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In less than 3 months after the first cases of swine origin 2009 influenza A (H1N1) virus infections were
reported from Mexico, WHO declared a pandemic. The pandemic virus is antigenically distinct from seasonal
influenza viruses, and the majority of human population lacks immunity against this virus. We have studied
the activation of innate immune responses in pandemic virus-infected human monocyte-derived dendritic cells
(DC) and macrophages. Pandemic A/Finland/553/2009 virus, representing a typical North American/European
lineage virus, replicated very well in these cells. The pandemic virus, as well as the seasonal A/Brisbane/59/07
(H1N1) and A/New Caledonia/20/99 (H1N1) viruses, induced type I (alpha/beta interferon [IFN-�/�]) and type
III (IFN-�1 to -�3) IFN, CXCL10, and tumor necrosis factor alpha (TNF-�) gene expression weakly in DCs.
Mouse-adapted A/WSN/33 (H1N1) and human A/Udorn/72 (H3N2) viruses, instead, induced efficiently the
expression of antiviral and proinflammatory genes. Both IFN-� and IFN-� inhibited the replication of the
pandemic (H1N1) virus. The potential of IFN-�3 to inhibit viral replication was lower than that of type I IFNs.
However, the pandemic virus was more sensitive to the antiviral IFN-�3 than the seasonal A/Brisbane/59/07
(H1N1) virus. The present study demonstrates that the novel pandemic (H1N1) influenza A virus can readily
replicate in human primary DCs and macrophages and efficiently avoid the activation of innate antiviral
responses. It is, however, highly sensitive to the antiviral actions of IFNs, which may provide us an additional
means to treat severe cases of infection especially if significant drug resistance emerges.

The novel swine origin 2009 influenza A (H1N1) virus was
identified in April 2009, and it is currently causing the first
influenza pandemic of the 21st century. The virus is a com-
pletely new reassortant virus (8, 38), and the majority of the
human population does not have preexisting immunity against
it. The case fatality rate of the current pandemic virus infection
is still unclear, but it is estimated to be somewhat higher than
that of seasonal influenza virus infections (8). In most cases,
the pandemic 2009 A (H1N1) virus causes an uncomplicated
respiratory tract illness with symptoms similar to those caused
by seasonal influenza viruses. However, gastrointestinal symp-
toms atypical to seasonal influenza have been detected in a
significant proportion of cases (4, 7, 35).

The pandemic 2009 (H1N1) influenza A virus originates
from a swine influenza A virus strain. It underwent multiple
reassortment events in pigs and then transferred into the hu-
man population (8, 38). The new virus has gene segments from
the North American triple-reassortant and Eurasian swine
H1N1 viruses (8, 38). Sequence analysis of this new pandemic
virus revealed that hemagglutinin (HA), NP, and NS gene
segments are derived from the classical swine viruses, PB1

from human H3N2, and PB2 and PA from avian viruses within
the triple-reassortant virus (8). In addition, the NA and M
segments originate from the Eurasian swine virus lineage. The
pandemic 2009 (H1N1) virus is genetically and antigenically
distinct from previous seasonal human influenza A (H1N1)
viruses. Thus, the current seasonal influenza vaccines are likely
to give little, if any, protection against pandemic 2009 A
(H1N1) virus infection (12, 14). However, some evidence in-
dicates that people born early in the 20th century have cross-
neutralizing antibodies against the pandemic 2009 A (H1N1)
viruses (12, 14).

At present, relatively little is known about the pathogenesis
and transmission of the pandemic 2009 A (H1N1) virus in
humans. Studies with ferrets revealed that the pandemic virus
replicated better than seasonal H1N1 viruses in the respiratory
tracts of the animals. This suggests that the virus is more
pathogenic in ferrets than seasonal influenza viruses (19, 24).
The respiratory tract is the primary infection site of all mam-
malian influenza viruses, and, indeed, the specific glycan re-
ceptors on the apical surface of the upper respiratory tract
have been reported to bind HA of the 2009 A (H1N1) virus
(19). In human lung tissue binding assays, 2009 A (H1N1) HA
showed a glycan binding pattern similar to that of the HA from
the pandemic 1918 A (H1N1) virus though its affinity to �2,6
glycans was much lower than that of the 1918 virus HA. The
lower glycan binding properties of the pandemic 2009 A
(H1N1) virus seemed to correlate with less-efficient transmis-
sion in ferrets compared to seasonal H1N1 viruses (19). Ac-
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cording to another study with ferrets, the transmission of the
pandemic 2009 A (H1N1) virus via respiratory droplets was as
efficient as that of a seasonal A (H1N1) virus (24). It is clear
that, besides experimental infections in animal models, analy-
ses of the characters and pathogenesis of the pandemic 2009 A
(H1N1) virus infection in humans are urgently needed.

