1692 x g for 5min and resuspended in 1ml phagocytosis
medium (RPMI supplemented with 2mM L-glutamine). NTHi
was added to macrophages pre-treated with HRV16, HRV16YV
or MI to achieve a multiplicity of infection (MOI) of 10/cell.
Cultures were then centrifuged at 602 x g for 2 min and placed
at 37°C, 5% CO, for 2h. Alternatively, LPS was added to
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FIGURE 3 | Human macrophages exposed to HRV16 cannot secrete elevated levels of pro-inflammatory and regulatory cytokines in response to NTHi. Human
macrophages were exposed to HRV16 (red bars), HRV16YY (open bars) or Ml (black bars) for 1 h and rested overnight before being exposed to NTHi for 2 h.
Supernatants were collected and analyzed by MSD. MSD results for (A) IFNy, (B) IL10, (C) IL12p70, (D) IL1B, (E) IL4, (F) IL6, (G) IL8, (H) TNFa. (I) Relative fold
changes for cytokine production in HRV16 and HRV16YY exposed human macrophages vs NTHi. *p < 0.01, **p < 0.001, ***p < 0.0001 Two Way Anova with
Dunnett’s Post Test vs. HRV16YY. Error bars represent standard error of the mean (SEM). n = 5 independent experiments on different donors.
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macrophages at a concentration of 10 ng/ml. After centrifugation,
cultures were placed at 37°C, 5% CO; for 2 h. At this time point,
supernatants were collected and stored at —80°C for further
analysis.

Lipopolysaccharide and CpG Stimulation

of Human Macrophages

Macrophages were washed once in PBS and stimulated
with 10ng/ml LPS or 0.6 uM CpG in macrophage complete
medium for 24, 48 or 72h. At each time point cultures
were washed with PBS and stimulated with NTHi as listed
above.

Cytotoxicity Assay

Cytotoxicity has been measured by detection of Lactate
Dehydrogenase (LDH) released in the cell supernatant with
the Cytotoxicity Assay Kit according to the manufacturer’s
instructions (Pierce).

Analysis of Cytokine Production Using

Meso Scale Discovery®

Cytokine production by macrophages was analyzed using
the Meso Scale Discovery® technology according to the
manufacturer’s instructions.

Statistical Analysis

Statistical tests were performed using Graphpad prism® version
6 software. All statistical tests are listed in the figure legends and
significance was determined if p < 0.05.

RESULTS

HRV16 Infection Induces Robust Cytokine

Production From Human Macrophages

In order to assess the ability of macrophages to respond to
HRV, we challenged them with HRV16, HRV16YY or MI as
controls, for 1h at room temperature followed by an overnight
rest. Supernatants from virus-treated or control macrophages
were analyzed by MSD to detect cytokine secretion (Figure 1A).
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We found that HRV16 infected macrophages produced pro-
inflammatory and regulatory cytokines at 24h (Figures 1B-J).
When we analyzed the fold changes in comparison to the
MI control (Figure 1J), we observed that IFNy, IL12p70, IL4,
IL6, and IL8 were produced to a similar level by HRV16 and
HRV16YV. For IL10, IL1B, and TNFa, however, there was a
trend toward more secretion after treatment with HRV16 vs.
HRV16YY and significantly more secretion vs. MI (Figure 1J).
These results demonstrate that macrophages are competent to
respond to HRV16 and effectively secrete cytokines in response
to HRV.

We next wanted to compare cytokine secretion in response
to HRV16 to other known stimuli such as the TLR agonists
LPS and CpG. For this, macrophages were treated with HRV 16,
LPS or CpG for 1h and then rested overnight. We found that
LPS stimulation led to increased production of all cytokines
tested (Figures 2A-I), with a significant difference for IL10,
IL1B, IL6, and TNFa compared to control (MI) macrophages
(Figure 2I). CpG stimulation also led to cytokine production
with the exception of IL10 and IL6 (Figure 2A-I). These results
demonstrate that the HRV16 induced cytokine responses are
similar to potent TLR macrophages activators.

