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Human metapneumovirus (HMPV) may cause severe respiratory disease. The early innate immune response to viruses like
HMPYV is characterized by induction of antiviral interferons (IFNs) and proinflammatory immune mediators that are essential
in shaping adaptive immune responses. Although innate immune responses to HMPV have been comprehensively studied in
mice and murine immune cells, there is less information on these responses in human cells, comparing different cell types
infected with the same HMPYV strain. The aim of this study was to characterize the HMPV-induced mRNA expression of
critical innate immune mediators in human primary cells relevant for airway disease. In particular, we determined type I versus
type III IFN expression in human epithelial cells and monocyte-derived macrophages (MDMs) and dendritic cells (MDDCs). In
epithelial cells, HMPV induced only low levels of IFN-S mRNA, while a robust mRNA expression of IFN-As was found in
epithelial cells, MDMs, and MDDCs. In addition, we determined induction of the interferon regulatory factors (IRFs) IRFI,
IRF3, and IRF7 and critical inflammatory cytokines (IL-6, IP-10, and IL-1f). Interestingly, IRF1 mRNA was predominantly
induced in MDMs and MDDCs. Overall, our results suggest that for HMPV infection of MDDCs, MDMs, NECs, and A549 cells
(the cell types examined), cell type is a strong determinator of the ability of HMPV to induce different innate immune
mediators. HMPV induces the transcription of IFN- and IRF1 to higher extents in MDMs and MDDCs than in A549s and
NECs, whereas the induction of type III IFN-A and IRF7 is considerable in MDMs, MDDCs, and A549 epithelial cells.

1. Introduction

Human metapneumovirus (HMPV) is a negative single-
stranded RNA virus that, like human respiratory syncytial
virus (RSV), belongs to the family of Pneumoviridae [1, 2].
HMPV may cause severe lower respiratory tract infections
in young children, and no vaccine or specific treatment for
HMPYV infection is available [3]. As the innate immune
responses are essential for the antiviral host defense and acti-
vation of the adaptive immune system, their characterization
is important. Much of the information on HMPV-induced
immune responses has been obtained using mouse models
or murine cells. HMPV mouse models have yielded valuable
results, e.g., determining subsets of immune cells involved
in immune responses and elucidating the pathogenesis of

HMPYV [4]. However, mice are known to have altered innate
immune components and responses relative to human
cells, e.g., by the expression of different subsets of patho-
gen recognition receptors (PRRs) and differences in cytokine/-
chemokine expression (e.g., absence of IL-8 in mice) thereby
exhibiting altered cytokine networks [5, 6]. Thus, establishing
innate immune responses to HMPV in relevant human
primary cells is important to complement studies in the mouse
model and to ultimately obtain increased knowledge on innate
immune responses to HMPV in humans.

HMPV is sensed intracellularly by PRRs [3]. Depend-
ing on the cell type infected, several PRRs may trigger
immune signaling in response to HMPYV, such as the cyto-
solic RNA helicases melanoma differentiation-associated
gene 5 (MDAS) and retinoic acid-inducible gene I (RIG-I)
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which belong to the RIG-I-like receptors (RLRs) [3]. These
RLRs act through the mitochondrial antiviral-signaling
protein (MAVS) located in the mitochondria or in the perox-
isomes to stimulate the IRF3 and NF-«B pathway or the IRF1,
IRF3, and NF-«B pathway, respectively [7-9]. This leads to
induction of various innate immune mediators, proinflam-
matory cytokines, and interferons (IFNs). IFNs are potent
antiviral cytokines that are critical in the first line of defense
against viral infections and have important functions in shap-
ing the adaptive response [10]. The antiviral effect of IFNs is
mediated by their ability to induce the expression of
interferon-stimulated genes (ISGs), such as antiviral effectors
(e.g., ISG54 and viperin), PRRs, and interferon regulatory
factors (IRFs), that can exert direct antiviral effects or amplify
the antiviral response, thereby limiting viral replication [10].
Type III IFN-As are the most recently discovered group of
IFNs and are critical in protection against viral infections at
mucosal surfaces, but the cellular origins and functionality
of type III IFNs in pathogen infections are still incompletely
understood [11, 12]. Importantly, others have previously
reported that HMPV can induce IFN-As in different human
cells and mouse models [7, 13, 14]. However, a detailed char-
acterization of HMPV-induced mRNA expression of type I
IFNs versus type III IFNs has only been performed in the
human epithelial cell line A549 [13, 14]. In addition, the
highest inducible type III IFN, IFN-A1, is a pseudogene in
mice and variances between the type III IEN receptor in mice
versus human tissues have been reported [15, 16].

The aim of this study was to characterize the mRNA
expression of critical innate immune mediators in response
to HMPV in human primary cells relevant for airway disease.
Using a consistent HMPV stock, we determined the induction
of type I IFNs (IFN-p), type III IFNs (IFN-A1, IFN-A2/3),
inflammatory cytokines (IP-10, IL-6, and IL-1J3), RLRs
(MDAS5, RIG-I), and the downstream transcription factors
IRF1, 3, and 7. We found that HMPV induced the mRNA
expression of IFN-As and IRF7 both in epithelial cells and in
monocyte-derived macrophages (MDMs) and dendritic cells
(MDDCs), whereas IFN-f3 and IRF1 expressions were pre-
dominantly induced in MDMs and MDDCs. Our results sug-
gest that cell type is a strong determinant of HMPV-mediated
induction of type I IFN but not type III IFN expression.