In the present study, we have focused on analyzing innate
immune responses in primary human dendritic cells (DCs) and
macrophages in response to an infection with one of the Finn-
ish isolates of the pandemic 2009 A (H1N1) virus. DCs and
macrophages reside beneath the epithelium of the respiratory
organs, and these cells are thus potential targets for influenza
viruses. From the epithelial cells influenza viruses spread in
DCs and macrophages, which coordinate the development of
an effective innate immune response against the virus (22, 34,
41). During influenza virus infection, DCs and macrophages
secrete antiviral cytokines such as interferons (IFNs) and tu-
mor necrosis factor alpha (TNF-�) (3, 13, 26). Moreover, DCs
and macrophages activate virus-destroying NK cells and T cells
with the cytokines they secrete and via direct cell-to-cell con-
tacts (9, 29, 33, 37). Here we show that the pandemic (H1N1)
virus infects and replicates very well in human monocyte-de-
rived DCs and macrophages. The pandemic virus as well as two
recent seasonal H1N1 viruses induced a relatively weak innate
immune response in these cells, as evidenced by a poor expres-
sion of antiviral and proinflammatory cytokine genes. How-
ever, like seasonal influenza A viruses, the pandemic 2009
(H1N1) virus was extremely sensitive to the antiviral actions of
type I IFNs (IFN-�/�). Interestingly, the pandemic 2009
(H1N1) virus was even more sensitive to antiviral IFN-�3 than
a seasonal A (H1N1) virus. Thus, IFNs may provide us with an
additional means to combat severe pandemic influenza virus
infections, especially if viral resistance against neuraminidase
(NA) inhibitors begins to emerge.

MATERIALS AND METHODS

Differentiation of macrophages and DCs from peripheral blood-derived mono-
cytes. Human macrophages and DCs were differentiated from peripheral blood
monocytes (PBLs) as described previously (2, 43). In brief, PBLs from healthy
blood donors were fractioned by Ficoll-Paque (Pharmacia Biotech, Uppsala,
Sweden) gradient centrifugation. To obtain monocytes for macrophage cultures,
the peripheral blood mononuclear cell (PBMC) fraction of PBLs was depleted of
lymphocytes by allowing the cells to adhere to six-well cell culture plates (Falcon
Multiwell; Becton Dickinson, Franklin Lakes, NJ). Macrophages were differen-
tiated from purified monocytes by culturing the cells for 7 days in serum-free
medium (Life Technologies, Gaithersburg, MD) supplemented with 10 ng/ml
granulocyte macrophage colony-stimulating factor (GM-CSF) (BioSource,
Camarillo, CA).

For DC cultures, the PBMC fraction was subjected to an additional centrifu-
gation on a Percoll gradient (Amersham Biosciences, Uppsala, Sweden) and
then the remaining lymphocytes were depleted with anti-CD3 and anti-CD19
magnetic beads (Dynal, Oslo, Norway). The monocyte-enriched cell fraction was
further purified by adhering the cells onto cell culture plates. DCs were differ-
entiated by culturing monocytes in complete RPMI medium in the presence of
10% fetal calf serum (FCS) (Integro BV, Dieren, the Netherlands), 10 ng/ml
GM-CSF, and 20 ng/ml interleukin-4 (IL-4) (R&D Systems, Abingdon, United
Kingdom). After 1 week of culturing, the cells showed the typical morphology
and gene expression pattern for macrophages or DCs (18), and the cells were
used in virus infection experiments.

Influenza A viruses. Pandemic 2009 influenza A virus strain A/Finland/553/
2009 was isolated from a 22-year-old male patient who returned from Mexico in
early May 2009. The sequencing of the virus indicated it to be almost identical to
typical North American/European pandemic viruses. A/Finland/553/2009 and
the other influenza viruses A/Brisbane/59/07 (H1N1), A/New Caledonia/20/99

(H1N1), A/WSN/33 (H1N1) (WHO World Influenza Centre, Mill Hill, London,
United Kingdom), and A/Udorn/72 (H3N2) (kindly provided by Robert M.
Krug, University of Texas at Austin, Austin, TX) (25) were all grown in embry-
onated chicken eggs as previously described (32). The hemagglutination titers of
the virus stocks were 16, 128, 256, 128, and 256, respectively, and the passage
histories of the stock viruses were E3, E5/E2, E/E3, E/E1, and E/E1, respectively.
The original passage histories of the older virus strains (i.e., A/New Caledonia/
20/99, A/WSN/33, and A/Udorn/72) are not known. The infectivity of the virus
stocks in human DCs and macrophages was determined by infecting the cells
with different virus doses and analyzing the percentages of virus-infected cells
with flow cytometry. The viruses were used in infection experiments with doses
giving comparable multiplicities of infection (MOI) based on the infectivity in
DCs. The propagation of the A/Finland/553/2009 virus stock and the infection
experiments with this virus were carried out under biosafety level 3 (BSL-3)
conditions.

