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Influenza infection predisposes the host to secondary bacterial
pneumonia, which is a major cause of mortality during influenza
epidemics. The molecular mechanisms underlying the bacterial
coinfection remain elusive. Neuraminidase (NA) of influenza A
virus (IAV) enhances bacterial adherence and also activates TGF-β.
Because TGF-β can up-regulate host adhesion molecules such as
fibronectin and integrins for bacterial binding, we hypothesized
that activated TGF-β during IAV infection contributes to secondary
bacterial infection by up-regulating these host adhesion molecules. Flow cytometric analyses of a human lung epithelial cell line
indicated that the expression of fibronectin and α5 integrin was
up-regulated after IAV infection or treatment with recombinant
NA and was reversed through the inhibition of TGF-β signaling.
IAV-promoted adherence of group A Streptococcus (GAS) and
other coinfective pathogens that require fibronectin for binding
was prevented significantly by the inhibition of TGF-β. However,
IAV did not promote the adherence of Lactococcus lactis unless this
bacterium expressed the fibronectin-binding protein of GAS.
Mouse experiments showed that IAV infection enhanced GAS colonization in the lungs of wild-type animals but not in the lungs of
mice deficient in TGF-β signaling. Taken together, these results
reveal a previously unrecognized mechanism: IAV NA enhances
the expression of cellular adhesins through the activation of
TGF-β, leading to increased bacterial loading in the lungs. Our
results suggest that TGF-β and cellular adhesins may be potential
pharmaceutical targets for the prevention of coinfection.
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or latent protein that subsequently is activated through various
mechanisms (9). Schultz-Cherry and Hinshaw (10) reported that
latent TGF-β is activated through IAV NA, and recently these
authors demonstrated that viral NA triggers TGF-β activation
through the removal of sialic acid motifs from latent TGF-β
(11). These findings suggest that TGF-β might play a role in
IAV-enhanced bacterial adherence.
Adherence to host tissue is a critical initial step to establish
infection. The most frequently observed bacteria in coinfections
are S. pneumoniae, group A Streptococcus pyogenes (GAS),
Staphylococcus aureus, and Haemophilus influenza (1, 12, 13).
These bacteria require ECM components or integrins as receptors
for adherence (14–17). We previously demonstrated that the
invasion of host cells by GAS is promoted through the TGFβ–enhanced expression of integrin and Fn (8). These observations suggest that the activation of TGF-β through IAV NA
might promote the expression of cellular receptors, facilitating
bacterial adherence and leading to increased host susceptibility
to coinfection.
The goal of the present study was to define the mechanisms
underlying the increased bacterial adherence post-IAV infection.
We showed that expression of α5 integrin/Fn was up-regulated in
response to IAV infection or viral NA treatment and reversed
through the inhibition of TGF-β signaling, indicating that IAV
increased the expression of host receptors through NA-activated
TGF-β. In addition, IAV-mediated bacterial adherence required
the Fn-binding protein of GAS, and the adherence of coinfective
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Significance
Pneumonia caused by bacterial coinfection with influenza virus
is the leading cause of mortality in influenza pandemics. TGF-β
is known to be activated by influenza virus. In this study we
demonstrated that cellular adhesins for bacteria, such as fibronectin and α5 integrin, are up-regulated in influenza viral
infection. Inhibition of TGF-β impeded the up-regulation of
these cellular adhesins and also influenza viral-enhanced bacterial adherence. In addition, we found that influenza viralpromoted bacterial adherence was dependent on bacterial
fibronectin-binding protein. The results indicate that up-regulated expression of cellular adhesins by TGF-β, which is activated in influenza viral infection, increases host susceptibility
to bacterial coinfection and suggest that TGF-β and host adhesion molecules are potential pharmaceutical targets for
prevention of coinfection.
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econdary bacterial pneumonia or coinfection is the leading
cause of viral-associated mortality during influenza A virus
(IAV) pandemics (1, 2). The synergistic lethality of IAV and
bacterial coinfection has been observed in animal models (3),
suggesting a causative relationship between IAV infection and
secondary bacterial pneumonia. Increased bacterial adherence
post-IAV has been well recognized (4); however, the underlying
mechanisms remain elusive. It has been demonstrated that IAV
neuraminidase (NA) promotes the adherence of Streptococcus
pneumoniae to lung epithelial cells, and viral NA activity has
been associated with the levels of bacterial adherence and
mortality in coinfected mice (5). In addition, inhibitors of NA,
such as oseltamivir, reversed the effects of NA on bacterial adherence (6). These findings suggest that IAV NA contributes
substantially to coinfection.
ECM proteins, such as fibronectin (Fn), collagen, and laminin,
interact with integrins, which transduce signals to regulate cell
growth, differentiation, migration, and other cellular activities.
ECM proteins and integrins are receptors that bind to microbial
surface components recognizing adhesive matrix molecules
(MSCRAMM) for bacterial adherence and invasion (4, 7). The
expression of these cellular adhesion molecules can be up-regulated through TGF-β (8). This cytokine is secreted as an inactive
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pathogens to IAV-infected cells was impeded by TGF-β inhibitors,
suggesting that the bacteria commonly observed in coinfection
likely share a similar mechanism for initiating an infection. Interventions targeting these mechanisms might reduce the incidence
and severity of postinfluenza bacterial pneumonia.
Results
IAV Increased TGF-β Activity and Enhanced GAS Adherence to Human
Lung Epithelial Cells. TGF-β is secreted from virtually all cells in

