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ABSTRACT

Respiratory syncytial virus (RSV) is the leading cause of respiratory viral infection in infants and
children. However, little is known about the contribution of monocytes to antiviral responses
against RSV infection. We identified the IFN-f production of monocytes using IFN-B/YFP
reporter mice. The kinetic analysis of IFN-B-producing cells in in vivo RSV-infected lung cells
indicated that monocytes are recruited to the inflamed lung during the early phase of infection.
These cells produced IFN-f via the myeloid differentiation factor 88-mediated pathway, rather
than the TLR7- or mitochondrial antiviral signaling protein-mediated pathway. In addition,
monocyte-ablated mice exhibited decreased numbers of IFN-y-producing and RSV Ag-specific
CD8' T cells. Collectively, these data indicate that monocytes play pivotal roles in cytotoxic
T-cell responses and act as type I IFN producers during RSV infection.

Respiratory syncytial virus; Type I interferon; Interferon beta; Monocyte

INTRODUCTION

Respiratory syncytial virus (RSV), first recovered from infants with lower respiratory tract
illness, is a leading cause of respiratory diseases including pneumonia, bronchiolitis, otitis
media, and apnea in young children (1). This viral infectious disease remains a considerable
burden to global health because most infants are exposed to RSV at least once within the first
two years of life, and severe RSV infection might become a long-lasting risk factor for asthma
and bronchiolitis (2,3). In addition to infants and young children, adults older than 65 years
have an opportunistic risk for RSV infection.

Type I IFNs play a central role in initiating and regulating antiviral responses through several
mechanisms such as inhibiting viral replication in infected cells, activating Ag presentation,
and contributing to adaptive immunity for memory responses (4). RSV is known to poorly
induce type I IFNs, and the limited production has been speculated to restrict the antiviral
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response (3). Nevertheless, these cytokines are also critical for the antiviral response to

RSV infection, and several studies have shown that RSV infection can induce type I IFN
production by various cell types including endothelial cells, macrophages, and dendritic cells
(DCs) (5-9).

Type I IFNs can be produced by recognizing pathogen-associated molecular patterns via
pattern recognition receptors, such as TLRs, retinoic acid inducible gene I (RIG-I)-like
receptors, or nucleotide-binding oligomerization domain-like receptors (10). Previously, we
have shown that mucosal RSV infection can induce IFN- production of macrophages, DCs,
and plasmacytoid dendritic cells (pDCs) via the myeloid differentiation factor 88 (MyD88)-
dependent pathway and that pDCs, not macrophages or DCs, require TLR7 to produce IFN-f3
(6,8). In addition, monocytes can produce type I IFNs against various RNA virus infections
through TLR7 and TLRS signaling (11). However, it remains unclear whether RSV infection
can also induce monocytes to produce type I [FNs.

This study examined the IFN-§3 production of monocytes in the lung tissue of mice infected
with RSV. Here, we report that monocytes are a cellular source of IFN-f in RSV infection,
require MyD88 pathway to produce IFN-, and regulate the adaptive T-cell immune response.

MATERIALS AND METHODS

IFN-B/YFP reporter (12), MyD887 (13), IFNaR1" (14), TLR7" (15), and mitochondrial
antiviral-signaling protein (MAVS)™ (B6;129-Mavs™4¢]) (16) mice have been reported
previously. TLR7"- and MAVS™ mice were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA). IFN-B/YFP reporter mice were crossed with TLR7"", MyD88™", IFNaR1"", or
MAVS™ mice. All mice were housed in a specific pathogen-free facility of KAIST Laboratory
Animal Resource Center. All procedures involving animals were in accordance with the
guidelines and policies for rodent experimentation provided by the Institutional Animal

Care and Use Committee of KAIST. In addition, the study protocol was approved by this
committee (KA2013-55). Gender- and age-matched mice (8-12 weeks of age) were used for
the experiments.