Virus infection experiments. To study the kinetics of virus infection in mac-
rophages and DCs, the cells were infected with A/Finland/553/2009, A/Brisbane/
59/07, A/New Caledonia/20/99, A/WSN/33, or A/Udorn/72 viruses at MOI of 5
and the infection was allowed to proceed for 1 to 48 h. Alternatively, the cells
were infected with different virus doses for 20 h. In the IFN priming experiment
the cells were pretreated with IFNs (see below), followed by infection at MOI of
2. The cells were harvested at 18 h after infection, and samples for flow cytometry
and quantitative reverse transcription-PCR (qRT-PCR) analysis were prepared.
Each sample represents a pool of separately infected macrophages or DCs from
two to four different donors, and all experiments were carried out one to four
times. The Madin-Darby canine kidney (MDCK) cell line was used as a control
cell model for measuring the replication efficiency of A/Finland/553/2009 virus.
The MDCK cells were infected with different virus doses for 20 h.

IFN priming of virus-infected cells. Recombinant human IFN-�2 and IFN-�
were purchased from Schering-Plough (Kenilworth, NJ). Recombinant human
IFN-�1 and IFN-�3 were produced in Escherichia coli and purified to homoge-
neity as described previously (6). In IFN priming experiments DCs and macro-
phages were treated with 1, 10, or 100 IU/ml of IFN-� or IFN-� or with 1, 10, or
100 ng/ml of IFN-�1 or IFN-�3 for 16 h before the cells were infected with
influenza viruses.

Flow cytometric analysis (fluorescence-activated cell sorting [FACS]). Flow
cytometry was used to analyze the purity of monocyte-derived macrophages and
DCs and the infectivities of influenza viruses in the cells. In the IFN priming
experiments, the antiviral effect was monitored by measuring the expression of
IFN-�/�-inducible MxA protein (26). The cell samples for the flow cytometric
analysis were prepared as described previously (44). The cells obtained from
different blood donors were infected separately and pooled after the virus infec-
tions. The cell samples were fixated with 4% paraformaldehyde for 15 min at
room temperature. The expression of viral proteins and MxA was measured
using cross-reactive rabbit anti-influenza A virus H1N1 glycoprotein-specific
antibodies (15) or rabbit anti-human MxA protein-specific antibodies (31) fol-
lowed by secondary anti-rabbit fluorescein isothiocyanate (FITC) antibodies
(Caltag Laboratories, Burlingame, CA). The fluorescence-labeled cells were
analyzed with a FACSCanto II flow cytometer using FACSDiva software (Becton
Dickinson, San Diego, CA). The purity of DC and macrophage populations was
confirmed by staining uninfected cells with phycoerythrin (PE)–anti-CD2, PE–
Cy7–anti-CD14 (Becton Dickinson), FITC–anti-CD80, PE–anti-CD83, allophy-
cocyanin (APC)–anti-CD86 (Caltag Laboratories), and APC–H7–anti-HLA-DR
antibodies (Becton Dickinson).

qRT-PCR. The virus-infected cells from different blood donors were harvested
and pooled, and total cellular RNA was isolated using the RNeasy Mini kit (Qiagen,
Valencia, CA), including DNase digestion (RNase-free DNase kit; Qiagen). One
microgram of total RNA was transcribed to cDNA by using the TaqMan reverse
transcriptase kit (Applied Biosystems) with random hexamers as primers. The
cDNA was amplified by PCR using TaqMan Universal PCR Mastermix and a
commercial gene expression assay (Applied Biosystems) with primers and probes for
IFN-�1 (Hs 00256882_sl), IFN-� (Hs00277188_s1), IFN-�1 (Hs00601677_g1),
IFN-�2 (Hs00820125_g1), CXCL10 (Hs00171042_m1), TNF-� (Hs00174128_m1),
and MxA (Hs00182073_m1) from Applied Biosystems. The probe for IFN-�2 de-
tects also IFN-�3, since the proteins show 96% amino acid homology with each other
(16). The influenza A virus M1 gene-specific primer-probe pair that detects a highly
conserved sequence in the M genes of all influenza A viruses was designed by Ward
and colleagues and was used with minor modifications (42). The data were normal-
ized to 18S rRNA with the TaqMan endogenous control kit (Applied Biosystems).
Cytokine gene expression data are presented as relative gene expression in relation
to that for the unstimulated sample in order to calculate the fold change achieved by
the stimulation. Viral gene expression data are presented as relative copy numbers
of the M1 RNA molecules.
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ELISA. The secreted levels of CXCL10 and TNF-� were analyzed from cell
culture supernatants using antibody pairs from BD Pharmingen (San Diego,
CA). IFN-�1 and IFN-�2 were measured with a Duoset enzyme-linked immu-
nosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN). ELISAs to
detect human IFN-� and IFN-� were supplied by PBL Biomedical Laboratories
(Piscataway, NJ).

