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Abstract

The cellular and molecular mechanisms underpinning the unusually high virulence of highly

pathogenic avian influenza H5N1 viruses in mammalian species remains unknown. Here,

we investigated if the cell tropism of H5N1 virus is a determinant of enhanced virulence in

mammalian species. We engineered H5N1 viruses with restricted cell tropism through the

exploitation of cell type-specific microRNA expression by incorporating microRNA target

sites into the viral genome. Restriction of H5N1 replication in endothelial cells via miR-126

ameliorated disease symptoms, prevented systemic viral spread and limited mortality,

despite showing similar levels of peak viral replication in the lungs as compared to control

virus-infected mice. Similarly, restriction of H5N1 replication in endothelial cells resulted in

ameliorated disease symptoms and decreased viral spread in ferrets. Our studies demon-

strate that H5N1 infection of endothelial cells results in excessive production of cytokines

and reduces endothelial barrier integrity in the lungs, which culminates in vascular leakage

and viral pneumonia. Importantly, our studies suggest a need for a combinational therapy

that targets viral components, suppresses host immune responses, and improves endothe-

lial barrier integrity for the treatment of highly pathogenic H5N1 virus infections.

Author summary

In healthy individuals, the symptoms of seasonal influenza virus infection are mild and

the infection is cleared within 4–7 days. However, infection with highly pathogenic avian

influenza virus (H5N1) can be severe and often results in fatal pneumonia even in healthy

adults. While it is known that both viral and host factors play a role in enhanced disease

progression, the molecular mechanisms for the high virulence of H5N1 virus are not

completely understood. In this study, we engineered avian influenza H5N1 viruses incapa-

ble of replicating in endothelial cells and evaluated disease symptoms in mice and ferrets.

Our studies show that H5N1 infection of endothelial cells causes severe disease and death
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of infected animals in part due to the damage of endothelial cells lining the blood vessels,

which results in leakage of fluid into the lungs (pneumonia).

Introduction

Influenza A viruses, members of the Orthomyxoviridae family, pose a constant threat to

human health with seasonal epidemics and occasional pandemics. It is estimated that seasonal

influenza virus infections result in 250,000–500,000 annual deaths worldwide [1]. Seasonal

influenza virus infections in healthy adults are self-limiting and are primarily restricted to the

upper respiratory tract; however, infections in children and the elderly are potentially severe

and can result in viral pneumonia. In addition to humans, influenza A viruses can infect a

wide range of host species including waterfowl, swine, domestic birds, and seals. As such,

influenza A viruses circulating in zoonotic reservoirs have intermittently caused widespread

infections and even pandemics in humans [2,3]. The last four influenza pandemics—1918

H1N1 Spanish flu, 1957 H2N2 Asian flu, 1968 H3N2 Hong Kong flu, and 2009 H1N1—

involved influenza A virus transmission from zoonotic reservoirs into humans [3,4,5]. More-

over, influenza A virus strains such as H5N1, H7N7, and H7N9 have crossed the species bar-

rier from domestic poultry to cause fatal infections in humans [6,7]. Fortunately, these avian

viruses are incapable of causing sustained human-to-human transmission and thus the major-

ity of these infections have been the result of direct contact with infected poultry; however,

recent studies indicate that less than 5 mutations are sufficient to render avian H5N1 viruses

transmissible via respiratory droplets [8,9]. Thus, a better understanding of the pathogenic

nature of avian influenza A viruses is important for devising novel therapeutic strategies and

preventing future pandemics.