HRV16 Infection Impairs Cytokine
Secretion From Human Macrophages in
Response to NTHi

We next assessed the ability of macrophages to respond to
a secondary bacterial trigger. Macrophages were first treated
with HRV16 or controls and were challenged 24 h later with
NTHi for 2h. Supernatants were collected and analyzed for
cytokine secretion by the MSD technology (Figure 1A). We
found that HRV16 exposed macrophages were unable to
secrete pro-inflammatory and regulatory cytokines in response
to NTHi (Figures 3A-I). There was a diminished production
of all cytokines analyzed in macrophages exposed to HRV16
(Figure 3A-I) as compared with HRV16YV or MI, with the
greatest decreases seen for IL1B and IL6 (Figures 3D,EI).
It is interesting to note that for all cytokines analyzed,
HRV16YY + NTHi and MI + NTHi exposed macrophages
had a similar response (Figures 3A-I). Analysis of the fold
changes as compared with MI in these experiments more
clearly demonstrated that HRV16 infected macrophages showed
significantly diminished cytokine production in response to
NTHi (Figure 3I). In contrast, despite HRV16 and HRV16YV
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exposed macrophages showing slightly similar results for some
cytokines in Figure 1 (IFNy, IL12p70, IL6, and IL8) (Figure 1I),
HRV16 exposed macrophages showed a significant reduction in
all cytokine secretion in response to the bacteria (Figure 3I). This
suggests that there is some regulation by the live virus and that
HRV16 exposed macrophages are unable to mount an efficient
response toward secondary bacterial targets.

LPS and CpG Stimulation of Human
Macrophages Does Not Impair Secondary
Responses to NTHi

We next assessed if the inability to secrete cytokines in response
to NTHi after HRV16 treatment was limited to viral infection
or could be observed with different pre-activation triggers.
Macrophages were first treated with HRV16, LPS, CpG or MI
supernatants and then challenged 24 h later with NTHi for 2 h.
Supernatants were collected and analyzed for cytokine secretion
by the MSD technology (Figure4). We found that HRV16

exposed macrophages were unable to secrete pro-inflammatory
and regulatory cytokines in response to NTHi as seen above
(Figures 4A-I). This was not observed if the cells were pre-
activated with LPS or CpG (Figures 4A-I), demonstrating that
the defective response to a second trigger was specific to viral
pre-treatment.

HRV16 Infection Impairs Cytokine
Secretion From Human Macrophages in
Response to LPS

We next analyzed if the diminished secondary response was
restricted to NTHi or extended to bacterial products such as
LPS that is a potent stimulator of macrophages. Macrophages
were first treated with HRV16 or MI supernatants and were
challenged 24h later with LPS for 2h. Supernatants were
collected and analyzed for cytokine secretion by the MSD
technology (Figure 4). There was a diminished production of
all cytokines analyzed in macrophages exposed to LPS when
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the cells had been pre-treated with HRV16 compared to MI
(Figures 4A-I). This shows that the defect caused by HRV16
extends beyond NTHi infection.

HRV16 Impairment of Secondary
Responses to NTHi Is Still Present at 48

and 72 h

To address whether the inhibitory effect of HRV16 would last
more than 24 h, macrophages were first treated with HRV16,
LPS, CpG or MI supernatants and then challenged 48h or 72h
later with NTHi for 2h (Figures 5, 6, respectively). We found
that the diminished secretory response remained at 48 and 72h
for IL10, IL6, IL8, IL1B, and TNFa (Figures 5, 6B,D,F-I). The
response triggering IL4, IL12p70 and IFNy secretion appeared
to be restored at these later time points (Figures 5, 6A,C,E),
but we noted that the MI controls were secreting progressively
less of these cytokines at later time points (Figures 5, 6A,I).
Further, if we challenged macrophages with LPS 48 or 72 h after
HRV16 exposure, we found that the production of IL10, IL6, IL8,
IL1B, and TNFa were still diminished (Figures 5, 6B,D,F-I). This
demonstrates that macrophages still present inhibited responses
toward second triggers following HRV16 exposure beyond 24 h.

Finally, to confirm that the failure of HRV16 exposed
macrophages to secrete cytokines was not due to enhanced cell
death, we performed a lactate dehydrogenase (LDH) using the
presence of this enzyme in cell supernatants to monitor cell
permeability and death, as compared with the activity measured
after total cell lysis (Figure 7). We observed no increase in
cytotoxicity in HRV16 exposed macrophages +/- NTHi or LPS,
compared to control conditions over 72 h (Figure 7).