Nucleotide sequence accession numbers. Viral sequences are available in
GenBank under accession numbers GQ183633 and -34, GQ223437 to -39,
GQ283487 to -95, and GQ328864 to -69).

RESULTS

Replication of the pandemic 2009 influenza A (H1N1) virus
in human DCs. In order to study the ability of pandemic 2009
influenza A (H1N1) viruses to replicate and induce innate
immune responses in human primary leukocytes, we isolated
and characterized a collection of pandemic 2009 (H1N1) vi-
ruses. Altogether, 25 virus isolates were molecularly and phe-
notypically characterized. Three of the viruses were almost
completely sequenced (A/Finland/553/2009, A/Finland/554/
2009, and A/Finland/555/2009; GenBank accession numbers
GQ183633 and GQ183634, GQ223437 to GQ223439, GQ283487
to GQ283495, and GQ328864 to GQ328869), while for the rest
of the viruses only HA and NA segments were identified. All
virus strains isolated in Finland exhibited high conservation of
their amino acid sequences to the initial isolates (A/California/
04/2009 and A/California/07/2009). The percentages of identity
of the Finnish isolates with the Californian isolates were above
99.3% and 99.6% in their HA and NA genes, respectively (data
not shown). Thus, all our viruses were genetically and pheno-
typically very much alike and represented typical North Amer-
ican/European pandemic influenza A (H1N1) virus strains. For
our experiments we selected A/Finland/553/2009 virus, which
was isolated in mid-May 2009 from a 22-year-old male traveler
returning from Mexico. The patient suffered from a mild upper
respiratory tract infection, received oseltamivir treatment, and
recovered completely.

Dendritic cells are readily infected by influenza viruses and
play an important role in regulating host innate and adaptive
immune responses against viruses (10). To reveal the ability of
the pandemic 2009 (H1N1) influenza A virus to infect and
replicate in human DCs, we determined the infectivity titer of
the virus stock. We analyzed with flow cytometry the expres-
sion of viral glycoproteins on the cell surface of human mono-
cyte-derived DCs infected with different doses of the virus (Fig.
1A) and found that the pandemic virus infected and replicated
well in DCs. To compare the replication efficiency of the pan-
demic virus in human DCs with those of the seasonal influenza
viruses, we determined also the infectivity titers of A/Brisbane/
59/07 (H1N1), A/New Caledonia/20/99 (H1N1), A/WSN/33
(mouse-adapted H1N1), and A/Udorn/72 (H3N2) virus stocks.
We infected DCs with different influenza A virus strains at
MOI of 5, followed by analysis of viral M1 gene expression at
different time points after infection. The pandemic 2009
(H1N1) influenza A virus replicated in human DCs as effi-
ciently as the other H1N1 (Brisbane/07, New Caledonia/99,
and WSN/33) and H3N2 (Udorn/72) type viruses (Fig. 1B).
The DCs infected with all these virus strains expressed viral
RNA with equal kinetics. The maximal levels of viral RNA
were reached at 8 h postinfection. However, the pandemic
2009 (H1N1) virus did not induce a cytopathic effect (CPE) in

DCs as rapidly as the other viruses did. While the seasonal
influenza viruses caused a strong CPE at 24 h postinfection and
the total RNA levels were reduced to 25% of those of control
cells, the pandemic H1N1 virus required 48 h to induce a clear
CPE with corresponding reduction in total cellular RNA lev-
els. The 48-h time point was omitted for seasonal viruses (Fig.
1B) due to massive cell death and dramatic loss of total cellular
RNA. The reduced capacity of the pandemic 2009 (H1N1)
virus to induce CPE may explain the moderate pathological
changes observed in animal experiments in the sites of virus
replication (19, 24).

The pandemic 2009 A (H1N1) virus induces a weak expres-
sion of antiviral and proinflammatory cytokines in human
DCs. To analyze the capacity of the replicating pandemic 2009
(H1N1) virus to induce IFN and other cytokine responses, DCs
were infected with different H1N1 and H3N2 influenza viruses.
The gene expression and protein levels of antiviral type I
and type III IFNs, NK and Th1 type cell-recruiting CXCL10,
and proinflammatory TNF-� were quantified by qRT-PCR and
ELISA, respectively.