2. Materials and Methods

2.1. Amplification of Virus. The clinical isolate NL/17/00
(which, similarly to the CAN97-83 strain, represents the
HMPV genetic lineage A2 [17]) was kindly provided by
ViroNovative and Bernadette van den Hoogen, Erasmus
MC (Rotterdam). LLC-MK2 (ATCC) monolayers were inoc-
ulated with low passage virus at low multiplicity of infection
(m.o.d., 0.01) in OptiMEM containing 2% FBS, 20 pg/mL
gentamicin, 0.7 nM glutamine, and 50 pg/mL trypsin. After
7-8 days, the virus was harvested from cells and superna-
tant by freeze-thawing at -80°C, followed by purification
on a 20% sucrose cushion and resuspension in OptiMEM
(2% FBS). The virus titer was determined using a cell-
based immunoassay. Purified virus was serially diluted
(logl0) on monolayers of LLC-MK2 cells in 96-well flat-
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bottom plates. After four days, cells were washed, stained
with LIGHT DIAGNOSTICS™ HMPV direct fluorescence
assay (Merck Millipore) and focus-forming units determined
by manual counting.

2.2. Viral Infection. A549 cells (ATCC), NECs, MDDCs, or
MDMs were seeded in 48-well plates for qRT-PCR analysis
or 8-well TC Lab-Tek Chamberslides (VWR) for confocal
microscopy. Both A549 cells and NECs were seeded at the
same cell concentration the day before infection. MDMs
and MDDCs were seeded at the same cell concentration
and differentiated for seven days prior to infection. On the
day of infection, cells (with 60-70% confluence) were infected
with HMPV at m.o.i. of 1 in the respective cell medium. Cells
were incubated with virus for 6h, 24h, and 48h for qPCR
analysis or for 6h and 24 h for confocal microscopy analysis.
Morphology of the cells was regularly examined.

2.3. Cell Culture. Nasal epithelial cells (NECs) were iso-
lated from nasal brushings of healthy donors (St. Olavs
Hospital, Trondheim) as previously described [18]. Cells
were grown in bronchial epithelial growth medium (BEGM)
containing Lonza bronchial epithelial basal medium with
Lonza BulletKit, 100 U/mL penicillin, 100 gg/mL of each
streptomycin and primocin. NECs were identified by immu-
nostaining with anti-E-cadherin (Cell Signaling Technology)
[19]. Monocytes were isolated from fresh bufty coats of
healthy donors (blood bank of St. Olavs Hospital, Trondheim).
In short, mononuclear cells were isolated using gradient centri-
fugation with Lymphoprep™ (Axis-Shield) and monocytes
were further enriched by virtue of their attachment to a
culture plate for 90 min. Enriched monocytes were culti-
vated for seven days in supplemented RPMI 1640 (10%
human serum, 0.34mM L-glutamine, and 10 ug/mL genta-
micin) with a 10ng/mL macrophage colony-stimulating
factor (M-CSF) for MDM differentiation or a 5ng/mL
granulocyte-macrophage colony-stimulating factor (GM-CSF)
and 2.5ng/mL interleukin-4 (IL-4) for differentiation into
MDDCs. A549 cells were cultivated in supplemented RPMI
1640 (10% FBS, 0.7mM L-glutamine, and 20 pg/mL
gentamicin).

2.4. gqRT-PCR Analysis. RNA isolation, cDNA generation,
and qRT-PCR analysis were performed as previously
described [20]. Gene expression was calculated relative to
GAPDH (ACt) or as fold change (AACt). Fold change of
gene expression (except for HMPV N-gene) was related
to uninfected cells, whereas fold change in HMPV N-gene
expression was related to 6h HMPV treatment. The fol-
lowing primer sequences were used (5'-3' orientation):
HMPV (fwd) CATATAAGCATGCTATATTAAAAGAG
TCTC, HMPV (rev) CCTATTTCTGCAGCATATTTGTAA
TCAG, IL-29/IFN-A1 (fwd) GGGACCTGAGGCTTCTCC,
IL-29/TFN-A1 (rev) CCAGGACCTTCAGCGTCA, MDAS5
(fwd) GGCACCATGGGAAGTGATT, MDA5 (rev) ATTT
GGTAAGGCCTGAGCTG, RIG-I (fwd) AGAGCACTTGT
GGACGCTTT, and RIG-I (rev) TGCAATGTCAATGC
CTTCAT. All other primer sequences were previously
published [20].
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2.5.  Immunofluorescence and Confocal Fluorescence
Microscopy. Cells were fixed in PBS containing 4% parafor-
maldehyde (PFA) for 10min on ice, followed by perme-
abilization with 0.1% saponin for 30min at room
temperature. Nonspecific antibody sites were blocked with
PBS containing 10% FBS and 2.5% BSA for 60 min at room
temperature. For staining, cells were incubated with antibod-
ies diluted in blocking solution. Primary antibody against
HMPV nucleoprotein (MAB80138, Millipore) was added
overnight at 4°C, followed by secondary antibody GAM 647
(Molecular Probes) for 30 min at room temperature. Nuclear
staining was achieved with DAPI (10 min). The number of
cells was counted using particle analysis in the ImageJ soft-
ware, based on DAPI labeling. Cells with positive staining
for HMPV N-protein were counted manually. Infectivity
was calculated as percentage of infected cells relative to the
total number of cells. Image acquisition parameters remained
constant during imaging, and threshold values were kept the
same from image to image during the analysis. An overall
error of 10% was estimated for this manual data analysis.