Together, these results demonstrate that HRV16 exposed
macrophages are unable to mount an efficient response toward
secondary targets, in this case bacteria or LPS, and that the
defective response persists in part for at least 72 h.

DISCUSSION

In this study, we demonstrate that macrophages respond to
HRV16 by secreting inflammatory cytokines, but this response is
altered upon secondary challenge with live bacteria or bacterial
compound such as LPS. This is important, because HRV is
routinely isolated at COPD exacerbations (20, 21) and thought to
contribute to the dysregulated microbiome seen in these patients
(6).

We found that macrophages exposed to HRV16 produced
elevated levels of cytokines compared to uninfected control
conditions. We detected robust production of TNFa, IL10 and
IL1B in response to HRV16. Modest increases in IFNy, IL4,
IL6, and IL12p70 were also observed. Furthermore, in these
cells comparable secretion of most cytokines, except IL10, was
noted with CpG activation. LPS challenge of these cells also
resulted in cytokine secretion in a range higher or similar to
that obtained with HRV16 challenge. These results fit with other
studies showing that HRV leads to a robust cytokine response
(22-28) and specifically in monocytes/macrophages (29-32).
HRV is known to cause robust IFNa and IFN production

A B
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FIGURE 7 | Human macrophages exposed to HRV16 do not display
increased cytotoxicity. Human macrophages were exposed to HRV16 (red
bars), LPS (blue bars), CpG (orange bars) or Ml (black bars) for 1 h and rested
overnight, for 48 or 72 h. Then they were exposed to NTHi or LPS for 2 h.
Supernatants were collected and analyzed by an LDH assay. LDH resullts for
(A) 24h, (B) 24h + 2h NTHi or LPS, (C) 48h, (D) 48h + 2h NTHi or LPS, (E)
72h, (F) 72h + 2h NTHi or LPS. All results are expressed relative to total lysis
(purple bars). n = 4 independent experiments on different donors.

(33, 34). In our experiments, we could not detect IFNP secretion
despite elevated mRNA levels (data not shown). In agreement
with our observations, other studies have shown no detectable
IFNB secretion in response to HRV (26, 35, 36). It has also been
reported that different HRV strains induce different cytokine
responses (37, 38) with clinical strains inducing more release of
IL6, IP10, IFNy and IFNB (28).

Our second major finding was that macrophages infected
with HRV16 and subsequently with NTHi or LPS produce less
pro-inflammatory and regulatory cytokines compared to control
cells. In addition, this phenotype lasts for at least 72h toward
the majority of cytokines tested. Importantly, the diminished
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cytokine responses in HRV16 exposed macrophages were not
due to increased cytotoxicity. Of note, our observations do
not indicate any trend toward a macrophage polarization, but
rather a “paralyzed” phenotype that was not mimicked when
cells were pre-activated with agonists like LPS or CpG instead
of the virus. This was observed even toward those cytokines
that showed modest increases in response to HRV16. The same
altered response was not seen with HRV16YV, suggesting that it
is specific to live HRV16. How the virus precisely regulates the
cytokine secretion in response to a secondary challenge, however,
still requires further investigation. This is critical, because it
has been shown that viruses from clade A of the HRV group,
including HRV16, are frequently associated with severe COPD
exacerbations (39). They are associated with increased possibility
of bacterial detection and postulated to be related to secondary
effects on the outgrowth of bacteria.

How HRV affects the cytokine response toward bacteria has
received limited attention in macrophages. Lung macrophages
challenged with HRV showed reduced IL8 and TNFa production
in response to LPS and LTA (15). In epithelial cells, HRV
and then NTHi exposure led to decreased production of IL8
(40). Combined with our data, these results suggest that HRV
can specifically shutdown macrophage responses and cytokine
secretion in response to bacterial infection. Our in vitro data is

REFERENCES

1. Wilkinson TM, Hurst JR, Perera WR, Wilks M, Donaldson GC,
Wedzicha JA. Effect of interactions between lower airway bacterial and
rhinoviral infection in exacerbations of COPD. Chest (2006) 129:317-24.
doi: 10.1378/chest.129.2.317