a biologically inactive form. The infection of mice or Madin–
Darby canine kidney (MDCK) cells with IAV increases TGF-β
activity (10). To determine whether TGF-β also is activated in
human lung cells through IAV, A549 cells were infected with
IAV strain H1N1 influenza virus A/Puerto Rico/08/1934 (PR8),
and the supernatants were assayed for TGF-β activation using
Mv1Lu reporter cells (8). The activity of TGF-β was three times
higher in the supernatant from A549 cells treated with PR8 than
from those treated with PBS alone (Fig. 1A), suggesting that the
activity of TGF-β in human lung epithelial cells is increased
following IAV infection. The M1 protein of GAS mediates the
binding of bacteria to integrin via Fn. Exogenous active TGF-β
significantly enhances GAS invasion through the up-regulation
of α5 integrin/Fn (8). These results prompted our using GAS as
a model to investigate IAV-mediated bacterial adherence. A549
cells were infected with PR8, and then an adhesion assay was
performed with the GAS M1 strain. The bacterial numbers associated with viral-infected cells were two times higher than in
PBS-treated control cells (Fig. 1B). The concomitant enhancement of TGF-β activity and GAS adherence by IAV suggests
a potential correlation.
GAS Adherence Was Enhanced by Recombinant Viral NA and Was
Prevented by the Inhibition of TGF-β Signaling. To determine

whether GAS adherence is enhanced through IAV NA, an adhesion assay was performed after A549 cells were treated with
a recombinant NA (Materials and Methods). Similar to the effect
of NA on S. pneumoniae adherence (5, 6), higher GAS cfus were
obtained with NA-treated cells than with untreated cells (Fig.
2A), and the cfu counts were increased in an NA dose-dependent
manner (Fig. 2B), indicating that viral NA contributes to the
PR8-mediated increase in GAS adherence. Next, we determined
whether NA-enhanced GAS adherence is mediated through the
activation of TGF-β. A549 cells were infected with PR8 or were
treated with NA in the presence of SB 431542, a specific inhibitor of the TGF-β receptor. The adherence assay showed that
GAS cfus with the inhibitor-treated cells (Fig. 2C) were significantly reduced compared with inhibitor carrier control cells.
An examination of the viability of the cells and GAS did not
show differences between the groups. These results suggest that