The A2 strain of RSV was grown on HEp-2 cells and titrated for infectivity as described
elsewhere (17). Mice were anaesthetized with intraperitoneal ketamine (80 mg/kg) and
xylazine (16 mg/kg) before intranasal inoculation with 1.0x10” plaque-forming units of RSV.

Bone marrow cells in mice were isolated according to the published procedures (6). Total
bone marrow cells were stimulated with live or heat-inactivated RSV at a multiplicity of
infection value of 3 in complete media for 18 h.

According to published procedures (18), RSV-infected mice were euthanized, and the lungs
were collected in PBS. The tissues were then processed through 70-pm cell strainers to obtain
single-cell suspensions. The supernatants were collected, and RSV titres in the supernatants
were measured using a plaque assay on HEp-2 cell monolayers.
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To obtain single lung cell suspensions, isolated lung samples were prepared according to
published procedures (19). Pure single-cell suspensions were obtained using a Percoll density
gradient (GE Healthcare, Amersham, UK) following RBC lysis. The resulting cells were used
for flow cytometric analysis.

Single-cell suspensions were pretreated with anti-CD16/32 (clone: 2.4G2) Ab to block Fc
receptors. Then, they were stained with the following antibodies: anti-CD11b (clone: M1/70),
anti-Ly6C (clone: AL-21), anti-Ly6G (clone: 1A8), anti-Siglec-F (clone: E50-2440), anti-F4/80
(clone: BM8), anti-CD4 (clone: GK1.5), anti-CD8a. (clone: 56-6.7), or anti-CD45.2 (clone:
104). Leukocytes were gated based on forward- and side-scatter properties, and live cells were
gated based on DAPI (Invitrogen, Waltham, MA, USA) exclusion. Multiple color samples were
acquired on a flow cytometer (LSR Fortessa or Calibur; BD Biosciences, San Jose, CA, USA).

Leukocytes from the lungs of immunized mice were cultured in the presence of 5 pg/ml Mig105
peptide (NAITNAKII) and 50 ng/ml brefeldin A (Sigma-Aldrich) for 5 h. Then, cells were surface
stained with anti-CD4 (clone: GK1.5), anti-CD44 (clone: IM7), and anti-CD8a. (clone: 53-6.7)
and fixed and permeabilized using a Cytofix/Cytoperm kit (BD Biosciences) according to the
manufacturer's instructions. Allophycocyanin (APC)-labelled anti-mouse IFN-y Ab (clone:
XMG1.2; eBioscience, San Diego, CA, USA) was used for intracellular staining. The frequency of
IFN-y-secreting T cells was analyzed by flow cytometry (Calibur; BD Bioscience).

H-2DP tetramers specific for RSV Myg105 peptide (NAITNAKII) were prepared with streptavidin-
APC per the protocol of the NIH Tetramer Core Facility. Single-cell suspensions from the lungs
of immunized mice were pretreated with anti-CD16/32 (clone: 2.4G2) Ab to block Fc receptors
and then stained with anti-CD8a (clone: 53-6.7) and anti-CD3¢ (clone: 145-2C11). Then, APC-
labelled tetramer staining was performed. The frequency of RSV M;g;405 peptide-specific CD8*
T cells was analyzed by flow cytometry (Calibur; BD Bioscience). Final analysis and graphical
output were obtained using FlowJo software (Tree Star, Inc., Ashland, OR, USA).

Lung single-cell suspensions were prepared as described above. Cells were stained with Ly6G
and Ly6C and incubated for 30 min at 4°C in the presence of anti-CD16/32 Ab to block Fc
receptors. Stained cells were sorted using a MoFlo XDP cell sorter (Beckman Coulter, Brea,
CA, USA) and analyzed with an LSR Fortessa. The sorting strategy of monocytes (DAPI,
Singlet, Ly6C*, Ly6G") is shown in Fig. 1C.