As compared to seasonal influenza A virus infections, infections with highly pathogenic

avian influenza (HPAI) H5N1 virus result in fatal viral pneumonia across all age groups

including healthy adults [10,11,12]. Histopathological analyses of fatal human H5N1 infections

have demonstrated extensive alveolar damage in the lower respiratory tract [13,14,15,16]. This

is in part due to increased infiltration of inflammatory cells and elevated levels of proinflam-

matory cytokines, implicating the overt activation of host immune responses in the disease

progression and immunopathology of H5N1 infections [13]. This immunopathology has been

recapitulated in animal models, as infected animals show excessive infiltration of inflammatory

monocytes and neutrophils, and hypercytokinemia in the lungs [17,18,19]. While it has been

well appreciated that epithelial cells and innate immune cells are the major source of cytokines

during influenza A virus infection, recent work with a mouse adapted laboratory strain

indicates that endothelial cells are also a source of proinflammatory cytokines in the lungs

[17,20,21]. Thus, it has been proposed that influenza A virus pathogenesis is the result of endo-

thelial cell activation by proinflammatory cytokines in the lungs, as well as endothelial damage

due to excessive infiltration of leukocytes that increases endothelial barrier permeability, cul-

minating in viral pneumonia [22,23]. Interestingly, in avian hosts, high levels of HPAI virus

infection of endothelial cells causes vascular leakage and widespread hemorrhaging [24,25].

However, there are limited reports on infection of endothelial cells in humans or mammalian

animal models [26]. As in vitro studies demonstrate that human endothelial cells are capable

of supporting HPAI virus replication, it remains to be determined if HPAI virus infection of

endothelial cells contributes to pathogenesis in mammalian species.

Here, we investigated the importance of endothelial cell tropism in the virulence and patho-

genesis of HPAI virus infection in mouse and ferret models. To this end, we engineered H5N1
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viruses with restricted cell tropism through the incorporation of microRNA (miRNA) target

sites into the 3’ untranslated region (3’UTR) of the viral NP segment as previously described

[27,28,29]. Specifically, we generated H5N1 viruses containing endothelial cell specific miR-126

target sites (H5N1-126T) or hematopoietic cell specific miR-142 target sites (H5N1-142T), such

that viral replication was abrogated in endothelial cells or hematopoietic cells, respectively. Mice

infected with H5N1-126T virus showed (1) greatly ameliorated disease symptoms, (2) decreased

levels of proinflammatory cytokines, (3) limited vascular leakage, and (4) restriction of replica-

tion to the lungs, despite demonstrating similar peak viral titers in the lungs as compared to a

scrambled control virus (H5N1-ScrbT). In agreement with these results, ferrets infected with

H5N1-126T virus showed no clinical symptoms of HPAIV infection such as weight loss or neu-

rological symptoms, and displayed decreased viral spread to the lower respiratory tract, olfactory

bulb, and brain, despite displaying similar viral titers in the nasal washes in comparison to the

control H5N1-ScrbT virus. In contrast, restriction of viral replication in hematopoietic cells via

miR-142 did not abrogate H5N1 infection-induced pathogenesis in mice, despite demonstrating

decreased proinflammatory cytokine production in the lungs as compared to H5N1-ScrbT.

Taken together, our studies demonstrate that the endothelial cell tropism of H5N1 virus is an

important determinant of virulence and pathogenesis in mammalian species.

Results

Endogenous miRNA mediated restriction of H5N1 cell tropism

To investigate if the enhanced virulence associated with H5N1 infection is due to broad cell

tropism, we engineered H5N1 viruses (A/Vietnam/1203/2004) with specifically restricted cell

tropism based on the strategy developed by the tenOever group [27,28,29]. To generate H5N1

viruses incapable of replicating exclusively in hematopoietic or endothelial cells, we incorpo-

rated four copies of miRNA target sites (complementary sequence of a miRNA) for miR-142-

3p (142T) or miR-126-3p (126T), respectively, into the 3’ UTR of the viral NP segment (Fig

1A). Prior miRNA profiling studies have shown that miR-142 and miR-126 are specifically

expressed in hematopoietic or endothelial cells, respectively [27,28,30,31]. We also engineered

an NP segment carrying two miR-142-3p and two miR-126-3p target sites (DblT) as well as a

control NP segment carrying a scrambled target sequence (ScrbT, Fig 1A). To determine if the

engineered NP segment was sensitive to specific miRNA expression, we evaluated NP protein

levels in HEK293 cells during coexpression of individual miRNAs by western blot analysis.

