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We show that influenza A H1N1 virus infection leads to very low infectivity in mouse dendritic cells (DCs) in vitro compared
with that in human DCs. This holds when H3 or H5 replaces H1 in recombinant viruses. Viruslike particles confirm the differ-
ence between mouse and human, suggesting that reduced virus entry contributes to lower mouse DC infectivity. Low infectivity
of mouse DCs should be considered when they are used to study responses of DCs that are actually infected.

Dendritic cells (DCs) bridge innate and adaptive immunity by
recognizing pathogens, secreting cytokines, and migrating to

lymph nodes to initiate adaptive immunity. Because tissue-resi-
dent DCs are not abundant, murine bone marrow-derived den-
dritic cells (BMDCs) or splenic DCs (sDCs) are commonly used
for experiments (1).

BMDCs have been used to study the effects of influenza virus
infection, in particular infection with the mouse-adapted H1N1
influenza virus strain A/Puerto Rico/8/34 (PR8) (2–4). Human
DCs may be derived from monocytes extracted from blood buffy
coats (1). Experimental results are often based on methods where
the average expression of all cells in a sample is assayed, e.g., by
enzyme-linked immunosorbent assay (ELISA), quantitative PCR
(qPCR), or Western blotting (5, 6). If one were to compare the
impact of different influenza A strains on BMDCs, or compare the
antagonist response of the same virus in mouse and human DCs,
the fact that any response measured comes from a combination of
infected and paracrine-stimulated uninfected cells makes it desir-
able that all studies have similar levels of infection. The results of a
comparison of viruses would be complicated if cellular rates of
infection were significantly different, since the share of cytokine-
induced gene expression levels contributed by uninfected cells
would then differ significantly as well.

We accurately determined the fraction of DCs infected by vi-
rus, using a BSL-2 environment. We stained murine BMDCs,
sDCs, and human monocyte-derived dendritic cells (mDCs) 8 h
after infection at a multiplicity of infection (MOI) of 1 (by plaque
assay in MDCK cells) with the pandemic A/California/7/2009 and
seasonal A/New Caledonia/20/1999 influenza viruses using an In-
fluenza virus nucleoprotein (NP)-specific antibody (Abcam). In-
fection rate quantified by flow cytometry revealed 33% NP-posi-
tive human mDCs versus 4% NP-positive murine BMDCs when
infected with A/California/7/2009 (Fig. 1A) and 59% positive hu-
man mDCs versus 6% murine sDCs and 5% murine BMDCs
when infected with A/New Caledonia/20/1999 (Fig. 1B). We ob-
tained similar results with the mouse-adapted PR8 strain, namely,
63% human mDCs versus 5 to 8% murine BMDCs and sDCs (Fig.
1C). Similar results were obtained using mouse DCs derived from
interferon I/III receptor-null mutant mice (data not shown). That
mouse BMDCs show a striking lack of infectivity is consonant
with recent results using PR8 reporting only 30 to 40% infectivity
at an MOI as high as 30 (7). We confirmed these surprising results

by two other sensitive techniques, multiprobe single-molecule
fluorescence in situ hybridization (FISH) (8) and single-cell PCR
assays (9) (Fig. 1D). It should be noted that in addition to the low
percentage of infected cells, infection in DCs is abortive (7).

Hargadon et al. showed that respiratory dendritic cells isolated
from mouse lungs have better infection rates with H2- and H3-
than with H1-containing viruses (10). Therefore, we studied in-
fection of human mDCs and murine BMDCs with PR8 and PR8
7:1 reassortant viruses bearing H3 from influenza A/Wyoming/3/
2003 or H5 from influenza A/Vietnam/1203/04(HALO) (11).
Again, although H5 showed somewhat better infectivity, for all
three hemagglutinins (HAs), infectivity in murine BMDCs was
significantly lower than in human mDCs (Fig. 2A). Beta inter-
feron (IFN-�) and viral NP genes also showed attenuated expres-
sion levels in mouse DCs (Fig. 2B). The levels of IP10, an interfer-
on-inducible gene, are influenced by levels of IFN and by the
number of uninfected cells, which are the main source of IFN-
induced genes, as they are free from viral immune antagonism.
The low but detectable IFN-� expression seen in mouse DCs cor-
relates with the low percentage of cells infected. Levels of IP10
expression in samples from mouse and human cells are more sim-
ilar, presumably reflecting the offsetting effects in mouse of in-
creased number of uninfected cells and lower interferon levels.