Cell lysis and reverse transcription were conducted using SuperPrep Cell Lysis & RT Kit for
gqPCR (TOYOBO, Osaka, Japan). Ifna4, Ifnf, and Hprt mRNA expression were measured in
96-well optical plates (Thermo Scientific, Waltham, MA, USA) using SYBR GREEN PCR
Master Mix (TOYOBO) and the CFX96 Real-Time PCR Systems (Bio-Rad, Hercules, CA,
USA). Amplification of endogenous Hprtwas used as an internal control, and results were
determined as the fold difference relative to mock control mice.

Clodronate-liposomes and PBS-liposomes were obtained from ClodronateLiposomes.org
and provided by Dr. Nico van Rooijen. As published (20), to deplete circulating monocytes
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Figure 1. Monocytes in the lungs produce IFN- post RSV infection. (A) Representative dot plots of flow cytometric gating strategy for monocytes in lung

tissue showing monocytes in the CD11b*Ly6G Siglec-F Ly6C" population gated on CD45.2°DAPI-. (B) Representative dot plot and bar graph showing monocytes
with IFN- expression by days post infection (dpi). Monocytes were collected from IFN-B/YFP reporter mice intranasally infected with RSV (1.0x107 pfu). (C)
Monocytes (DAPI', Ly6C*, Ly6G") in the mice lung at 0, 3, and 5 days post RSV infection sorted with cell sorter. (D) Ifna4 and Ifnff mRNA expression measured
with real-time quantitative PCR. Hprt was used as an internal control, and results are shown as the fold difference relative to mock control mice. The error bars
show the SEM. The results are representative of 3 experiments.

**p<0.01; **p<0.001 as calculated by Student's t-test.

in vivo, mice were inoculated with 200 pl clodronate-liposomes via the tail vein. Twenty-four
hours later, the mice were subjected to further study.

CD4" and CD8" T-cell responses

RSV-specific T-cell responses were analyzed. At 8 days post infection, CD4* or CD8" T cells
were isolated from the spleens of infected mice using anti-CD4 or anti-CD8 microbeads
(Miltenyi Biotech, Bergisch Gladbach, Germany) according to the manufacturer's
instructions. Then, CD4" or CD8" T cells were restimulated with the indicated amounts of
heat-inactivated RSV virions or RSV Mg105 peptides for 72 h at 37°C. IFN-y production in
supernatants was measured by ELISA (eBioscience).

Statistical analysis

The data are presented as the means + SEM. Statistical significance was evaluated with two-
tailed unpaired Student's t-tests using Prism software (GraphPad; GraphPad, San Diego, CA,
USA). Differences were considered statistically significant at p-values less than 0.05.
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RESULTS

To determine IFN-f production of monocytes in respiratory mucosa during RSV infection in vivo, we
intranasally inoculated IFN-B/YFP reporter mice with RSV and analyzed CD11b*Ly6Ch monocytes

in lung tissue (Fig. 1A). At the early phase of RSV infection, monocytes were rapidly recruited to

the RSV-infected lungs and began producing IFN-B 1 day post infection; their production rapidly
increased until 4 days post infection (Fig. 1B). To confirm the capacity of type I IFN production

in wild-type (WT) mice against RSV infection, we isolated Ly6G Ly6C" monocytes from the

lung tissues of RSV-infected WT mice using a cell sorter (Fig. 1C) and measured type IIFN gene
expression. The expression of If, as well as Ifna4, was upregulated in monocytes at 3 and 5 days
post infection (Fig. 1D). These results demonstrate that monocytes act as one of cellular sources of
IFN-B during mucosal RSV infection.

Little is known about how monocytes recognize RSV and drive the type I IFN response. TLRs
are representative receptors for viral infection, leading to the initiation of antiviral responses.
In particular, TLR7 and TLR8, which recognize single-stranded RNA, are important to sense
RNA virus infection (21). In addition, MAVS is the downstream of intracellular RNA sensor
RIG-I/melanoma-differentiation-associated gene 5 (MDA5), which are important to sense
RSV infection and initiate innate immune responses (22).