Expression of miR-142 specifically suppressed protein production from NP segments carrying

the corresponding target site (142T and DblT) but had no effect on ScrbT or 126T; similarly,

expression of miR-126 suppressed NP protein production from 126T and DblT (Fig 1B) [32].

Next, we generated H5N1 viruses carrying these miRNA targeted NP segments (H5N1-142T,

H5N1-126T, and H5N1-ScrbT) and examined replication in human and mouse cells. In our

preliminary studies, H5N1-DblT showed intermediate levels of replication and thus was

removed from further analysis. In human lung epithelial cells (A549), all three viruses repli-

cated to similar levels, with a peak titer of 107 plaque forming units/milliliter (PFU/mL) (Fig

1C; S1 Fig). In addition, the replication kinetics of H5N1-ScrbT were similar to recombinant

wild-type H5N1 virus (H5N1-WT) in all cell types, demonstrating that incorporation of

scrambled miRNA target sites into the 3’UTR of NP did not significantly alter H5N1 replica-

tion (S1 Fig). As anticipated, replication of H5N1-126T was completely abrogated in primary

human microvascular endothelial cells (HMVEC), while replication of H5N1-142T and

H5N1-ScrbT was uninhibited (Fig 1C; S1 Fig). Similarly, only replication of H5N1-142T was

inhibited in human leukemia monocytic cells (THP-1, Fig 1C; S1 Fig). As these miRNAs are

highly conserved across species, we evaluated the replication of miRNA-targeted viruses in
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mouse cell lines (S1 Table; Fig 1D and S1 Fig). In agreement with our observations in human

cells, all three viruses replicated to equivalent levels in mouse lung epithelial cells (LA4), and

replication of H5N1-126T was inhibited in murine endothelial cells (MS1, Fig 1D; S1 Fig). Fur-

thermore, replication of H5N1-142T was suppressed in mouse bone marrow derived dendritic

cells (BMDC) and a macrophage like cell line (J774; Fig 1D and S1 Fig), both of which express

high levels of miR-142 (Fig 1D) [28,31]. Taken together, these results demonstrate that endog-

enous cell type specific miRNAs can be utilized to restrict H5N1 cell tropism.

Restriction of H5N1 replication in endothelial cells ameliorates morbidity

and mortality in mice

To determine if endothelial cell or hematopoietic cell tropism contributes to virulence, C57BL/

6J mice were intranasally infected with different doses (2, 10 and 25 PFU) of the H5N1 viruses,

Fig 1. Generation and characterization of H5N1 viruses with restricted tropism. (A) Schematic representation of NP mRNA carrying four copies of

miRNA target sites in the 3’UTR. The incorporated target sequences, which are Complementary to the mature miRNA, are shown below. (B) Evaluation of

miRNA mediated restriction of NP expression. HEK-293T cells were co-transfected with plasmids expressing specific miRNAs (vector, miR142, miR126) and

NP with miRNA target sites, and NP expression was analyzed by western blot. DblT refers to the NP segment carrying two miR-142-3p and two miR-126-3p

target sites. Expression of Ku80 is shown as a loading control. (C-D) Evaluation of tropism restricted H5N1 virus replication in human and murine cells. (C)

Human epithelial cells (A549, MOI = 0.001), endothelial cells (HMVEC, MOI = 0.01), monocytic leukemia cells (THP-1, MOI = 3), and (D) mouse epithelial

cells (LA-4; MOI = 1), endothelial cells (MS1, MOI = 1) and dendritic cells (BMDC, MOI = 0.1) were infected with tropism restricted H5N1 viruses and viral

titers at 48 hrs pi (hpi) were determined by plaque assay for all but BMDC. The titers are shown as PFU/mL (mean ± SEM). The limit of detection is 10 PFU/

mL. For BMDC, the level of infection at 24hpi was measured by flow cytometry using an anti-H5 antibody. Data is represented as percentage of HA+ cells in

the CD11c+ population (mean ± SEM). Asterisk denotes statistical significance determined by one-way ANOVA in comparison to H5N1-ScrbT group and the

values are denoted as *p<0.05, **p<0.01, ***p<0.001 and ns–non significant. Data presented here is a representative of at least three independent

experiments performed in triplicate.