Fig. 2. Recombinant viral NA enhanced GAS adherence in a TGF-β signalingdependent manner. Adherence assays were performed with the GAS M1
strain on A549 cells infected with PR8 as in Fig. 1B or treated with recombinant
NA at 5 U (A) or indicated doses (B) for 18 h. For the adherence inhibition
assay, cells were infected with PR8 or were treated with recombinant NA at
10 U in the presence of the TGF-β inhibitor SB 431542 (50 μM) followed by an
adherence assay (C). Data are presented as means ± SEM of two or three independent experiments (n = 4–6). *P ≤ 0.05, **P ≤ 0.01.

the activation of TGF-β through NA increases GAS binding to
IAV-infected cells.
The Expression of Cellular Receptors Was Enhanced Through PR8 or
NA and Was Prevented by Inhibitors of TGF-β1 and NA. TGF-β pro-

motes GAS adherence through the up-regulation of α5 integrin/
Fn (8). Thus, we speculated that these molecules are increased
after IAV infection. The expression of α5 integrin/Fn on PR8infected A549 cells was examined by flow cytometric analysis.
High levels of α5 integrin were detected on a few of the noninfected A549 cells (Fig. 3A, gray area and column), but after
PR8 infection the number of cells with high levels of α5 integrin
was increased dramatically, by 18-fold compared with cells
without viral infection (Fig. 3A, solid line and open column).
Similar results were obtained for Fn: The number of cells with
the higher levels of Fn expression was increased by 6.5-fold (Fig.
3B). The increased expression of α5 integrin/Fn was reversed
significantly after cells infected with PR8 were treated with
SB431542 (Fig. 3 A and B, dashed line and black column). To
confirm this result, SIS3, a different inhibitor of TGF-β signaling
that specifically inhibits Smad3 was used. Similarly, the expression of α5 integrin/Fn was repressed after SIS3 treatment (Fig.
S1 A and B, dashed line and black column). These results suggest
that the expression of α5 integrin/Fn is up-regulated after PR8
infection and that this effect is mediated by TGF-β.
ECM synthesis increases for tissue repair following viral infection, and Fn, a major component of the ECM, is produced
during this process. To determine whether cellular receptors are
up-regulated primarily through NA, Fn expression was examined
in cells treated with NA. Cells with higher levels of Fn were
observed in a time-dependent manner, showing a significant increase at 20 h after NA treatment (Fig. 3C). The Fn expression
induced by NA or PR8 was inhibited using the specific NA inhibitor zanamivir (Fig. 3D and Fig. S2A), which also suppressed
NA- or PR8-enhanced GAS adherence (Fig. 3E and Fig. S2B).
Although zanamivir was less effective in inhibiting Fn expression,
its effect on adherence was more evident. The possible causes
are explained in Discussion. These results indicate that IAV NA
promotes the expression of cellular adhesion receptors, thereby
increasing the susceptibility of host cells to GAS attachment.
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IAV-Enhanced Bacterial Adherence Is Dependent on the Bacterial FnBinding Protein. Klebsiella pneumoniae is a human respiratory
Fig. 1. IAV enhanced TGF-β1 activity and GAS adherence to human lung
epithelial cells. (A) Cell-culture supernatant was collected after A549 cells were
infected with PR8 (5,000 TCID50) for 2 h. Active TGF-β in the supernatant was
measured by Mv1Lu luciferase assay, and the results were extrapolated from
a standard curve run in parallel. (B) A549 cells were infected with PR8 as described in Materials and Methods followed by an adhesion assay with GAS
strain 90226 M1 at an MOI of 10. The bacterial adherence to cells without PR8
infection (PBS) was considered as 100%. Data are presented as means ± SE of
two to four independent determinants. **P ≤ 0.01.
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pathogen that uses mannose for attachment to the host cell (18).
The requirement of ECM/integrin for K. pneumoniae adherence
has not been reported previously. Coinfection with K. pneumoniae in influenza patients is rare. Thus, we postulated that IAV
infection would have less effect on K. pneumoniae adherence.
Without PR8 infection, the adherence of K. pneumoniae was very
low compared with the integrin-dependent adherence of GAS
at the same multiplicity of infection (MOI) (Fig. 4A, PBS) and
was similar to that reported in the literature (19). After PR8
Li et al.