Interestingly, the pandemic 2009 (H1N1) virus as well as the

FIG. 1. Infectivity and replication of the pandemic 2009 influenza
A (H1N1) virus in primary human DCs. (A) To study the infectivity of
the pandemic 2009 (H1N1) influenza A virus, human monocyte-de-
rived DCs from four blood donors were infected separately with dif-
ferent doses (starting from 1 HA unit/ml) of A/Finland/553/2009 strain
of the virus (H1/09) for 18 h. The expression of viral glycoproteins was
detected by flow cytometry using cross-reacting H1N1 glycoprotein-
specific rabbit anti-H1N1 antibodies. The proportion of infected cells
was analyzed, and the multiplicity of infection (MOI) was determined
as 0.5 in the dilution where 50% of cells were infected. (B) To study the
kinetics of virus replication, DCs were infected with a pandemic A/Fin-
land/553/2009 virus (H1/09) and seasonal influenza viruses A/Brisbane/
59/07 (H1/07), A/New Caledonia/20/99 (H1/99), A/WSN/33 (H1/33),
and A/Udorn/72 (H3/72) at MOI of 5. After 1, 3, 8, 24, or 48 h of
infection, the cells from different donors were harvested and pooled,
and total cellular RNA samples for quantitative RT-PCR were pre-
pared. Due to significant cell death, 48-h samples were not available
for the cells infected with seasonal viruses, and thus the 48-h time point
is missing. The expression of viral M1 RNA was measured by qRT-
PCR, and the values were normalized to 18S rRNA and presented as
relative copy numbers of M1 RNA.
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recent seasonal H1N1 Brisbane/07 and New Caledonia/99 vi-
ruses induced relatively weak mRNA expression of IFNs (Fig.
2A). The expression of IFN-�1, IFN-�, IFN-�1, and IFN-�2/3
genes was significantly higher in cells infected with the
Udorn/72 H3N2 virus or the mouse-adapted WSN/33 H1N1
virus. The production of IFN protein induced by the pandemic

2009 (H1N1) virus was almost undetectable, whereas the sea-
sonal H1N1 viruses and H3N2 virus induced clearly measur-
able amounts of IFN-�, IFN-�, and IFN-�1 (Fig. 2B). The
IFN-�2/3 levels in DCs infected with any of the influenza A
viruses remained undetectable.

All the studied influenza A viruses induced the expression of

FIG. 2. The pandemic 2009 and seasonal influenza A (H1N1) viruses induce weak cytokine gene expression in DCs. (A) DCs were infected with
influenza viruses A/Finland/553/2009 (H1/09), A/Brisbane/59/07 (H1/07), A/New Caledonia/20/99 (H1/99), A/WSN/33 (H1/33), and A/Udorn/72
(H3/72) at MOI of 5. Cells from different blood donors were collected at 1 h to 48 h after infection and pooled, and cellular RNA was isolated.
Virus-induced cytokine expression was analyzed by quantitative RT-PCR with primers and probes for IFN-�1, IFN-�2/3, IFN-�, IFN-�1, CXCL10,
and TNF-�. The values were normalized to 18S rRNA and presented as relative gene expression in relation to the RNA sample obtained from
uninfected control cells. (B) Protein levels of IFN-�1, IFN-�, IFN-�, CXCL10, and TNF-� measured by ELISA from the supernatants of DCs after
24 h of infection with different influenza A viruses at decreasing doses (MOI of 5, 1, 0.2, 0.04, and 0.008, respectively). The data are presented as
mean values with standard deviations calculated from the results from 3 different experiments, each having cells from 2 to 4 different donors. c,
control supernatant of cells without stimulation.
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the CXCL10 gene although the New Caledonia/99 virus
showed the weakest ability to induce CXCL10 mRNA (Fig.
2A). The seasonal H1N1 and H3N2 viruses induced maximal
CXCL10 mRNA expression already at 8 h postinfection, while
the pandemic 2009 (H1N1) virus did not activate the expres-
sion of the CXCL10 gene until 24 h after infection. Thus, the
2009 A (H1N1) virus exhibited a marked delay in the expres-
sion of the CXCL10 gene. CXCL10 protein expression was
stimulated by all the influenza A viruses studied although the
amounts of CXCL10 remained lower in the cell supernatants
collected from the cells infected with the pandemic H1N1 virus
(Fig. 2B). This seems to correlate with the late expression of
CXCL10 mRNA in pandemic H1N1 virus-infected DCs
(Fig. 2A).

The production of proinflammatory TNF-� is low in DCs
infected with H3N2 influenza A virus compared to that in cells
infected with Sendai virus (26). Here we show that the pan-
demic 2009 (H1N1) virus and the other H1N1 viruses studied
induced even lower expression of the TNF-� gene than the
H3N2 type virus Udorn/72 (Fig. 2A). Also the amount of
TNF-� protein remained lower in the H1N1 virus-infected DC
culture supernatants than in the Udorn/72 H3N2 influenza
virus-infected cells (Fig. 2B). Collectively, these findings dem-
onstrate that the pandemic 2009 (H1N1) influenza virus, like
the other recent H1N1 viruses, fails to efficiently activate IFN
and TNF-� gene expression in human monocyte-derived DCs.
Moreover, the pandemic 2009 (H1N1) influenza virus man-
aged to induce only marginal production of antiviral and proin-
flammatory cytokines in DCs.