https://doi.org/10.1371/journal.ppat.1006270.g001
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and monitored for weight loss and survival for 14 days. Mice infected with H5N1-ScrbT

showed pronounced weight loss (>25%) and the majority of mice succumbed to infection at

both the 10 and 25 PFU dose (Fig 2A). In contrast, the H5N1-126T infected group displayed

reduced weight loss (~10–15%) at the highest dose (25 PFU) and all but one mouse survived

the infection (Fig 2A). H5N1-142T infected mice showed weight loss and survival similar to

the H5N1-ScrbT group (Fig 2A). In our control studies with H5N1-ScrbT and H5N1-WT, we

did not observe significant differences in the disease symptoms in mice, indicating that inser-

tion of miR ScrbT sites did not alter the virulence of H5N1 virus in mice (S2 Fig). Next, we

examined if the altered pathogenicity observed in H5N1-126T infected mice was due to differ-

ences in viral replication in the lungs. Although viral titers in the lungs of H5N1-126T infected

mice were reduced on day 2 post-infection (pi), by day 5 and day 8 pi there was no discernible

difference in titers for all three groups (Fig 2B). Taken together, these results demonstrate that

endothelial cell restricted H5N1-126T demonstrated reduced pathogenicity in mice, despite

replicating at levels similar to control H5N1-ScrbT and hematopoetic restricted H5N1-142T.

H5N1 infection of the endothelial and hematopoietic compartments

contributes to hypercytokinemia

A prior study using WSN/33 (a mouse adapted strain) indicated that endothelial cells contribute

to excessive production of inflammatory cytokines [20]. In addition, infections with highly viru-

lent influenza virus strains are associated with excessive production of proinflammatory cytokines

[13,33,34]. To determine if the differences in the pathogenesis of H5N1 viruses with restricted cell

tropism can be attributed to disparate levels of inflammatory cytokines in the lungs, we per-

formed quantitative PCR (qPCR) analysis of inflammatory gene expression in lung homogenates

of H5N1 virus infected mice. qPCR analysis indicated significantly higher levels of proinflamma-

tory cytokines and chemokines in the lungs of H5N1-ScrbT infected mice as compared to the

other two groups (Fig 3). The lowered levels of cytokines in the lungs of H5N1-142T and H5N1-

126T infected mice suggests that infection and activation of both hematopoietic and endothelial

cells contributes to hypercytokinemia during H5N1 infection. Interestingly, the H5N1-142T

infected group displayed lower levels of some pro-inflammatory cytokines as compared to the

H5N1-126T group; however, H5N1-142T infected mice succumbed to infection whereas the

majority of the H5N1-126T infected group survived (Fig 3 and Fig 2A). These data show that ele-

vated levels of cytokines are not solely responsible for the severe pathogenesis of H5N1 virus.

Restriction of H5N1 replication in endothelial cells reduces

microvascular leakage in the lungs

Prior studies suggest that both proinflammatory cytokines and infection of endothelial cells can

increase endothelial permeability, eventually resulting in viral pneumonia [22,35,36,37,38]. As

H5N1-142T infected mice displayed lower levels of proinflammatory cytokines yet succumbed

to infection, we examined changes in vascular integrity and the levels of infection in the endo-

thelial cell compartment using the Evans Blue dye test and flow cytometry, respectively [39].

Mice were intranasally infected with the H5N1 viruses and retro-orbitally injected with Evans

Blue dye 1hr prior to sacrifice on day 7 pi, and the level of dye in the bronchioalveolar lavage

fluid (BALF) was quantified. H5N1-126T infected mice showed significantly lower levels of

Evans Blue dye in the BALF as compared to control H5N1-ScrbT infected mice, and H5N1-

142T infected mice showed an intermediate phenotype, with levels of Evans Blue dye higher

than observed for H5N1-126T yet lower than observed for H5N1-ScrbT (Fig 4A). As infection

of endothelial cells can affect barrier function, we examined if the increased permeability in the

lungs of H5N1-ScrbT and H5N1-142T infected mice was due to direct infection of endothelial