infection, GAS adherence increased up to 60% of the inoculum,
but the K. pneumoniae adherence stayed unchanged (≤0.04% of
the inoculum) (Fig. 4A, PR8). These results suggest that IAV
does not mediate K. pneumoniae adherence, potentially reflecting the rare association of this bacterium with coinfection.
The difference in the adherence of GAS and K. pneumoniae to
PR8-infected cells suggests that IAV promotes GAS adherence
through the ECM and integrins. GAS expresses multiple adhesins,
which bind to different ECM molecules. One of these adhesins is
the M1 protein, which contributes significantly to the adherence and
invasion of GAS (20, 21). The deletion of M1 significantly reduced
GAS adherence to cells. Lactococcus lactis does not express adhesins and is considered nonadherent. The expression of M1 protein
on the surface of L. lactis (M1+) confers the ability to adhere efficiently (22). This system provides a strategy for characterizing the
function of bacterial Fn-binding protein in coinfection. Without
PR8 infection (Fig. 4B, PBS), the adherence of L. lactis (M1−) to
A549 cells was less than 0.7% of the inoculum and increased significantly to 8% of the inoculum when the strain expressed the M1
protein of GAS (L. lactis M1+) (Fig. 4B). Notably, the adherence of
L. lactis (M1−) was not affected after PR8 infection (Fig. 4B, Ll
M1−, PR8), whereas the adherence of the M1-expressing L. lactis
(M1+) strain was increased significantly (12% of the inoculum)
(Fig. 4B, Ll M1+, PR8). These results indicate that PR8-promoted
bacterial adherence is facilitated through Fn binding.

suggests that these microbes share a similar mechanism. Consistent
with GAS, higher numbers of S. pneumoniae and S. aureus Fnbinding protein A and B (FnBPA+B+) bacteria were associated
with PR8-infected cells than with PBS control cells, and the
number of bacteria was reduced in the presence of TGF-β
inhibitors during PR8 infection (Fig. 5 A and B), suggesting that
TGF-β activity also is required for the adherence of these bacteria. The adherence of nontypeable H. influenza (NTHi, Hap+)
to PR8-infected cells was much higher (up to 24-fold) than that
of GAS. Interestingly, the adherence was prevented partially by
the TGF-β receptor inhibitor SB 431542 and was not affected by
the Smad3 (a molecule of TGF-β signal pathway) inhibitor SIS3
(Fig. 5C). Because TGF-β uses multiple intracellular signaling
pathways after receptor activation (25), in contrast with GAS, an
Smad-independent TGF-β pathway likely is used in NTHi adherence. In addition, the dramatic increase in NTHi adherence
and partial inhibition by SB431542 suggest that mechanisms other
than TGF-β are involved. Taken together, these results suggest that
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The Inhibition of TGF-β Signaling Prevented the Adherence of Other
Common Coinfecting Bacteria. S. pneumoniae, S. aureus, and H. in-

fluenza frequently have been isolated from patients with coinfection
(23). For adherence or invasion, these bacteria interact with ECM
components and integrin receptors through Fn-binding molecules,
such as PfbA, an Fn-binding protein of S. pneumoniae (24); FnBPA
and FnBPB, the Fn-binding proteins of S. aureus (15, 16); and Hap,
an adhesin of H. influenza that binds to Fn, laminin, and collagen IV
(17). The specific association of coinfection with these bacteria
Li et al.