2.6. Statistics. Results are shown as mean of 2 or 3 indepen-
dent experiments + SD. For all primary cells, different donors
were used for each independent experiment. MDMs and
MDDCs were donor-matched, i.e., one donor was used to
generate both MDMs and MDDCs (using different donors
for each independent experiment). GraphPad Prism 5 was
used for statistical analysis. Single comparisons between
two groups were made by unpaired, two-tailed Student’s
t-test. A P value < 0.05 was considered statistically significant.
For multiple comparisons, one-sided ANOVA with Dunnett’s
test was performed (confidence level 0.95). A P value < 0.05
was considered statistically significant.

3. Results

3.1. HMPV Infection Efficiency and Viral RNA Synthesis in
Human Airway Epithelial and Immune Cells. To study
HMPV infection and innate immune responses in human
cells, we used human airway epithelial cells (A549s and
NECs) and primary human immune cells (MDMs and
MDDCs). The cell line A549 is frequently used in similar
studies and was used herein to represent transformed alveo-
lar epithelial cells. Cultures of primary NECs were estab-
lished from nasal epithelia using a previously established
protocol [18]. Human monocytes from blood donors were
differentiated with M-CSF to produce MDMs or with
GM-CSF and IL-4 to generate MDDC:s as reported previously
[21]. Initially, we characterized HMPV infectivity and viral
replication in these cells. Cells were infected with HMPV
NL/17/00 (A2 lineage) for 6h or 24h prior to intracellular
staining of HMPV N-protein, confocal microscopy, and
determination of infectivity. In HMPV-infected cells, we
found typical intracytoplasmic granular staining for the
N-protein-specific antibody (Supplementary material Sla-d),
but not when cells were stained with the isotype-
specific control antibody or uninfected cells were stained
for the N-protein (data not shown). Infectivity was calcu-
lated as the fraction of cells that was positive for N-protein

staining. Our results show that HMPV infected primary cells
with markedly lower efficiency than transformed cells
(Figure 1(a)). For airway epithelial cells, about 90% of trans-
formed A549s were infected at 24 hours postinfection (h.p.i.)
whereas only about 40% of primary NECs were infected
after the same infection time (Figure 1(a), Supplementary
material Sla, b). Similarly, MDDCs and MDMs showed
lower infectivity than A549s, with a maximum infectivity
of 40% and 23% at 24 h.p.i., respectively (Figure 1(a)). Next,
we evaluated the extent to which HMPYV replicated in differ-
ent cells by determining the level of viral RNA (VRNA) syn-
thesis over time. Cells were infected with HMPV for 6h,
24h, or 48h, and levels of intracellular vVRNA were deter-
mined by qRT-PCR-mediated assessment of the HMPV
N-gene. Due to the differences between infectivity of different
cell types at 6h.p.i., we determined VRNA levels relative to
GAPDH and not as fold change (Figures 1(b)-1(e)). The abil-
ity of HMPV to replicate differed between the cell types.
HMPV vRNA levels increased markedly between 6 and
48 h.p.i. in epithelial cells (Figures 1(b) and 1(c)) whereas
HMPV replication in MDMs and MDDCs stagnated or
decreased between 24 and 48 h.p.i. (Figures 1(d) and 1(e)).
These results are in accordance with previous work reporting
on such restricted replication of HMPV in human and
mouse immune cells [22-24]. Although the viral infectivity
(as determined by confocal microscopy) was lower in
NECs than in A549 cells, the viral replication kinetics were
comparable in both cell types (Figures 1(b) and 1(c)). This
suggests that the difference in infectivity between NECs and
A549 cells (observed by confocal microscopy) may be due
to differences in the efficiency with which virus enters NECs
and A549 cells.