The pandemic 2009 (H1N1) virus induces stronger type I
IFN and CXCL10 responses in macrophages than in DCs.
Macrophages, which are rapidly recruited into the lungs during
infection, play an important role in the pulmonary immune
defense against influenza viruses (28). We have observed that
primary human macrophages secrete a number of antiviral and
proinflammatory cytokines in response to infection with sea-
sonal influenza A viruses (20, 29, 33, 36). Moreover, highly
pathogenic influenza viruses such as the avian H5N1 influenza
A virus can stimulate a hyperinduction of IFNs and proinflam-
matory cytokines in macrophages (5). Thus, we compared the
abilities of the pandemic 2009 (H1N1) virus to replicate and
induce cytokine response in human DCs and macrophages.

Comparable numbers of DCs or macrophages were infected
with decreasing doses of the pandemic (H1N1) influenza virus.
The highest virus dose represented MOI of 10 in DCs. After
20 h of infection cellular RNA was isolated and the expression
of the influenza A virus-specific M1 gene was quantitated by
qRT-PCR. In order to evaluate the efficiency of viral replica-
tion, we infected MDCK cells with the pandemic (H1N1) virus
at the same doses as a reference. We observed that the virus
replicated with similar efficiencies in macrophages and DCs,
and in both cell types viral M1 RNA expression was compara-
ble to that seen in MDCK cells (Fig. 3A). The expression of
IFN-� and IFN-� genes and especially that of CXCL10 (up to
100-fold) were higher in macrophages than in DCs (Fig. 3B).
Between the two cell types there were only marginal differ-
ences in the expression of IFN-�1, IFN-�2/3, and TNF-�
genes. These findings indicate that macrophages are highly
susceptible to the pandemic 2009 (H1N1) virus and that they

express more antiviral and proinflammatory cytokines than
DCs.

Antiviral activity of type I and type III IFNs against the 2009
A (H1N1) virus. IFNs, which consist of type I (IFN-�/�), type
II (IFN-�), and type III (IFN-�1 to -�3) IFN family members,
have an important role in regulating direct and indirect anti-
viral responses in the host (16, 46). Type I and type III IFNs,
especially, contribute to innate antiviral responses against in-
fluenza viruses (23, 27, 30, 39). In order to determine the
sensitivity of pandemic 2009 (H1N1) virus to the antiviral ac-
tions of IFNs, DCs and macrophages were pretreated with
IFN-�, IFN-�, IFN-�1, or IFN-�3 prior to infection with the
pandemic 2009 or seasonal H1N1 Brisbane/07 viruses. The
antiviral activity of different IFN types was analyzed as a
reduction in viral glycoprotein expression by flow cytometry
or as viral M1 gene-specific RNA expression by quantitative
RT-PCR.

We observed that IFN-� and IFN-� displayed substantial

FIG. 3. Comparison of pandemic influenza A (H1N1) virus-in-
duced cytokine responses in monocyte-derived DCs and macrophages.
Monocyte-derived human DCs and macrophages and MDCK cells
were infected with decreasing doses (representing MOI of 10, 2, 0.4,
0.08, or 0.016 in DCs) of A/Finland/553/2009 virus. Cells were col-
lected at 20 h after infection and pooled, cellular RNA was isolated,
and qRT-PCR was carried out. (A) Virus replication in DCs, macro-
phages, and MDCK cells as measured by quantifying influenza virus
M1 gene expression by qRT-PCR. The values were normalized to 18S
rRNA and presented as relative copy numbers. (B) Virus dose-depen-
dent expression of IFN-�1, IFN-�2/3, IFN-�, IFN-�1, CXCL10, and
TNF-� mRNAs in DCs and macrophages as analyzed by qRT-PCR.
The values were normalized to 18S rRNA, and the fold inductions
were calculated from the uninfected control cells.
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antiviral activity against both studied influenza A viruses. The
expression of viral glycoproteins on DCs was almost com-
pletely eliminated already with 10 IU/ml of type I IFNs (Fig.
4A). IFN-�s had a weaker antiviral activity than type I IFNs.
There was, however, a clear reduction in viral glycoprotein
expression, especially in the IFN-�3-pretreated and pandemic
virus-infected cells, while the corresponding decrease of sea-
sonal virus glycoprotein expression was not detected (Fig. 4A).
We also studied the antiviral effects of IFNs in macrophages
and observed a very similar inhibition of virus replication in
response to the IFN pretreatment (Fig. 4B). The expression of
the viral M1 gene was almost completely inhibited by IFN-�
and IFN-�, while IFN-�1 and IFN-�3 pretreatment had a
weaker inhibitory effect on virus replication in macrophages
(Fig. 4B).

To ensure the biological activity of IFNs in DCs and mac-
rophages, we measured the expression of the MxA gene in
uninfected cells. The MxA gene is specifically and sensitively
under the regulation of type I IFNs (30). Both IFN-� and
IFN-� induced a dose-dependent expression of MxA (Fig. 4).

IFN-�s, too, induced the expression of the MxA gene dose
dependently, but the induction was weaker than the type I
IFN-induced expression. These data support the concept that
type I IFNs have a superior antiviral activity over type III IFNs
in human primary macrophages and DCs.