Fig. 4. IAV-mediated increase in bacterial adherence is dependent on Fnbinding protein. Adhesion assays were performed at an MOI of 10 with GAS
and K. pneumonia (A) or with L. lactis M1+ and L. lactis M1− (B) after A549
cells were infected with PR8. The results are expressed as a percentage of the
inoculum. Data are presented as means ± SEM of two independent experiments
(n = 4). *P ≤ 0.05.
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Fig. 3. Expression of cellular adhesion molecules was enhanced by PR8 or NA and was prevented by TGF-β1 and NA inhibitors. (A and B) Cells were infected
with PR8 in the presence of DMSO (carrier control) (PR8/DMSO, black lines) or of SB 431542 (PR8/SB, dashed lines). PBS/DMSO is a control without PR8 infection
(gray areas). Cells then were stained and analyzed for α5 integrin (A) or Fn (B) by flow cytometry. Ten thousand live cells were acquired; results are expressed
as the percentage of cells expressing high levels of α5 integrin or Fn among the total acquired cells. (C) Cells were treated with 10 U of recombinant NA (black
line) or same amount of NA buffer (gray area) for indicated times followed by flow cytometric analysis of Fn expression. (D) Cells were treated with PBS/PBS
(gray area), NA/PBS (black line), or NA/zanamivir (ZMV) dissolved in PBS (dashed line) and were analyzed as in B. The bar graphs in A, B, and D show
summarized data of flow cytometry (n = 4). (E) Cells were treated as in D, and adherence assay was performed as in Fig. 1B. Adherence data are presented as
means ± SEM of two independent experiments (n = 6). **P ≤ 0.01, ***P ≤ 0.0001.

Fig. 5. TGF-β inhibitors prevented IAV-enhanced adherence of other coinfective bacterial pathogens. A549 cells were treated with PBS and DMSO, PR8
and DMSO, PR8 and the TGF-β inhibitor SB 431542 (SB), or PR8 and the TGF-β
inhibitor SIS3. Adhesion assays then were performed with S. pneumonia (T19F)
(A), S. aureus (RN 6390, FnBPA+B+) (B), or H. influenzae (C) at an MOI of 10.
Data are presented as means ± SEM of two or three independent experiments
(n = 4–12). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.0001.

TGF-β activation in IAV infection plays an important role in
coinfection and likely is a common mechanism among coinfecting
pathogens.
IAV Infection Increased GAS Colonization in the Lungs of Wild-Type
Mice but Not in Mice Deficient inTGF-β Signaling. GAS coinfection
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was studied further in vivo. Wild-type mice were infected with
PR8 at low or high doses (500 or 10,000 times the 50% tissue
culture infective dose, TCID50), were challenged with GAS 3 d
after PR8 infection, and were killed 24 h later. In the two groups
of mice receiving high or low doses of PR8, 100% of the mice
survived at the end of the experiment (day 5), and the mice in
the two groups showed similar weight loss (Fig. S3A). Single lung
cell suspensions were plated to determine bacterial numbers

in the lungs. Consistent with the results of the in vitro assays,
higher cfus of GAS were recovered from PR8-infected mice than
from control mice (Fig. 6A). The expression of α5 integrin/Fn in
lung cells was examined by flow cytometric analysis. Similar to
PR8-infected A549 cells, viral-infected mice had an increased
number of lung cells with higher expression of α5 integrin (Fig.
6B, Upper) or Fn (Fig. 6B, Lower). Pathology of the lung tissue
showed that, compared with PBS-treated control mice (Fig. S3 B,
a), thickening of alveolar septa and leukocyte infiltration were
found in lung sections of GAS-infected or PR8-infected mice
(Fig. S3 B, b, c, and e). In coinfected mice lung consolidation,
thickening of alveolar septa, and liquid in alveolar space were
more obvious (indicated by arrow, Fig. S3 B, d, and f). In addition, no necrosis or apoptosis was found in PR8-infected lungs,
suggesting that increased bacterial colonization is unlikely to be
caused by a greater number of dead cells in PR8-infected lungs.
As shown in the lung sections, inflammatory cells such as
neutrophils are infiltrated into the lungs in response to IAV
infection. To determine if overexpressed α5 integrin/Fn in lung
epithelial cells is related to the increased bacteria, lung epithelial
cells were enriched by Percoll density gradient and examined for
α5 integrin/Fn. Similar to the results from total lung cells (Fig.
6B), significantly higher levels of these adhesin molecules were
expressed on the lung epithelial cells (Fig. S4).
The prevention of GAS adherence to IAV-infected cells
through the inhibition of Smad3 signaling in vitro suggested that
an Smad-signaling deficiency would disrupt the TGF-β–mediated
overexpression of host adhesins and would impede IAV-facilitated GAS colonization. This hypothesis was tested using Smad3knockout (Smad3−/−) mice (26). The cfus recovered from the
lungs of PR8-infected Smad3−/− mice were significantly lower
than those obtained from PR8-infected Smad3+/+ littermates but