3.2. HMPV-Mediated Induction of Type I and Type III IFNs
in Human Airway Epithelial and Immune Cells. To charac-
terize HMPV-induced interferon responses, we determined
the mRNA expression of the classical type I IFN-f and
the more recently identified type IIT IFNs IFN-A1 (IL-29),
IFN-A2 (IL-28A), and IFN-A3 (IL-28B). For type I IFN
responses, we chose to include IFN-S above IFN-a as
IFN-B is produced by most cell types, such as epithelial
cells and myeloid-derived cells, whereas IFN-« is predomi-
nantly produced by plasmacytoid dendritic cells [25]. Cells
were infected with HMPV, and qRT-PCR analysis was per-
formed 6, 24, and 48 h.p.i. Due to the high similarity between
IFN-A2 and IFN-A3, our probes did not differentiate between
the two. To account for (potential) differences in basal
expression between the cell lines, mRNA expression was
determined relative to GAPDH instead of fold change. As
reported previously, HMPV only induced modest amounts
of IFN-f in A549s [26] (Figure 2(a)). However, HMPV stim-
ulated IFN-f efficiently in MDMs and MDDCs (Figures 2(c)
and 2(d)). In contrast to IFN-f3, IFN-A1 and IFN-12/3 were
potently induced by HMPV in all cell types examined
(Figure 2, mid panels). Comparing the basal expression of
IFN-A1 and IFN-B, we found that the basal expression of
IFN-A1 was 100-fold lower than that of IFN-f in all cell types
examined (Supplementary material S2a, b). Nevertheless, the
basal expression of IFN-A1 was similar in all examined cell
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FIGURE 1: Infectivity of HMPV in airway epithelial and immune cells and kinetics of HMPV RNA accumulation. (a) Cells were infected with
HMPYV for 6 h or 24 h. Prior to fixation, the cells were incubated with DAPI. Intracellular staining of HMPV N-protein was performed prior to
examination by confocal microscopy. Approximately, 300 cells were analyzed for each time point. Infectivity was calculated as
percentage of infected cells relative to total number of cells. Experiments were performed at least two times. Error bars represent
approximated error of manual data analysis. (b-e) Cells were infected for the indicated time points with HMPV. Viral N-RNA levels
were analyzed by qRT-PCR. Expression was normalized relative to GAPDH. Data are presented as mean+SD of 3 (b) or 2 (c-e)
independent experiments. (b) A549, (c) NEC, (d) MDM, and (e) MDDC. Statistical analysis (one-sided ANOVA with Dunnett’s test):
P<0.05 (#), P<0.01 (##), and P <0.001 (###); comparisons were made between cells at 6 h.p.i. and infected cells at 24/48 h.p.i.

types (Supplementary material S2b). The basal expression of
IFN- mRNA did not differ between the cell types, except for
NECs, which exhibited slightly lower basal expression com-
pared to the other cell types (Supplementary material S2a).
This difference could contribute to higher fold induction of
IFN-B mRNA in HMPV-infected NECs relative to A549
cells. Importantly, these results show that the observed differ-
ences in HMPV-induced IFN-A1 and IFN- mRNA expres-
sion between epithelial cells and immune cells were not due
to differences in basal expression levels between the cell types.
In addition to type I and III IFN mRNA expression, we deter-
mined the expression of the IFN-stimulated gene ISG54.
ISG54 is not expressed or expressed at low levels in most
human cells, but the gene is induced to high levels upon
infection with many viruses and treatment with type I and
type III IFNs, making it a useful marker of viral infections
[27, 28]. ISG54 mRNA expression was robustly induced by
HMPYV in all cell types examined with the highest induction
in MDMs and MDDCs (Figures 2(a)-2(d), right panels,
supplementary material 2d), corresponding to the higher
IFN induction in these cells.

Regarding the kinetics of induction of type I IFNSs, type
III IFNs, and ISG54, we found that HMPV infection resulted
in distinct cell-specific kinetics (Figure 2). In A549 cells and
NECs, HMPV stimulated a continuous increase of IFN-f,
IFN-AL, IFN-A2/3, and ISG54 mRNAs at 6, 24, and 48 h.p.i

(Figures 2(a) and 2(b)). In contrast, in MDMs and MDDCs,
IFN-f induction decreased between 24 and 48 h.p.i., while
induction of IFN-A1, IFN-A2/3, and ISG54 mRNA stagnated
between 24 and 48 h.p.i. (Figures 2(c) and 2(d)). Based on
visualization by light microscopy (indicating unchanged cel-
lular morphology and confluence), the decrease of mRNA
induction did not appear to be due to increased cell death.
Furthermore, using an LDH assay, we did not observe signif-
icant differences in cell death in MDMs at 18-31 hours after
HMPV infection (Supplementary material 4). The HMPV-
stimulated expression of antiviral genes (IFN-f, IFN-A1,
IFN-A2/3, and ISG54) corresponded to viral replication and
was dependent on HMPV replication, as UV-inactivated
HMPV did not induce the expression of IFN-f3 and IFN-A1
in A549s and MDMs (Supplementary material S3a and b).

3.3. Transcription of IRFs in HMPV-Infected Cells. Next, we
examined the effect of HMPV on the mRNA expression of
IRF1, IRF3, and IRF7, a subset of IRFs that are critical for
the induction of type I and type III IFNs [29]. HMPV has
previously been reported to activate IRF1, IRF3, and IRF7
in A549 cells [30], and studies in mice and human
MDDCs suggest that IRF7 is essential for robust induction
of IFN-a/f3 and IFN-A2/3 by HMPV [7, 14]. We found that
mRNA levels of IRF3 were not substantially changed by
HMPV infection in the examined cell types (Figure 3(b)).
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FiGure 2: HMPV-mediated expression of the antiviral genes IFN-f, IFN-A1, IFN-12/3, and ISG54 in airway epithelial and immune cells.
Cells were infected with HMPV for the indicated time points. Gene expression was analyzed by qRT-PCR. Expression was normalized
relative to GAPDH. Data are presented as mean +SD of 3 (a) or 2 (b-d) independent experiments. (a) A549, (b) NEC, (c) MDM,
and (d) MDDC. (a-d) Statistical analysis (one-sided ANOVA with Dunnett’s test): P <0.05 (*), P<0.01 (**), and P<0.001 (***);
comparisons were made between noninfected and infected cells.