To determine which signaling pathway is activated during RSV infection to drive type I IFN
production, we crossed IFN-B/YFP reporter mice with MyD88-, TLR7-, or MAVS-deficient mice
and tracked IFN-f production of CD11b*Ly6C" monocytes from bone marrow (Fig. 2A). MyD88
protein, which is activated by TLR stimulation, was critical for monocytes to produce IFN-3
(Fig. 2B). However, TLR7 deficiency did not affect the production of IFN-f by monocytes. In
addition, the MAVS-mediated pathway was not required for IFN-3 production in RSV-infected
monocytes (Fig. 2C). These results suggest that RSV infection induces monocytes to produce
IFN- via MyD88 signaling, not via TLR7 and MAVS signaling.

To confirm the signaling pathway driving IFN-f production in lung monocytes during RSV
infection 7n vivo, we used the crossbred IFN-B/YFP reporter mice described above. In response
to mucosal RSV infection, TLR7-deficient or MAVS-deficient monocytes had a similar
frequency of YFP* cells producing IFN-f compared to WT monocytes; however, MyD88-
deficient monocytes had much less YFP* cells (Fig. 3A and B). In addition, similar to the in
vitro results from bone marrow cells, in vivo RSV infection induced monocytes to produce
IFN-f via MyD88 signaling but not via TLR7 and MAVS signaling. Furthermore, MyD88-
deficient mice showed the exacerbation of viral clearance at 4 day post mucosal RSV infection
(Supplementary Fig. 1A).

To address the role of IFNaR feedback in type I IFN production during mucosal RSV
infection, we infected IFNaR1-deficient IFN-B/YFP reporter mice with RSV and then analyzed
the RSV-infected lung cells. Lung monocytes in IFNaR1-deficient RSV-infected mice did not
produce IFN-B in vivo (Fig. 3C). Thus, in mucosal RSV infection, IFNoR feedback is required
for the induction of proper IFN-f} responses in monocytes.
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Figure 2. IFN-f production is dependent on the MyD88-mediated pathway in monocytes from bone marrow. (A)
Representative dot plots of flow cytometric gating strategy for monocytes in bone marrow showing monocytes in
the Ly6C"Ly6GF4/80* population gated on DAPI-CD11b". (B, C) Bone marrow cells from IFN-B YFP/reporter (WT),
MyD88-deficient IFN-B/YFP reporter (MyD887/-), TLR7-deficient IFN-B/YFP reporter (TLR77"), or MAVS-deficient
IFN-B/YFP reporter (MAVS™) mice were infected with RSV at a multiplicity of infection value of 3. After 18 h
stimulation, these cells were harvested and analyzed for IFN-3 expression by flow cytometry. The error bars are
the mean of 3 mice + SEM. The error bars show the SEM. The results are representative of 3 experiments.
**p<0.01 as calculated by Student's t-test.

Circulating monocytes contribute to cytotoxic T-cell responses against
mucosal RSV infection

To determine the role of the adaptor MyD88 in adaptive immunity against RSV infection, mice
deficient in MyD88 were infected with RSV. Then, RSV-primed CD8" T cells were restimulated
with inactivated H-2DP-restricted Mig;105 peptides. Following RSV infection, the numbers of
interferon-y-producing CD8" T cells and RSV-specific CD8" T cells decreased in the lungs of
MyD88-deficient mice compared with those in WT mice (Supplementary Fig. 1B-D).

To further understand the importance of monocytes in adaptive immunity against RSV
infection, we depleted circulating monocytes by treatment with intravenous clodronate-
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Figure 3. The MyD88-mediated pathway is required to produce IFN-3 in lung monocytes. (A-C) Lung monocytes from IFN-B/YFP reporter (WT) and MyD88-
deficient IFN-B/YFP reporter (MyD887") mice or TLR7- deficient IFN-B/YFP reporter (TLR77") mice (A) or MAVS-deficient IFN-B/YFP reporter (MAVS™7-) mice (B) or
IFNoR1-deficient IFN-B/YFP reporter (IFNaR17") mice (C) infected intranasally with 1.0x107 pfu of RSV. After 2 days post infection, lung cells were isolated from
mice and analyzed for IFN-f} expression by flow cytometry. Representative dot plot and bar graph showing monocytes with IFN- expression. Monocytes in lung
tissue were gated as the CD11b*Ly6G Siglec-F Ly6C" population gated on CD45.2'DAPI- as Figure 2A. The error bars are the mean of 3 mice = SEM. The error bars
show the SEM. Similar results were obtained from 3 separate experiments.