Fig. 6. (A) Mice deficient in TGF-β signaling were resistant to GAS after PR8 infection. Wild-type C57BL/6 (B6) mice were infected intranasally with PR8 at 500
TCID50 or 10,000 TCID50 or received PBS as control. Three days later the mice were inoculated intranasally with 1 × 107 cfu of GAS. Mice were killed 24 h after
the inoculation. Aliquots of lung homogenate were diluted to quantify cfus. Data are presented as means ± SEM of two independent experiments. ***P ≤ 0.0001.
(B) Lung homogenate from four randomly selected mice was stained, and 20,000 cells were acquired and analyzed for α5 integrin (Upper) and Fn (Lower) by flow
cytometry. Gray areas, black lines, and dashed lines in histograms represent lung cells from mice that received PBS or PR8 at 500 TCID50 or 10,000 TCID50, respectively. Relative numbers of lung cells expressing high levels of α5 integrin or Fn are summarized in the bar graphs (n = 4, **P ≤ 0.01, ***P ≤ 0.0001). (C and D)
Smad3−/− mice and Smad3+/+ littermates were infected with PR8 at 10,000 TCID50 and were coinfected with GAS as in A. Cfus (*P ≤ 0.05) (C) and the expression of
α5 integrin (Left) or Fn (Right) (D) in the lungs were determined as in A and B.
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Discussion
Bacterial colonization is a crucial step in the establishment of
infection. Coinfection during influenza epidemics often is preceded by excess bacterial density within the upper respiratory
tract (27), indicating that coinfection is initiated by increased
bacterial loading. IAV NA helps release progeny virions from
infected cells by stripping sialic acids from cells, likely exposing
tissue receptors, and resulting in increased bacterial attachment
(3). However, chemically induced lung damage did not promote
secondary bacterial infection, suggesting that other mechanisms
are involved (3). We observed that the inhibition of TGF-β signaling prevented the NA-mediated up-regulation of α5 integrin/
Fn and excess bacterial adherence. The study demonstrated that
viral NA activates TGF-β, which promotes the expression of cellular adhesins, leading to increased bacterial colonization (Fig. 7).
Other respiratory viruses, such as influenza B virus (IBV) and
human parainfluenza viruses (HPIVs), also express NA. Both
these viruses have been associated with bacterial pneumonia,
although IBV has little impact on morbidity and mortality (28,
29). In addition, a specific inhibitor of HPIV NA reduces bacterial titers in the lungs and prevents the death of infected mice
(29). Whether the NAs of these viruses play a similar role in
coinfection is unknown. Bacterial coinfection often has been
associated with other viruses without NAs, such as respiratory
syncytial virus (RSV) and rhinovirus. Interestingly, both RSV
and rhinovirus induce TGF-β expression in epithelial cells (30,
31). Thus, it would be interesting to determine the relevance of
TGF-β to coinfection with these viruses.