In contrast, HMPV induced the mRNA expression of IRF1
and IRF7 in a cell-type-specific manner with high induction
of IRF1 mRNA in MDMs both 6 and 24 h.p.i. whereas IRF7
mRNA was substantially induced in all cells, except in NECs
(Figures 3(a) and 3(c)). NECs expressed similar levels of IRF7

mRNA as A549 cells upon HMPV infection, but due to
higher basal expression relative to A549 cells, these changes
were not significant (Figure 3(c)).

Unlike IRF1 and IRF7, IRF3 is known to be constitu-
tively expressed but is activated by phosphorylation at serine
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F1GuRrEe 3: Induction of IRF1, IRF3, and IRF7 mRNA in HMPV-infected airway epithelial and immune cells. Cells were infected with HMPV
for 24 h. Gene expression was analyzed by qRT-PCR. Expression was normalized relative to GAPDH. Data are presented as mean + SD of 3
(A549 cells) or 2 (NECs, MDMs, and MDDCs) independent experiments. (a) IRF1, (b) IRF3, and (c) IRF7 mRNA. Statistical analysis
(one-sided ANOVA with Dunnett’s test): P <0.05 (*), P < 0.01 (**), and P < 0.001 (***); comparisons were made between noninfected and

infected cells.

residue 396 in the human protein and this is decisive for
IFN-f induction [31]. To probe HMPV-mediated activation
of IRF3, we performed immunoblot analysis of p-IRF3
(Ser396). As A549 cells and NECs showed similar extent
of IFN-f induction, while MDMs and MDDCs showed
similar extent of IFN-f induction (which was distinct from
that in A549 cells and NECs), we chose to determine IRF3
phosphorylation in A549 cells and MDMs. When comparing
IRF3 Ser396-phosphorylation to total IRF3, HMPV-induced
IRF3 Ser396-phosphorylation was similar in MDMs and
A549 cells (Supplementary material 5a, b, middle panel).
However, when comparing IRF3 Ser396-phosphorylation to
GAPDH, we noted that levels of phosphorylated IRF3 were
considerably higher in MDMs than A549 cells even in unin-
fected cells (Supplementary material 5a, b, right panel).

3.4. HMPV-Mediated Induction of Inflammatory Genes in
Human Airway Epithelial and Immune Cells. As a readout
for induction of inflammatory genes by HMPV, we deter-
mined the mRNA expression of the chemokine IFN-y induc-
ible protein 10 (IP-10), IL-6, and IL-1f. IP-10 and the
inflammatory cytokine IL-6 contribute to the antiviral
state during airway infections [23, 24, 32-34]. Interestingly,

IP-10 was suggested to be a marker for susceptibility to
bacterial infection in humans after administration of live-
attenuated influenza vaccine [35]. We found that the basal
expression of IP-10 mRNA was similar in the examined cell
types, except for NECs, in which the basal IP-10 expression
was slightly lower (Supplementary material 2e). HMPV did
not induce considerable amounts of IP-10 in A549 cells
(Figure 4(a)). In contrast, HMPV efficiently stimulated
IP-10 mRNA in NECs, MDMs, and MDDCs at 24 h.p.i.
(Figures 4(b)-4(d), left panels). Hence, A549 cells and NECs
differed strongly in their ability to induce IP-10 in response
to HMPV. This could potentially be explained by the
increased expression of IFN-f in HMPV-infected NECs rel-
ative to A549 cells, as IP-10 has been reported to be induced
by IFN-f [36]. HMPV induced the expression of IL-6 in all
cell types examined and to considerably higher extent in
MDMs and MDDCs (Figure 4, middle panels). HMPV-
infected NECs expressed similar levels of IL-6 mRNA as
MDM:s, but IL-6 induction relative to uninfected cells was
low in NECs (Supplementary material 2f). In MDMs and
MDDCs, transcription of IP-10 and IL-6 mRNA decreased
between 24 and 48 h.p.i. (Figures 4(c) and 4(d)), following
VRNA levels at these time points. IL-1f mediates diverse
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FIGURE 4: Expression of the proinflammatory genes IP-10, IL-6, and IL-1f in HMPV-infected airway epithelial and immune cells. Cells were
infected for the indicated time points with HMPV. Gene expression was analyzed by qRT-PCR. Expression was normalized relative to
GAPDH. Data are presented as mean+SD of 3 (a) or 2 (b-d) independent experiments. (a) A549, (b) NEC, (c) MDM, and (d)
MDDC. (a-d) Statistical analysis (one-sided ANOVA with Dunnett’s test): P <0.05 (*), P<0.01 (**), and P <0.001 (***); comparisons
were made between noninfected and infected cells.

inflammatory responses and promotes infiltration of inflam-  the initial priming step of inflammasome/NLRP3 activation
matory and immunocompetent cells from the circulation  [38]. We evaluated the effect of HMPV on IL-18 mRNA
into the tissues [37]. Increased transcription of pro-IL-181is  expression in epithelial and immune cells. Overall, HMPV



induced small amounts of IL-13 mRNA in all of the
examined cell types relative to uninfected cells (Figure 4,
right panels). It should be mentioned that we observed a
high basal expression of IL-1f3 in NECs compared to A549
cells and MDMs/MDDCs (Supplementary material 2g).