**p<0.01 as calculated by Student's t-test.

liposomes. The clodronate-liposome treatment decreased the population of monocytes,
without affecting other cell populations including alveolar macrophage, neutrophils, and
eosinophils (Fig. 4A). No difference in CD4* T-cell response was found between circulating
monocyte—deficient mice and PBS-liposome-treated mice (Fig. 4B). Unexpectedly, cytotoxic
T-cell response was weaker in circulating monocyte—deficient mice than in PBS-liposome-
treated mice (Fig. 4C). In addition, the lungs of circulating monocyte-deficient mice exhibited
less IFN-y-producing CD8" T cells and RSV-specific CD8" T cells (Figs. 4D, E, and F). Taken
together, these results suggest that circulating monocytes support cytotoxic CD8" T-cell
responses against mucosal RSV infection.

DISCUSSION

In this study, we investigated IFN-B-producing monocytes in response to RSV infection. Our
results showed that mucosal RSV infection induces monocytes to produce IFN-f and that
this production increases gradually post infection. In addition to IFN-f3 expression, IFNa
expression in monocytes from lung tissues was elevated, suggesting that RSV infection
induces monocytes to produce type I IFN. These results are consistent with the finding that
monocytes from bone marrow cells produce IFN- post in vitro RSV infection. In response

to both in vivo and in vitro RSV infection, monocytes required the MyD88 pathway but not
the TLR7 or MAVS pathway to produce IFN-f. Furthermore, the depletion of circulating
monocytes reduced cytotoxic CD8" T-cell responses against mucosal RSV infection.

Type I IFNs centrally orchestrate innate immune responses against viral infection, including
RSV infection. In viral infection, pDCs have been considered as the major population producing
type I IENs (23,24). Our previous study also demonstrated that pDCs produce type I IFNs,
especially IFN-, via the TLR7-MyD88-mediated pathway during RSV infection (8). In this study,
we found that monocytes are another cellular source of IFN-f during RSV infection. Unlike
pDCs, the IFN-3 production of monocytes was not affected by TLR7 signaling. This result is
consistent with a recent study showing that TLR7 does not contributes to type I IFN response
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Figure 4. Monocytes are required to induce a potent cytotoxic T cell response against mucosal RSV infection. (A-F) Representative dot plot showing lung immune
cells isolated from WT mice receiving the corresponding treatments for 24 h before infection. PBS-liposome-treated and clodronate-liposome-treated mice

were infected intranasally with 1.0x107 pfu of RSV. (A) Lung cells isolated from WT mice treated with intravenous PBS-liposome or clodronate-liposome for 24 h.
Representative dot plots show alveolar macrophages (CD11b*Ly6G*CD11c"Siglec-F™), neutrophils (CD11b"Ly6C Ly6G"), eosinophils (CD11b*Ly6G Siglec-F*), and
monocytes (CD11b*Ly6G Siglec-F Ly6C") gated on CD45.2° DAPI-. The results are representative of two independent experiments. (B-C) Levels of IFN-y production
from CD4" T cells (B) and CD8" T cells (C) was measured by ELISA. At 8 days post infection, CD4* and CD8" T cells were isolated from mice spleens and stimulated
with the indicated amount of heat-inactivated virions or RSV M peptides for 72 h, respectively. The error bars show the SEM. (D, E) Representative dot plot of IFN-y-
producing CD8+ T cells (D) or RSV M peptide-specific CD8" T cells (E) were detected in the lungs of mice at 8 days post infection. (F) the frequency and cell number
of RSV M peptide-specific CD8" T cells. The error bars are the mean of 3 mice = SEM. The results are representative of three experiments.