2. Wilkinson TMA, Aris E, Bourne S, Clarke SC, Peeters M, Pascal TG, et al.
A prospective, observational cohort study of the seasonal dynamics of airway
pathogens in the aetiology of exacerbations in COPD. Thorax (2017) 72:919-
27. doi: 10.1136/thoraxjnl-2016-209023

3. Bafadhel M, McKenna S, Terry S, Mistry V, Reid C, Haldar P, et al. Acute
exacerbations of chronic obstructive pulmonary disease: identification of
biologic clusters and their biomarkers. Am J Resp Crit Care Med. (2011)
184:662-71. doi: 10.1164/rccm.201104-05970C

4. Mallia P, Contoli M, Caramori G, Pandit A, Johnston SL, Papi A.
Exacerbations of asthma and chronic obstructive pulmonary disease (COPD):
focus on virus induced exacerbations. Curr Pharm Des. (2007) 13:73-97.
doi: 10.2174/138161207779313777

5. Message SD, Laza-Stanca V, Mallia P, Parker HL, Zhu J, Kebadze T, et al.
Rhinovirus-induced lower respiratory illness is increased in asthma and
related to virus load and Th1/2 cytokine and IL-10 production. Proc Natl Acad
Sci USA. (2008) 105:13562-7. doi: 10.1073/pnas.0804181105

6. Mallia P, Footitt ], Sotero R, Jepson A, Contoli M, Trujillo-Torralbo MB,
et al. Rhinovirus infection induces degradation of antimicrobial peptides and
secondary bacterial infection in chronic obstructive pulmonary disease. Am J
Resp Crit Care Med. (2012) 186:1117-24. doi: 10.1164/rccm.201205-08060C

7. Molyneaux PL, Mallia P, Cox MJ, Footitt J, Willis-Owen SA, Homola D, et al.
Outgrowth of the bacterial airway microbiome after rhinovirus exacerbation
of chronic obstructive pulmonary disease. Am J Resp Crit Care Med. (2013)
188:1224-31. doi: 10.1164/rccm.201302-03410C

8. Baines KJ, Hsu AC, Tooze M, Gunawardhana LP, Gibson PG, Wark PA. Novel
immune genes associated with excessive inflammatory and antiviral responses
to rhinovirus in COPD. Resp. Res. (2013) 14:15. doi: 10.1186/1465-9921-14-15

9. Johnston SL, Papi A, Bates PJ, Mastronarde JG, Monick MM, Hunninghake
GW. Low grade rhinovirus infection induces a prolonged release of IL-8 in
pulmonary epithelium. J Immunol. (1998) 160:6172-81.

not reflective of the entire lung environment where a complete
microbiome is present, but our findings could nevertheless
contribute to explain how HRV hijacks macrophage functions
within the lung and potentially explain why co-infections are
increasingly documented in COPD exacerbations.

AUTHOR CONTRIBUTIONS

FN, NK, and GM conceived and designed the study. JJ,
KA-G, FH, and EB designed and performed experiments
and collected data. GM, DC, NK, and FN contributed
to design experiments. All authors analyzed the data. JJ,
EB, GM, DC, NK, and FN contributed to writing the
manuscript.

ACKNOWLEDGMENTS

The authors thank Dr. Lisa Parker for providing tables to
calculate human rhinovirus TCID50 and for guidance on human
rhinovirus culture. Thanks, is also extended to Karine Bailly and
Céline Bertholle of the CYBIO flow cytometry platform at Institut
Cochin for help running the MSD experiment. Work in the FN
laboratory was supported by CNRS, Inserm, Université Paris
Descartes, and a collaborative grant with AstraZeneca.