3.5. HMPV-Mediated Induction of RLRs. The cytosolic RNA
helicases MDA5 and RIG-I and the cell surface-bound TLR4
have been reported to sense HMPV [7-9, 39, 40]. Of these,
the RLRs MDA5 and RIG-I are believed to be the most rele-
vant for HMPV-mediated signaling [7]. In addition, our pre-
liminary data showed that HMPV did not significantly affect
TLR4 mRNA expression (data not shown). Hence, we deter-
mined the induction of MDA5 and RIG-I mRNA expression
by HMPV. In A549s and NECs, HMPV induced MDA5 and
RIG-I mRNA to similar extent (Figures 5(a) and 5(b)).
However, as the baseline expression of RIG-I in these cells
was tenfold higher than that of MDAS5 (Supplementary
material 2h, i), fold induction (relative to uninfected cells)
was higher for MDA5. In MDMs and MDDCs, RIG-I
mRNA HMPYV induced MDAS5 and RIG-I mRNA to similar
extent (Figures 5(c) and 5(d)). In contrast to A549 cells and
NECs, the baseline expression of RIG-I in these cells was lower
than that of MDA5 (Supplementary material 2h, i). Both
RIG-I and MDAS5 were induced to higher extent by HMPV
in immune cells than in epithelial cells, with different kinetics
compared to A549s and NECs (Figures 5(c) and 5(d)).

4. Discussion

The aim of this study was to characterize HMPV-induced
mRNA expression of critical innate immune mediators in
human primary cells relevant for airway disease. Our find-
ings on HMPV-induced IFN expression corroborate a pre-
vious report by van den Hoogen et al. showing that
HMPV has low propensity to stimulate IFN-f expression
in airway epithelial cells [26]. However, HMPV efficiently
stimulated the IFN-S mRNA expression in MDMs and
MDDCs. Robust induction of IFN-B by HMPV in
MDDC s has also been reported by others [7]. Thus, our
results suggest that the extent of HMPV-induced IFN-f
mRNA expression is strongly cell-type-dependent. In con-
trast to IFN-f3, we found that HMPV potently induced the
IFN-A1 and IFN-A2/3 mRNA expression both in epithelial
and immune cells.

In contrast to our findings, others, e.g., Bao et al. [30] and
Banos-Lara et al. (2015), observed robust induction of IFN-f3
in A549 cells by HMPV [14, 30]. In relation to Bao et al. [30],
the higher IFN- induction in their study compared to in our
study might be due to the use of different infection protocols.
Bao et al. [30] infected A549 cells with HMPV at m.o.i. 3
(compared to m.o.i. 1 in our study) using media containing
trypsin [30]. Trypsin would facilitate viral infection [24],
which would promote increased induction of IFN-f. Fur-
thermore, Bao et al. reported robust induction of IP-10
mRNA and protein compared to our study [13, 30]. As
IFN-f3 has been reported to induce IP-10 [36], it is possible
that the difference in IP-10 induction between Bao et al.
[30] and our study might be due to the higher IFN-f induc-
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tion observed in their study. In relation to Banos-Lara et al.
(2015), it is difficult to speculate on the reasons for differ-
ences in IFN-f induction as information on the experimen-
tal protocols used for viral infection (e.g., media) and virus
propagation (e.g. m.o.i.) were not provided [14].

Van den Hoogen et al. showed that levels of IFNs relate to
defective particles in the virus stock [26]. In order to mini-
mize the level of defective interfering particles (DIPs) in
our virus stock, we followed the procedures recommended
by van den Hoogen et al. [26], i.e., using low passage virus
and infecting at low multiplicity of infection (m.o.i.,, 0.01).
Furthermore, the IFN-inducing capacity of DIPs has been
shown to be unaffected by UV treatment [41-43]. We found
that in A549 cells and MDMs treated with UV-inactivated
HMPV, IFN-f and IFN-A1 mRNA expressions were strongly
reduced compared to cells infected with wild-type HMPV
(Supplementary material S3 b, ¢). Based on these two aspects,
we suggest that our HMPV stock did not contain significant
amounts of DIPs.

Similar to our finding that HMPV potently induces
IFN-A expression in both epithelial and immune cells, others
have reported that influenza virus, rhinovirus, RSV, and
herpes simplex virus 2 potently stimulate IFN-A expression
in a range of epithelial and immune cells [44-48].

Studies on influenza and RSV in epithelial cells and
immune cells show a similar difference in IFN-f expression
between these cell types as found for HMPV in our study
[44, 45, 47, 49]. It remains to be investigated whether this dif-
ference in IFN-A and IFN-f induction is caused by virus- or
cell-specific signaling pathways. Overall, the signals and
pathways that regulate IFN-As are currently incompletely
understood. A recent report showed that the expression of
IFN-A1 is induced predominantly by peroxisomal MAVS
and the transcription factor IRF1 (versus mitochondrial
MAVS for IFN-p) [11]. Moreover, the type III IFN response
correlated with an increased abundance of peroxisomes in
epithelial cells [11]. Likewise, alveolar macrophages contain
high levels of peroxisomes [50] which could contribute to
the ability of macrophages to stimulate increased levels of
type III IFNGs.