DISCUSSION

The novel pandemic swine origin 2009 influenza A (H1N1)
virus has spread all over the world faster than any previous
pandemic influenza virus. Efficient transmission of the virus
among the human population raises the concern of the possi-
bility of hundreds of millions of people becoming infected, with
many of the individuals suffering from severe forms of infec-
tion. The pandemic 2009 A (H1N1) virus is a completely new
reassortant virus, with gene segments originating from differ-
ent swine and avian influenza viruses. Therefore, the human
population appears to have limited immunity against the virus
(8). Since the world is encountering a completely new type of
virus, we found it relevant and urgent to study the virus-host

FIG. 4. Pandemic 2009 (H1N1) influenza A virus is highly sensitive to the antiviral activity of IFNs. Monocyte-derived human DCs and
macrophages from four different donors were primed with different doses of IFN-� (1, 10, or 100 IU/ml), IFN-� (1, 10, or 100 IU/ml), IFN-�1 (1,
10, or 100 ng/ml), or IFN-�3 (1, 10, or 100 ng/ml) for 16 h, followed by infection with pandemic A/Finland/553/2009 (H1/09) and seasonal
A/Brisbane/59/07 (H1/07) influenza virus at MOI of 2 for 18 h. The effect of IFNs on the replication of the viruses and MxA gene expression was
analyzed at the protein level by FACS in DCs (A) and at the mRNA level by qRT-PCR in macrophages (B). (A) Expression of cell surface
influenza A virus glycoproteins in DCs after priming the cells with different doses of IFN-�, IFN-�, IFN-�1, or IFN-�3. To control the effectiveness
of IFN priming, induction of MxA protein was measured in a sample of cells prior to the infection. The expression of viral glycoproteins and MxA
protein was detected by FACS, and the results are expressed as the means of fluorescence intensities. (B) Expression of the influenza A virus M1
gene in IFN-�-, IFN-�-, IFN-�1-, or IFN-�3-primed, virus-infected macrophages. Cellular MxA gene expression was analyzed in macrophages
obtained before virus infection. The values were normalized to 18S rRNA and presented as relative MxA gene expression in relation to the RNA
sample obtained from untreated (no IFN stimulation) and uninfected control cells or as relative copy number of M1 RNA.
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relationships in human cells. Our analyses revealed that the
pandemic (H1N1) virus replicated efficiently in primary human
monocyte-derived DCs and macrophages, where it induced a
weak innate immune response. However, the virus was very
sensitive to the antiviral activity of various types of IFNs. These
characteristics of the 2009 pandemic (H1N1) influenza A virus
resemble very much those of the recent human seasonal H1N1
type viruses.

Analysis of the replication of the pandemic (H1N1) virus
revealed that it can readily infect primary human DCs and
macrophages and that it replicates with a speed comparable to
that of the seasonal human H1N1 and H3N2 viruses. Within a
couple of hours after infection, viral gene expression was tak-
ing place at high levels, and there were no major differences
between the studied viruses. This indicates that the pandemic
virus can efficiently bind to, enter, and initiate its replication in
human DCs and macrophages. The data also showed that
these cell types had no inherent resistance to the pandemic
virus, since the cells underwent apoptotic/necrotic cell death
starting at 24 h after the infection.

In influenza virus infection the host resistance to the virus is
dependent on innate IFN-mediated and other cytokine-medi-
ated immune responses, which play a part in restricting the
replication of the virus and initiating the adaptive immune
responses. In the present study, we demonstrated that the
pandemic 2009 (H1N1) virus induced only a weak antiviral
response, as evidenced by a weak induction of IFN-�, IFN-�,
IFN-�1, and IFN-�2/3 genes (Fig. 2). The expression of
TNF-�, too, remained at a low level in primary human DCs. A
robust cytokine response is generally associated with highly
pathogenic influenza viruses such as the pandemic 1918 A
(H1N1) and avian H5N1 viruses. The highly pathogenic H5N1
avian influenza causes lethal infections with severe viral pneu-
monia in humans (40). Histological findings in the mouse
model indicate a massive infiltration of immune cells, such as
neutrophils, macrophages, and DCs, into the injured lung tis-
sues, leading to enhanced tissue damage (28). It is also sug-
gested that, in fatal human cases of the H5N1 infections, a
virus-induced “cytokine storm” contributes to the severity of
the disease (5). Moreover, in human macrophages the highly
pathogenic H5N1 virus induces very strong cytokine and IFN
responses (13). However, in spite of the large genetic and
antigenic distances of the pandemic 2009 A (H1N1) virus from
the seasonal human H1 viruses, the pandemic virus-induced
cytokine responses were still similar to those seen with sea-
sonal human H1N1 viruses. Consistent with observations pre-
sented here we have previously reported that H3N2 influenza
A virus could induce relatively weak IFN and TNF-� responses
in human DCs (26). It was of interest that 2009 A (H1N1) virus
induced an even weaker innate immune response than H3N2
type Udorn/72 virus, although it is notable that the Udorn/72
and WSN/33 influenza strains are well-adapted laboratory
strains, which could have affected to their capabilities to induce
immune responses (Fig. 2). These results, taken together, sug-
gest that the pandemic 2009 A (H1N1) virus could escape the
innate immune defense by impeding cytokine responses. This
phenomenon is characteristic of influenza viruses in general
since they have an ability to inhibit the host’s antiviral re-
sponses by multiple mechanisms (11, 17).