Endothelial cell tropism and H5N1 pathogenesis
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cells. We observed a higher percentage of HA positive endothelial cells (CD45- CD31+) in

H5N1-ScrbT and H5N1-142T infected mice as compared to H5N1-126T infected mice (Fig

Fig 2. Restriction of H5N1 replication in endothelial cells ameliorates disease symptoms in mice. (A) C57BL/6J mice (n = 10) were intranasally

infected with different doses (2, 10, and 25 PFU) of tropism restricted H5N1 viruses and monitored daily for body weight and survival. Top—Body

weight loss, shown as relative percentage of day 0 weight (mean ± SEM) and Bottom–Survival. For better display, survival lines are offset by a few

percentage points. (B) Viral titers in the lungs of infected mice. C57BL/6J mice (n = 6–10) were infected with 25 PFU and viral loads in the lungs on

days 2, 5, and 8 pi were determined by plaque assay (PFU/mL). Each data point represents an individual mouse (mean ± SEM). Asterisk denotes

statistical significance determined by one-way ANOVA in comparison to H5N1-ScrbT group and the values are denoted as *p<0.05, **p<0.01,

***p<0.001 and ns–non significant. Data presented here is a pooled average of two independent experiments.

https://doi.org/10.1371/journal.ppat.1006270.g002
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4B). As demonstrated previously by others, the percentage of HA positive hematopoietic cells

(CD45+) was lower in H5N1-142T infected mice as compared to H5N1-ScrbT and H5N1-126T

infected mice (Fig 4B) [28]. In contrast, we observed similar percentages of HA positive non-

hematopoietic cells for all three groups (CD45-). Taken together, these results demonstrate that

both the direct infection of endothelial cells as well as higher levels of proinflammatory cyto-

kines contribute to increased vascular leakage during H5N1 infection.

To understand the pathological changes in the lung upon infection with miR-targeted

viruses, we isolated lungs from infected mice and performed hematoxylin and eosin staining

Fig 3. Restriction of cell tropism alters cytokine and chemokine responses in the lungs. C57BL/6J mice (n = 8) were intranasally

infected with a 25 PFU dose of the H5N1 viruses and total RNA from the lungs was isolated on day 5 pi via Trizol extraction. Expression

levels of inflammatory genes (IFN-β, MIP-1α, CCL2, IL-6, IL-1β and TNFα) were measured by quantitative PCR analyses. Data is

represented as fold expression relative to mock infected mice (mean ± SEM). Asterisk denotes statistical significance determined by

one-way ANOVA and the values are denoted as *p<0.05, **p<0.01, ***p<0.001 and ns–non significant. Data presented here is a

representative of at least two independent experiments.

https://doi.org/10.1371/journal.ppat.1006270.g003
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Fig 4. H5N1 infection of endothelial cells increases vascular leakage and causes pronounced damage in the lungs. (A) Evaluation of vascular

leakage in H5N1 infected lungs. C57BL/6J mice (n = 5) were intranasally infected with 25 PFU of the H5N1 viruses. On day 7 pi, Evans Blue dye was injected

into mice via retro-orbital route. After 1h, mice were euthanized and the levels of Evans Blue dye in the BALF were measured. Each data point represents the

concentration of Evans Blue dye in the BALF of individual mice (mean ± SEM). (B) Evaluation of infection of various cell populations in vivo. C57BL/6J mice

(n = 3) were infected with 25 PFU of the H5N1 viruses. On day 3 pi, lungs were harvested and analyzed for H5N1 infection of the various cell compartments

by flow cytometry. Cell surface markers CD45 and CD31 were used to distinguish endothelial cells (CD45-, CD31+), hematopoietic cells (CD45+) and non-

hematopoietic cells (CD45-), and surface expression of viral HA was used to define infected cells (HA+). Data is represented as the mean (± SEM). Asterisk

denotes statistical significance determined by one-way ANOVA and the values are denoted as *p<0.05, **p<0.01, ***p<0.001 and ns–non significant. Data

Endothelial cell tropism and H5N1 pathogenesis
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(H&E) analysis of lung sections (Fig 4C). Interestingly, smaller areas of infection and inflam-

mation were observed in the lungs of H5N1-126T infected mice as compared to H5N1-ScrbT

infected mice; however, the sizes of areas of inflammation in H5N1-142T infected mice were

intermediate between the other two groups. The differences in the sizes of lesions among dif-

ferent groups of infected mice correlated well with the levels of vascular leakage observed in

the lungs by Evans Blue test (Fig 4A). These results demonstrate that endothelial cell tropism

of H5N1 causes increased damage in the lungs.