The robust induction of IFN-f and IFN-As in HMPV-
infected MDMs and MDDCs in our study could be correlated
to the marked expression of both IRF1 and IRF7 in these
cells. Studies in mice and human MDDCs suggest that IRF3
and IRF7 are essential for robust induction of IFN-a/f3 and
IFN-A2/3 by HMPV [7, 14]. We did not detect substantial
induction of IRF3 mRNA expression by HMPV. However,
we observed increased IRF3 Ser396-phosphorylation in
HMPV-infected A549 cells and MDMs with higher levels of
phosphorylated IRF3 in MDMs than in A549 cells. We
propose that the overall elevated levels of IRF3 Ser396-
phosphorylation in MDMs relative to A549 cells could con-
tribute to the higher IFN-f induction observed in MDMs
compared to A549 cells (Figures 2(c) and 2(d)). For IRF1, it
was demonstrated that IRF1 is critical for Sendai virus- and
dengue virus-triggered IFN-A induction [11]. Thus, marked
induction of IRF1 and IRF7 mRNA expression and IRF3 acti-
vation by HMPV could contribute to the robust expression of
IFN- and IFN-A in MDMs and MDDCs.
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Ficurek 5: Effect of HMPV on MDA5 and RIG-I gene expression in airway epithelial and immune cells. Cells were infected with HMPYV for the
indicated time points. Levels of mRNA were analyzed by qRT-PCR. Cells were infected for the indicated time points with HMPV. Gene
expression was analyzed by qRT-PCR. Expression was normalized relative to GAPDH. Data are presented as mean + SD of 3 (a) or 2
(b-d) independent experiments. (a) A549, (b) NEC, (c¢) MDM, and (d) MDDC. (a-d) Statistical analysis (one-sided ANOVA with
Dunnett’s test): P <0.05 (*), P<0.01 (**), and P <0.001 (***); comparisons were made between noninfected and infected cells.

Due to differences in the basal mRNA expression of = We found that HMPV triggered higher fold induction of
RIG-I and MDAS5, there was a distinct cell-type-dependent ~ RIG-I than MDA5 mRNA expression in MDMs and
fold induction of RIG-I relative to MDA5 mRNA expression. ~ MDDCs. RIG-I has been reported to be essential for the
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induction of type I IFN expression by RNA viruses in con-
ventional DCs [51]. However, for HMPV, a study in human
and murine MDDCs suggested that MDAS5 is more impor-
tant than RIG-I for the induction of type I and III IFNs [7].
In epithelial cells, we found that HMPV triggered higher fold
induction of MDAS5 than RIG-I mRNA expression. For mea-
sles virus, a paramyxovirus, forced expression of MDAS, but
not RIG-I, in A549 cells increased IFN-f3 promoter activity
[52]. In contrast, it was reported that RIG-I was essential
for type I IFN expression in HMPV-infected A549 cells [8].
However, though the relative importance of MDA5 and
RIG-I in HMPV-induced IFN expression is not fully eluci-
dated, the cell-type-dependent fold induction of RIG-I rela-
tive to MDA5 mRNA expression in our study is in
agreement with previous reports in A549 cells and MDDCs
[7, 8]. Other pattern recognition receptors may additionally
be involved in HMPV infection, e.g., TLR4 and TLR3
[40, 53], but we chose to focus on RIG-I-like receptors as
these receptors have been shown to be critical for, and of
similar importance for, innate immune sensing of RNA
viruses in epithelial cells [51, 54], macrophages [55], and
conventional DCs [51]. Also, we did not detect significant
changes in TLR4 mRNA or protein levels (data not shown).

We observed that in airway epithelial cells, replication of
HMPV increased progressively between 6 and 48 h.p.i. while
the HMPV replication in MDMs and MDDCs was decreased
or stagnated after 24h of infection. This suggested that
MDMs and MDDCs were susceptible to and permissive for
initial infection by HMPV but did not allow for establish-
ment of a “persistent” infection. A similar time-dependent
decrease in viral replication, termed abortive infection, has
been reported for HMPV in murine macrophages and muri-
ne/human DCs, as well as for RSV in murine macrophages
[22-24]. The reason for this abortive infection could be
the strong IFN induction in these cells (HMPV strongly
stimulated IFN-A and IFN-8 mRNA expression in MDMs
and MDDCs compared to epithelial cells). Indeed, adminis-
tration of recombinant IFN-A1 and IEN-f restricts HMPV
replication [14, 56].

IFNs induce ISGs that lead to amplification of the antivi-
ral mechanisms or interfere with the life cycle of individual
viruses, thereby limiting viral replication [10]. Many ISGs
are expressed in uninfected cells, but their expression is
enhanced by IFNs acting through IFN-binding receptors,
e.g., [IFNAR (type I IFNs) and IFNLRI1 (type III IFNs) [10].
In this study, we determined the HMPV-induced transcription
of the ISGs RIG-I, MDAS5, IRF1, IRF7, and IP-10. Of the time
points examined, RIG-I and MDA5 showed maximum
induction at an earlier time point in MDDCs and MDMs
than in the epithelial cells studied (Figures 5(a)-5(d)). Previ-
ous studies, in colon organoids, showed that both type I and
type III IFNs confer an antiviral state, but with distinct
kinetics [57]. It was found that type I IFN signaling is char-
acterized by an acute strong induction of ISGs, whereas the
type III IFN-mediated ISG induction is characterized by a
weaker induction of ISGs in a delayed manner compared
to type I IFN [57]. Hence, we speculate that the differences
in the induction profile of RIG-I and MDA-5 in MDMs
and MDDCs may reflect that these ISGs are induced via
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IFN-B in MDMs and MDDCs, thus displaying a more rapid
response (an earlier induction of RIG-I and MDA-5) than
if induced by IFN-A. Epithelial cells produced less IFN-f
in response to HMPV than did MDMs and MDDCs
(Figures 2(a)-2(d)). Moreover, IFNLR1 is predominantly
expressed on epithelial cells [58]. A more rapid induction of
ISGs would also lead to more rapid antiviral effects, which
might cause the decline in HMPV replication in MDMs
and MDDCs (Figures 1(d) and 1(e)), in contrast to what is
observed in A549s and NECs (Figures 1(b) and 1(c)).