The CXCL10 gene was induced in DCs, and there were

apparently no major differences between the analyzed virus
strains. The kinetics of CXCL10 gene expression in the 2009 A
(H1N1) virus-infected cells was, however, slower than that
induced by seasonal H1N1 or H3N2 viruses. This also led to
lower secretion of CXCL10 protein from pandemic H1N1 vi-
rus-infected DCs. It is unclear whether the delayed production
of NK and Th1 cell-recruiting CXCL10 in DCs has an effect on
the activation of innate and adaptive cellular responses during
2009 A (H1N1) virus infection. Although DCs seem to produce
CXCL10 late during the infection, it is likely that the efficient
CXCL10 production in macrophages (Fig. 3) would compen-
sate for the late production in DCs and ensure proper cellular
responses to the pandemic virus infection. Previously, it was
shown that an H3N2 type virus induces efficient IFN and
TNF-� responses in human macrophages (29). In the present
study we observed a slightly more pronounced expression of
IFN-� and IFN-� genes in macrophages than in DCs in re-
sponse to the pandemic 2009 virus infection (Fig. 3). The data
suggest that macrophage-derived chemokines and cytokines
have an important role in inducing antiviral and inflammatory
responses also in the case of pandemic 2009 (H1N1) virus
infection. Further evidence for an important role of immune
cell-derived cytokines comes from recent observations, which
show that lung epithelial cells (A549 cell line) require IFN-�
and/or TNF-� priming before efficient influenza A virus-in-
duced cytokine production takes place (21, 45).

IFNs can inhibit the replication of a wide variety of viruses.
The pandemic 2009 A (H1N1) influenza virus also turned out
to be sensitive to the antiviral actions of IFN-� and IFN-� (Fig.
4). Interestingly, the 2009 A (H1N1) virus was also sensitive to
the antiviral actions of IFN-�s (especially that of IFN-�3), even
to a greater extent than the seasonal H1N1 virus. Type III
IFNs have similar antiviral properties as type I IFNs, although
they seem to be more multifunctional immune regulators than
type I IFNs (1, 6, 16, 27). However, the expression of the IFN-�
receptor is rather restricted, and the relatively weak response
to IFN-�s in DCs and macrophages could well be due to low
receptor expression in these cell types. Recent evidence from
mice suggests that IFN-�s have an important role in anti-
influenza defense, especially in the lungs (23, 39). Obviously
more work is needed to test the response of primary human
lung epithelial cells to IFN-�s and the therapeutic benefits of
IFN-� for patients infected with the 2009 A (H1N1) virus.
Since type I and type III IFNs showed very good or moderate
in vitro antiviral activity against the pandemic 2009 A (H1N1)
virus, respectively, they could provide additional means to treat
patients with severe forms of pandemic influenza virus infec-
tions, especially if the virus develops resistance against neur-
aminidase inhibitors.

So far, all experimental studies on the pandemic 2009 A
(H1N1) virus have been carried out with early isolates of the
virus. The currently circulating 2009 A (H1N1) viruses are
genetically very uniform, and only limited genetic evolution has
been observed (38). The pandemic 2009 A (H1N1) viruses are
very distinct from the seasonal human A (H1N1) viruses, but
according our present study, the cytokine responses to both
these viruses are rather mild. However, there is a great concern
that the 2009 (H1N1) virus could evolve by a selective pressure
into a more pathogenic variant in humans. Thus, systematic
worldwide surveillance of circulating pandemic and seasonal
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influenza viruses is still important in monitoring the evolution
of the viruses and characterizing their geno- and phenotypic
features in detail. Phenotypic characterization would include
pathogenesis studies on experimental animals and human cell
culture systems, as presented here.

In summary, the present study demonstrates that the pan-
demic 2009 A (H1N1) virus replicates efficiently in primary
human immune cells and that the virus induces a very similar
cytokine-mediated immune response as the seasonal H1N1
influenza viruses do. Although the pandemic virus at least
partially evades the host innate immune response by interfer-
ing with cytokine gene expression in human DCs and macro-
phages, the virus is highly sensitive to the antiviral actions of
IFNs. Thus, IFNs may provide an additional means to treat
patients suffering from severe pandemic influenza virus infec-
tions, especially if significant resistance against oseltamivir and
other antiviral drug emerges.
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