We have been unable to explain why H5 influenza viruses in-
fect murine BMDCs somewhat better than H1 influenza viruses.
H1 encoded by human influenza viruses binds preferentially to
2,6-linked sialic acids (SA2,6) (11). To test whether oligosaccha-
ride linkage differences are responsible for higher H5 infectivity,
we infected murine BMDCs with a recombinant A/Vietnam/
1203/04 (HALO)H5N1 virus (a 6:2 virus with 6 PR8 segments)
with two point mutations which altered the HA sialic acid binding
preference from a 2,3 to a 2,6 linkage (11). We found no difference
in infectivity between the H5 SA2,3 binding virus and the mutated
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SA2,6 binding virus (Fig. 3), excluding linkage differences as the
cause of different levels of infectivity.

To examine whether HA contributes to reduced viral entry in
mouse DCs compared to that in human DCs, we constructed beta
lactamase containing influenza viruslike particles (VLPs) with dif-
ferent HAs on the surface (12). VLP constructs consist of HA from
A/Puerto Rico/8/34 (H1) or A/Vietnam/1203/2004 (H5), with, in
both cases, an NA from A/WSN/33 (H1) and beta lactamase (BLA)
enzyme-bearing VP40 from Ebola virus. We found that viral entry of
both VLPs was reduced for mouse BMDCs (Fig. 4), suggesting that
reduced viral entry may be one factor contributing to the differences
in mouse and human infectivity. Although for mouse BMDCs H5
reassortant 7:1 and 6:2 virus (with a PR8 backbone) infectivity ap-
pears higher than for wild-type PR8 independently of sialic acid re-

FIG 1 BMDC, sDC, and human DC infectivity rates. DCs infected with influ-
enza A/California/7/2009 (A), influenza A/New Caledonia/20/1999 (B), and
influenza A/PR/8/34 (C) assayed 8 h after infection for viral NP expression
with flow cytometry (***, P � 0.005). NP expression reaches a plateau 6 to 8 h
after infection (data not shown). (D) Human and murine DC viral gene ex-
pression rate assayed by FISH (influenza NA assayed) and single-cell qPCR
(influenza NS1 assayed) measured 8 h and 6 h postinfection, respectively.
Results shown in panels A to D were obtained using cells from four different
donors.

FIG 2 Infection of murine BMDCs and human mDCs with PR8-based recom-
binant viruses expressing H1-, H3-, or H5-subtype hemagglutinin. (A) Infectivity
rates measured as NP expression by flow cytometry 8 h postinfection. (B) Gene
expression time courses measured by real-time reverse transcription (RT)-PCR.
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ceptor binding preference (for the 6:2 recombinants), this higher in-
fectivity does not appear to be due to a larger rate of cell penetration.
The reasons for better infectivity of human DCs than of mouse DCs
are not fully explained and will require further study.

Our results imply that for mouse dendritic cells studied in vitro,
because of a poor rate of infection, particularly for H1N1 viruses,
the levels of interferon-induced genes are dominated by unin-
fected cells. In this case, the effects of viral antagonism of the
interferon-induced signaling pathway and the responses occur-
ring in infected cells may be difficult to infer from experiments
where only a small percentage of cells are infected with virus.
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FIG 3 Murine BMDC and human mDC infectivity rates 8 h postinfection
with wild-type H1 (A/Puerto Rico/8/34), H1 (A/California/7/2009), H3 (A/
Wyoming/3/2003), H5 (alpha 2,6-specific), or H5 (alpha 2,3-specific) recom-
binant A/Vietnam/1203/04 viruses (6:2 viruses with 6 PR8 segments). Infec-
tivity was assayed by measuring viral NP expression by flow cytometry. All
differences between human and murine infected DCs had a P value of �0.001.

FIG 4 Entry assay with murine BMDCs and human mDCs with H1- and H5-
bearing VLPs in a 1:2 dilution. VLPs consist of HA from either A/Puerto Rico/8/34
(H1) or A/Vietnam/1203/2004 (H5), NA from A/WSN/33 (H1), and Beta-lacta-
mase enzyme-bearing VP40 from Ebola virus. Cells were infected with the VLPs
and then incubated with a dual fluorochrome-bearing substrate 4 h after infection.
When VLPs enter the cell, the BLA enzyme cleaves the substrate, reducing the
FRET signal. VLP concentrations of H1 and H5 are, respectively, 2 and 3 log2 units
of HA. (A) Percentage of cells with cleaved substrate in human mDCs and
BMDCs. Concentrations were adjusted to give approximately the same levels in
human DCs. (B) Sample plots of the VLP assays of unstained, mock-infected, and
H1- and H5-infected human mDCs and murine BMDCs. (***, P � 0.005 between
H5 and H1 in corresponding solution).
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