10. Korpi-Steiner NL, Bates ME, Lee WM, Hall DJ, Bertics P]. Human rhinovirus
induces robust IP-10 release by monocytic cells, which is independent
of viral replication but linked to type I interferon receptor ligation
and STAT1 activation. J Leukoc Biol. (2006) 80:1364-74. doi: 10.1189/jlb.
0606412

11. Korpi-Steiner NL, Valkenaar SM, Bates ME, Evans MD, Gern JE, Bertics PJ.
Human monocytic cells direct the robust release of CXCL10 by bronchial
epithelial cells during rhinovirus infection. Clin Exp Allergy (2010) 40:1203-
13. doi: 10.1111/§.1365-2222.2010.03546.x

12. Papadopoulos NG, Papi A, Meyer ], Stanciu LA, Salvi S, Holgate
ST, et al. Rhinovirus infection up-regulates eotaxin and eotaxin-2
expression in bronchial epithelial cells. Clin Exp Allergy (2001) 31:1060-6.
doi: 10.1046/j.1365-2222.2001.01112.x

13. Schroth MK, Grimm E, Frindt P, Galagan DM, Konno SI, Love R,
et al. Rhinovirus replication causes RANTES production in primary
bronchial epithelial cells. Am ] Resp Cell Mol Biol. (1999) 20:1220-8.
doi: 10.1165/ajrcmb.20.6.3261

14. Gern JE, Dick EC, Lee WM, Murray S, Meyer K, Handzel ZT, et al. Rhinovirus
enters but does not replicate inside monocytes and airway macrophages. |
Immunol. (1996) 156:621-7.

15. Oliver BG, Lim S, Wark P, Laza-Stanca V, King N, Black JL, et al. Rhinovirus
exposure impairs immune responses to bacterial products in human alveolar
macrophages. Thorax (2008) 63:519-25. doi: 10.1136/thx.2007.081752

16. Jubrail J, Kurian N, Niedergang F. Macrophage phagocytosis
cracking the defect code in COPD. Biomed J]. (2017) 40:305-12.
doi: 10.1016/j.bj.2017.09.004

17. Jubrail J, Morris P, Bewley MA, Stoneham S, Johnston SA, Foster SJ, et al.
Inability to sustain intraphagolysosomal killing of Staphylococcus aureus
predisposes to bacterial persistence in macrophages. Cell Microbiol. (2016)
18:80-96. doi: 10.1111/cmi.12485

18. Bennett JA, Prince LR, Parker LC, Stokes CA, de Bruin HG, van den Berge
M, et al. Pellino-1 selectively regulates epithelial cell responses to rhinovirus.
Virol. (2012) 86:6595-604. doi: 10.1128/JV1.06755-11

19. Daines DA, Cohn LA, Coleman HN, Kim KS, Smith AL. Haemophilus
influenzae Rd KW20 has virulence properties. ] Med Microbiol. (2003) 52(Pt
4):277-82. doi: 10.1099/jmm.0.05025-0

Frontiers in Immunology | www.frontiersin.org

December 2018 | Volume 9 | Article 2908


https://doi.org/10.1378/chest.129.2.317
https://doi.org/10.1136/thoraxjnl-2016-209023
https://doi.org/10.1164/rccm.201104-0597OC
https://doi.org/10.2174/138161207779313777
https://doi.org/10.1073/pnas.0804181105
https://doi.org/10.1164/rccm.201205-0806OC
https://doi.org/10.1164/rccm.201302-0341OC
https://doi.org/10.1186/1465-9921-14-15
https://doi.org/10.1189/jlb.0606412
https://doi.org/10.1111/j.1365-2222.2010.03546.x
https://doi.org/10.1046/j.1365-2222.2001.01112.x
https://doi.org/10.1165/ajrcmb.20.6.3261
https://doi.org/10.1136/thx.2007.081752
https://doi.org/10.1016/j.bj.2017.09.004
https://doi.org/10.1111/cmi.12485
https://doi.org/10.1128/JVI.06755-11
https://doi.org/10.1099/jmm.0.05025-0
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Jubrail et al.

HRV16 Impairs Macrophages Secondary Activation

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

De Serres G, Lampron N, La Forge J, Rouleau I, Bourbeau J, Weiss K,
et al. Importance of viral and bacterial infections in chronic obstructive
pulmonary disease exacerbations. J Clin Virol. (2009) 46:129-33.
doi: 10.1016/j.jcv.2009.07.010

Mohan A, Chandra S, Agarwal D, Guleria R, Broor S, Gaur B, et al. Prevalence
of viral infection detected by PCR and RT-PCR in patients with acute
exacerbation of COPD: a systematic review. Respirology (2010) 15:536-42.
doi: 10.1111/j.1440-1843.2010.01722.x