We used primary airway epithelial cells obtained by nasal
brushing. Nasal epithelial cells are easier to obtain than bron-
chial epithelial cells that are limited by the availability of
human lung tissue or invasiveness associated with obtaining
the bronchial material. It has been reported that inflamma-
tory changes in the nasal mucosa are similar to those
observed at the bronchial level, e.g., with respect to chemo-
kines and cytokines expressed [59, 60] and the upper airways
regulate inflammation in the lower airways [61]. Hence, as
for innate immune responses related to COPD [62], we sug-
gest that epithelial cells from the upper airways constitute a
useful and significant model system for HMPV-triggered
responses. Comparing the expression of cytokines included
in both our in vitro studies presented herein and our study
on HMPV-infected children [20], we note that IP-10 expres-
sion was markedly enhanced in nasopharyngeal aspirates
from HMPV-infected children as well as in HMPV-infected
NECs (Figure 4(b)). In addition, IL-6 expression was not
increased in nasopharyngeal aspirates of HMPV-infected
children and was only moderately upregulated in HMPV-
infected NECs (Figure 4(b)). The expression of IFN-12/3
was higher than IFN-f expression in NECs whereas similar
expression levels of IFN-A2/3 and IFN-f3 were found in naso-
pharyngeal aspirates [20]. It is possible that the different
expression levels in nasopharyngeal aspirates relative to
NECs are due to the presence of, e.g., macrophages in nasal
samples, as reported by others [63].

5. Conclusions

In conclusion, we found that HMPV induced the differential
expression of IFNs and IRFs in a cell-type-specific manner.
HMPV induced the robust mRNA expression of IFN-As
and IRF7 both in epithelial cells and MDMs and MDDCs
whereas IFN- and IRF1 expression was predominantly
induced in MDMs and MDDCs. Thus, our results suggest
that cell type is a strong determinant of HMPV-mediated
induction of type I but not type III IFN expression.
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Supplementary Materials

Supplementary 1. S1: infectivity of HMPV in airway epithelial
and immune cells. Cells were infected with HMPV for 6 h or
24h. Prior to fixation, the cells were incubated with DAPI
(blue). Intracellular staining of HMPV N-protein (yellow)
was performed prior to examination by confocal microscopy.
Confocal images of the indicated cell types 24 h.p.i. Scale bar
represents 100 ym. Experiments were performed at least two
times. (a) A549, (b) NEC, (c) MDM, and (d) MDDC.

Supplementary 2. S2: HMPV-mediated expression of the
antiviral, proinflammatory genes, and RLR genes in airway
epithelial and immune cells. A549 cells, NECs, MDMs, or
MDDCs were infected with HMPV for 24 h. Gene expression
was analyzed by qRT-PCR. Expression was normalized rela-
tive to GAPDH. (a) IEN-, (b) IFN-A1, (c) IFN-12/3, (d)
ISG54, (e) IP-10, (f) IL-6, (g) IL-153, (h) MDAS5, and (i)
RIG-I. Data are presented as mean + SD of 3 (a) or 2 (b-d)
independent experiments. S3: viral replication and IFN-f
induction by UV-inactivated HMPV. A549 cells (a) or
MDMs (b) were infected for 24h with HMPV or
UV-inactivated HMPV. Gene expression was analyzed by
qRT-PCR. IFN-f and IFN-A1 expression was normalized
against uninfected cells (n.i.). VRNA expression was normal-
ized against the expression of HMPV at 6h. Data are rep-
resentative for at least two biological replicates. Error bars
represent SD of three technical replicates. Statistical analysis:
Student’s t-test; P<0.05 (*), P<0.01 (**), and P <0.001
(***); comparisons were made between noninfected and
infected (*) or between HMPV and UV-HMPV (#). S4:
LDH assay of HMPV-infected MDMs. Cells were infected
with HMPV for the indicated time points. LDH activity
was determined following the manufacturer’s instruction.
Maximum LDH activity was used as the positive control.
The experiment was performed in duplicates. The data are
presented as mean of duplicates + SD and are representative
for two independent experiments. S5: phosphorylation of
IRF3 in HMPV-infected A549 cells and MDMs. A549 cells
(a) or MDMs (b) were infected with HMPV for the indicated
time points. Whole-cell lysates were subjected to SDS-PAGE
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and protein levels of phospho-IRF3 (Ser396) and total
IRF3 determined by Western blot. Levels of phospho-
IRF3 (Ser396) were normalized against levels of IRF3 and
uninfected cells (middle panel) or only against GAPDH
(right panel).
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