TGF-β is an important regulator of immune cells and is known
to inhibit natural killer (NK) cell infiltration and activation (32,
33). It has been reported that IAV infection impairs NK cell
responses to S. aureus coinfection in mice (34). It is likely that
NK cell function is less impaired in PR8-infected Smad3−/− mice
and also contributes to the reduction of GAS colonization in
these mice. In addition, TGF-β regulates the development of Th17
and Treg cells. A coinfection model in WT mouse showed that
Th17 immunity to coinfection with S. aureus is inhibited, resulting
in the inefficient clearance of S. aureus from the lungs (35).
Whether TGF-β regulates adaptive immunity to coinfection is
currently unknown.
The inhibition of TGF-β signaling prevented adherence of
GAS and other coinfecting bacteria to PR8-infected cells, suggesting that a similar cellular mechanism is used. Many bacteria
express Fn-binding proteins or MSCRAMM (4, 36), although
not all these microbes have been associated with IAV. However,
all identified coinfecting bacteria are found commonly in the
upper respiratory tract and are able to express MSCRAMM. As
commensals in the nasopharyngeal niche, it is likely that the
expression of MSCRAMM confers an advantage to the preexistent bacteria in using IAV-induced cellular changes for the
efficient colonization in the lungs.
Only PR8 and NA1 protein were tested in the study, although
most IAV subtypes and NAs can activate TGF-β (10). Because
viral NA activity has been associated with the levels of bacterial
adherence and mortality of coinfected mice (5), different types of
IAV NA might contribute differently to up-regulation of α5
integrin/Fn. We observed that within inhibitory ranges, the NA
inhibitor zanamivir was less effective than the TGF-β inhibitors in
suppressing Fn expression mediated by NA (Fig. 3D) or by PR8
(Fig. S2A). Because other IAV-associated proteases (5) or cellular
mechanisms (9) also activate TGF-β, it is likely that the NAindependent activation of TGF-β is responsible for the residual
expression of Fn, which is prevented by TGF-β inhibitors but not
by NA inhibitors. Interestingly, inhibition of either TGF-β (Fig. 2C)
or NA activity (Fig. 3E and Fig. S2B) efficiently prevented GAS
adherence, and currently there is no explanation for this phenomena.
We also observed an increased expression of α5 integrin/Fn
in lung leukocytes after PR8 infection. Because inflammatory
cells have been implicated in both protective and pathological
responses following influenza virus infections, it is not known
whether these cells promote bacterial killing or contribute to
bacterial binding. It is likely that up-regulated adhesin molecules
on the inflammatory cells also contribute to bacterial binding at
the time point of observation, regardless the outcome of the
bound bacteria later.
In this study we demonstrate that the activation of TGF-β in
IAV infection plays an important role in the pathogenesis of
coinfection. The results suggest that TGF-β and cellular adhesion molecules are attractive targets for the prevention of coinfection and have an advantage in infections involving IAV strains
that are resistant to NA inhibitors.
Materials and Methods
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This study was performed in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the Institute of
Microbiology, Chinese Academy of Sciences (IMCAS) Ethics Committee. The
protocol was approved by the Committee on the Ethics of Animal Experiments of IMCAS (permit no. PZIMCAS2011002). The mice were bred under
specific pathogen-free conditions in the laboratory animal facility at IMCAS.
All animal experiments were conducted under isoflurane anesthesia, and all
efforts were made to minimize suffering.
Details of cell-culture conditions, the TGF-β1 bioactivity assay, and the
bacterial adhesion assay are given in SI Materials and Methods.

Fig. 7. IAV facilitates bacterial adherence through the activation of the
TGF-β signaling pathway. IAV NA activates latent TGF-β, which turns on the
Smad signaling pathway, resulting in the up-regulation of integrins and Fn
expression in cells. As bacterial receptors, the overexpression of integrins
and Fn increases host susceptibility to bacterial infection.

Li et al.

Reagents. SB431542 was purchased from Cayman Chemical. SIS3 and zanamivir
were obtained from Sigma. Antibodies directed against α5 integrin (ab55988)
and Fn (S-9068) were obtained from R&D Systems and Santa Cruz Biotechnology, respectively. FITC-conjugated goat anti-rabbit IgG was purchased
from Sigma. NA was purchased from Sino Biological Inc. [A/California/04/
2009 (H1N1)] or was a kind gift from G.F.G. [PR8, A/Puerto Rico/08/1934]. NA
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were similar to the cfus from Smad3+/+ littermates without PR8
infection (Fig. 6C). Flow cytometric analysis showed that the
expression of α5 integrin/Fn in lung cells was similar in Smad3−/−
mice and Smad3+/+ mice without PR8 infection (Fig. 6D, Upper).
After PR8 infection, a substantial increase in the number of lung
cells with higher levels of α5 integrin/Fn expression was observed
in Smad3+/+ mice (Fig. 6D, Middle), whereas the number of these
cells remained similar in Smad3−/− mice before and after PR8
infection (Fig. 6D, Lower). These results indicate that the TGFβ–signaling deficiency prevents the up-regulation of α5 integrin/Fn
expression in PR8-infected Smad3−/− mice. Consistently, the in
vivo experiments demonstrated that the TGF-β–mediated upregulation of cellular adhesins in IAV infection facilitates bacterial
colonization in the lungs.