Avila PC, Abisheganaden JA, Wong H, Liu J, Yagi S, Schnurr D, et al
Effects of allergic inflammation of the nasal mucosa on the severity
of rhinovirus 16 cold. ] Allergy Clin Immunol. (2000) 105:923-32.
doi: 10.1067/mai.2000.106214

Doyle W], Gentile DA, Cohen S. Emotional style, nasal cytokines, and illness
expression after experimental rhinovirus exposure. Brain Behav Immun.
(2006) 20:175-81. doi: 10.1016/j.bbi.2005.05.005

Jarjour NN, Gern JE, Kelly EA, Swenson CA, Dick CR, Busse WW. The
effect of an experimental rhinovirus 16 infection on bronchial lavage
neutrophils. ] Allergy Clin Immunol. (2000) 105(6Pt 1):1169-77.
doi: 10.1067/mai.2000.1063

Koetzler R, Zaheer RS, Newton R, Proud D. Nitric oxide inhibits IFN
regulatory factor 1 and nuclear factor-kappaB pathways in rhinovirus-
infected epithelial cells. J Allergy Clin Immunol. (2009) 124:551-7.
doi: 10.1016/j.jaci.2009.04.041

Spurrell JC, Wiehler S, Zaheer RS, Sanders SP, Proud D. Human airway
epithelial cells produce IP-10 (CXCL10) in vitro and in vivo upon
rhinovirus infection. Am ] Physiol Lung Cell Mol Physiol. (2005) 289:L85-95.
doi: 10.1152/ajplung.00397.2004

Subauste MC, Jacoby DB, Richards SM, Proud D. Infection of a human
respiratory epithelial cell line with rhinovirus. Induction of cytokine release
and modulation of susceptibility to infection by cytokine exposure. J Clin
Invest. (1995) 96:549-57. doi: 10.1172/JCI118067

Wark PA, Grissell T, Davies B, See H, Gibson PG. Diversity in the
bronchial epithelial cell response to infection with different rhinovirus strains.
Respirology (2009) 14:180-6. doi: 10.1111/j.1440-1843.2009.01480.x

Hall DJ, Bates ME, Guar L, Cronan M, Korpi N, Bertics PJ. The role
of p38 MAPK in rhinovirus-induced monocyte chemoattractant protein-
1 production by monocytic-lineage cells. J Immunol. (2005) 174:8056-63.
doi: 10.4049/jimmunol.174.12.8056

Johnston SL, Papi A, Monick MM, Hunninghake GW. Rhinoviruses induce
interleukin-8 mRNA and protein production in human monocytes. J Infect
Dis. (1997) 175:323-9.

Stockl J, Vetr H, Majdic O, Zlabinger G, Kuechler E, Knapp W. Human major
group rhinoviruses downmodulate the accessory function of monocytes by
inducing IL-10. J Clin Invest. (1999) 104:957-65. doi: 10.1172/JCI7255
Laza-Stanca V, Stanciu LA, Message SD, Edwards MR, Gern JE, Johnston
SL. Rhinovirus replication in human macrophages induces NF-kappaB-
dependent tumor necrosis factor alpha production. J. Virol. (2006) 80:8248—
58. doi: 10.1128/JV1.00162-06

Fahy JV, Kim KW, Liu J, Boushey HA. Prominent neutrophilic inflammation
in sputum from subjects with asthma exacerbation. J Allergy Clin Immunol.
(1995) 95:843-52.

34. Kelly JT, Busse WW. Host immune responses to rhinovirus: mechanisms
in asthma. J Allergy Clin Immunol. (2008) 122:671-82; quiz 83-4.
doi: 10.1016/j.jaci.2008.08.013

Gulraiz F Bellinghausen C, Dentener MA, Reynaert NL, Gaajetaan GR,
Beuken EV; et al. Efficacy of IFN-lambdal to protect human airway epithelial
cells against human rhinovirus 1B infection. PLoS ONE (2014) 9:¢95134.
doi: 10.1371/journal.pone.0095134

Schneider D, Ganesan S, Comstock AT, Meldrum CA, Mahidhara R,
Goldsmith AM, et al. Increased cytokine response of rhinovirus-infected
airway epithelial cells in chronic obstructive pulmonary disease. Am
] Resp Crit Care Med. (2010) 182:332-40. doi: 10.1164/rccm.200911-1
6730C