*p<0.05; **p<0.01 as calculated by Student's t-test.

of mouse and human CD14* monocytes against infection with several types of RNA viruses
(11). This study also described that TLR7 and TLRS stimulation differentially induce signaling
pathways and TLR8 blockade inhibited the expression of type I IFN genes during RNA virus
infections. In this respect, it is possible that the IFN-B production of monocytes is mediated by
other TLR signaling, such as TLR4 and TLR8, during RSV infection.
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MAVS is an adapter protein required for the signaling of RIG-I/MDAS, which can sense
cytosolic viral RNA (25). While one study demonstrated that MAVS is essential for innate
immunity against RSV infection (22), another study showed that MAVS deficiency induces
increased inflammation and reduced viral clearance (26). Previously, we demonstrated that
the MAVS pathway is required for type I IFN production of DCs and macrophages derived
from bone marrow cells during RSV infection. These results were consistent with the results
of alveolar macrophages in another study (6,27). Although DCs and macrophages are derived
from monocytes, monocytes did not require the MAVS pathway to produce IFN-§ during
RSV infection in this study. A previous study showed that viral infection induces the rapid
differentiation of human monocytes into DCs (28). Concerning this, RSV-infected monocytes
might differentiate into DCs, requiring the MAVS pathway, but uninfected monocytes might
produce IFN-f via other viral sensing receptors.

Alveolar macrophages were shown to produce type I [FNs at early time points (within 1 day post
infection) of RSV infection, leading to the recruitment of inflammatory monocytes (27). In

this study, we observed an increase in IFN-B-producing monocytes after 2 days post infection.
Therefore, we speculate that monocytes recruit in response to type I IFNs produced by alveolar
macrophages at the early phase of RSV infection and become the next cellular source of type
T1ENs for continuous antiviral responses. Furthermore, this would explain our finding that
IFNoR deficiency impairs the IFN-B production of monocytes during RSV infection.

T-cell response against viral infections is critical to mediate viral clearance and induce
memory response (29,30). In addition to its Ag-presenting cell-dependent manner, type I
IFNSs can directly affect T-cell function (31). CD8" T cells deficient in type I IFN receptors were
found to have an exacerbated capacity to expand and generate memory cells in response to
viral infection (32). Another study showed that inflammatory monocytes activate memory
CD8" T cells via type I IFN signaling during microbial invasion (33). In this study, we found
that the depletion of circulating monocytes or the MyD88 deficiency yielded less IFN-y-
producing and viral Ag-specific CD8" T cells during RSV infection. This suggests that type I
IFNs produced by monocytes via MyD88 pathway affect the antiviral capacity of CD8" T cells
in response to RSV infection, resulting in memory formation.

In conclusion, our study demonstrates that monocytes producing MyD88-dependent IFN-3
are required in the development of adaptive immune responses to RSV infection. These
findings have significant implications in the design of vaccines and the management of RSV
infection. Stimulants of monocytes may be an ideal adjuvant candidate in RSV vaccines that
confer protective immune responses.
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SUPPLEMENTARY MATERIAL

The MyD88-mediated pathway plays a key role in viral clearance and CTL responses against
mucosal RSV infection. (A) MyD88-deficient mice were infected intranasally with 1.0x107 pfu
of RSV. The levels of viral replication in the lungs were determined by plaque assay on day

4 post infection. The results are shown as the mean + SEM from three to five mice per each
group. (B-E) WT or MyD88-deficient were infected intranasally with 1.0x10” pfu of RSV. (B) At
8 days post-infection, CD8+ T cells were isolated from spleens and stimulated with irradiated
APCs with the indicated amount of RSV M peptides for 72 h. IFN-y production from CD8+

T cells was measured by ELISA. The error bars show the SEM. (C) IFN-y-producing CD8+ T
cells were detected in the lung at 8 days post-infection by intracellular staining. (D) RSV M
peptide-specific CD8+ T cells were detected in the lung at 8 days post-infection. The error
bars are the mean of 3 mice + SEM. The results are representative of three experiments.

Click here to view
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