activity was determined using methylumbelliferyl-N-acetylneuraminic acid
(J&K Scientific, Ltd.).

cytometry analyzer. The percentage of cells with high α5 integrin or Fn expression was determined using FlowJo software.

Virus and Bacterial Strains. PR8 was obtained from B. Gao (IMCAS), cultured in
the allantoic cavities of 9-d-old specific pathogen-free embryonated hen
eggs, and incubated for 2 d at 35 °C. The allantoic fluid was collected and
stored at −80 °C. The viruses were quantified in MDCK cells and expressed as
TCID50. GAS strain 90-226 is a serotype of the M1 strain. S. pneumoniae
strain T19F was a clinical isolate kindly provided by X. Shen (Beijing Children’s Hospital, Beijing). S. aureus strain RN 6390 contains FnBPA+B+. These
bacteria were maintained on sheep blood agar and grown in THY-Neo
medium at 37 °C with 5% CO2. K. pneumoniae (strain 10617) was purchased
from China General Microbiological Culture Collection Center and was
grown in tryptic soy broth (Difco) for 18 h at 37 °C. M1+ L. lactis (pLM1)
contains the plasmid pLM1, which encodes the full-length M1 protein.
L. lactis M− (pP59) carries the empty vector. L. lactis strains were grown in M17
medium (Difco) containing erythromycin (5 μg/mL) at 30 °C. H. influenzae strain
NTHi Sc70040 was obtained from Z. J. Shao, Chinese Center for Disease Control
and Prevention, Beijing, and grown on chocolate agar at 37 °C with 5% CO2.

Mice and Infection Models. Female C57BL/6 (B6) mice (6–8 wk old) were
purchased from Vital River Laboratory Animal Technology, whose colonies
were all introduced from Charles River Laboratories. Smad3+/− mice were
obtained from Y.Z. and were backcrossed for at least six generations to B6
mice in the animal facility of the Institute of Microbiology, followed by
intercrossing to produce homozygous offspring. The resulting progeny were
screened using PCR to identify Smad3−/− mice and Smad3+/+ littermates; the
latter were used as wild-type control mice. The mice were anesthetized with
inhaled 2.5% isoflurane (Baxter Healthcare). The anesthetized mice were
inoculated intranasally with 500 or 10,000 TCID50 of PR8 suspended in 30 μL
PBS. After 3 d, the mice were inoculated intranasally with 1 × 107 cfus of
GAS. The mice were killed 24 h after inoculation; the lung homogenates
were diluted to quantify the cfus and were analyzed by flow cytometry.
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Flow Cytometry Analysis of α5 Integrin and Fn Expression. A549 cells were
infected with PR8 or were treated with 10 U of recombinant NA. SB431542,
SIS3, or zanamivir was added as described above. After incubation at 37 °C in
5% CO2 for 18 h, the cells were collected using 0.25% trypsin and were
resuspended in cold PBA (1.0% BSA and 0.1% sodium azide in PBS) to analyze α5 integrin and Fn expression by flow cytometry. Briefly, the cells were
stained with either anti-human α5 integrin or Fn antibodies and were
washed with PBA. Fluorescent-conjugated secondary antibody was added,
and the cells were incubated according to the manufacturer’s instructions.
The cells were fixed in 4% (wt/vol) paraformaldehyde for 10 min on ice,
resuspended in PBA, and analyzed using a FACScan (Becton-Dickinson) flow
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