Rajan D, Gaston KA, McCracken CE, Erdman DD, Anderson LJ.
Response to rhinovirus infection by human airway epithelial cells and
peripheral blood mononuclear cells in an in vitro two-chamber tissue
culture system. PLoS ONE (2013) 8:e66600. doi: 10.1371/journal.pone.
0066600

Rajan D, McCracken CE, Kopleman HB, Kyu SY, Lee FE, Lu X, et al.
Human rhinovirus induced cytokine/chemokine responses in human
airway epithelial and immune cells. PLoS ONE (2014) 9:el114322.
doi: 10.1371/journal.pone.0114322

Bashir H, Grindle K, Vrtis R, Vang F, Kang T, Salazar L, et al
Association of rhinovirus species with common cold and asthma symptoms
and bacterial pathogens. J Allergy Clin Immunol. (2018) 141:822-4 9.
doi: 10.1016/j.jaci.2017.09.027

Unger BL, Faris AN, Ganesan S, Comstock AT, Hershenson MB,
Sajjan US. Rhinovirus attenuates non-typeable Hemophilus influenzae-
stimulated IL-8 responses via TLR2-dependent degradation of
IRAK-1. PLoS Pathog. (2012) 8:21002969. doi: 10.1371/journal.ppat.10
02969

35.

36.

37.

38.

39.

40.

Conflict of Interest Statement: NK, DC, GM, and EB are employed by the
commercial company “AstraZeneca” and AstraZeneca supported salaries for
JJ and KA-G as part of a collaborative grant with FN. EB is a fellow of the
AstraZeneca postdoc programme.

The remaining author declares that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

The handling Editor declared a shared affiliation, though no other collaboration,
with one of the authors FN.

Copyright © 2018 Jubrail, Africano-Gomez, Herit, Baturcam, Mayer, Cunoosamy,
Kurian and Niedergang. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

10

December 2018 | Volume 9 | Article 2908


https://doi.org/10.1016/j.jcv.2009.07.010
https://doi.org/10.1111/j.1440-1843.2010.01722.x
https://doi.org/10.1067/mai.2000.106214
https://doi.org/10.1016/j.bbi.2005.05.005
https://doi.org/10.1067/mai.2000.1063
https://doi.org/10.1016/j.jaci.2009.04.041
https://doi.org/10.1152/ajplung.00397.2004
https://doi.org/10.1172/JCI118067
https://doi.org/10.1111/j.1440-1843.2009.01480.x
https://doi.org/10.4049/jimmunol.174.12.8056
https://doi.org/10.1172/JCI7255
https://doi.org/10.1128/JVI.00162-06
https://doi.org/10.1016/j.jaci.2008.08.013
https://doi.org/10.1371/journal.pone.0095134
https://doi.org/10.1164/rccm.200911-1673OC
https://doi.org/10.1371/journal.pone.0066600
https://doi.org/10.1371/journal.pone.0114322
https://doi.org/10.1016/j.jaci.2017.09.027
https://doi.org/10.1371/journal.ppat.1002969
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	HRV16 Impairs Macrophages Cytokine Response to a Secondary Bacterial Trigger
	Introduction
	Materials and Methods
	Cell Culture
	Preparation of Human Rhinovirus 16 and Non-typeable Haemophilus Influenzae
	Quantification of the Tissue Culture Infective Dose 50 (TCID50) of HRV16
	HRV16 and NTHi/LPS Infection of Human Macrophages
	Lipopolysaccharide and CpG Stimulation of Human Macrophages
	Cytotoxicity Assay
	Analysis of Cytokine Production Using Meso Scale Discovery®
	Statistical Analysis

	Results
	HRV16 Infection Induces Robust Cytokine Production From Human Macrophages
	HRV16 Infection Impairs Cytokine Secretion From Human Macrophages in Response to NTHi
	LPS and CpG Stimulation of Human Macrophages Does Not Impair Secondary Responses to NTHi
	HRV16 Infection Impairs Cytokine Secretion From Human Macrophages in Response to LPS
	HRV16 Impairment of Secondary Responses to NTHi Is Still Present at 48 and 72 h

	Discussion
	Author Contributions
	Acknowledgments
	References