Increased microvascular leakage facilitates systemic spread of H5N1

virus

Previous studies demonstrate that the multibasic cleavage site (MBS) in HA is essential for the

spread of HPAI virus infection to the extrapulmonary organs [40,41]. To determine if the sys-

temic spread of H5N1 virus occurs via the disruption of barrier integrity and/or infection of

endothelial cells, mice were intranasally infected with the H5N1 viruses and viral titers in dif-

ferent organs were measured on day 8 pi. In H5N1-126T infected mice, we could not detect

any virus replication outside of the respiratory tract, including the brain, kidney, and spleen,

despite the presence of the MBS in HA (Fig 5A). In contrast, virus replication was readily

detected in the extrapulmonary organs of H5N1-ScrbT infected mice (Fig 5A). Interestingly,

H5N1-142T infected mice displayed an intermediate phenotype for extrapulmonary viral

spread, as virus was detected in the kidney and spleen for a portion of infected mice (Fig 5A),

despite showing endothelial cell infection at levels similar to the H5N1-ScrbT group (Fig 4B).

These results demonstrate that the level of extrapulmonary spread of H5N1 virus is deter-

mined by the extent of vascular damage in the lungs. To demonstrate that the lack of

presented here is a representative of at least two independent experiments. (C) Histopathological analysis of murine lungs by hematoxylin and eosin staining.

C57BL/6J mice (n = 5) were intranasally infected with 25 PFU of the H5N1 viruses and on day 5 post-infection, the lungs were isolated and analyzed by H&E

staining. The areas of infection and inflammation are indicated and outlined in black. B-bronchiole, V-blood vessel.

https://doi.org/10.1371/journal.ppat.1006270.g004

Fig 5. Endothelial cell infection induced damage is necessary for extrapulmonary spread of H5N1 virus. (A) Viral titers in different organs. C57BL/6J

mice (n = 5) were intranasally infected with 25 PFU of the H5N1 viruses and on day 8 pi, different organs were harvested for viral titer determination. Each

data point represents an individual mouse (PFU/mL). (B) Viral replication in the brain upon intracerebellar injection. C57BL/6J mice (n = 3–5) were injected

with 100 PFU of the H5N1 viruses in the cerebellum and on day 3 pi whole brains were isolated for viral titer determination. Each data point represents the

viral titer of an individual mouse (PFU/mL; mean ± SEM). The limit of detection is 10 PFU/mL. Asterisk denotes statistical significance determined by one-

way ANOVA and the values are denoted as *p<0.05, **p<0.01, ***p<0.001 and ns–non significant. Data presented here is a representative of at least two

independent experiments.

https://doi.org/10.1371/journal.ppat.1006270.g005
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extrapulmonary spread for H5N1-126T was not due to an inability to replicate in other organs,

we performed direct intracerebellar injection in mice and assessed viral loads on day 3 pi. All 3

H5N1 viruses replicated to equally high titers in the brains of infected mice, indicating that

H5N1-126T was unable to spread to extrapulmonary organs, likely due to its restricted endothe-

lial cell tropism (Fig 5B). These results demonstrate that, in addition to the MBS in HA, increased

microvasular damage and leakage facilitates the extrapulmonary spread of H5N1 virus.

Endothelial cell tropism contributes to H5N1 pathogenesis in the ferret

model

Ferrets are considered an excellent model to study influenza virus pathogenesis, and respiratory

epithelial cells are the primary sites of influenza virus replication in ferrets [42,43]. To exclude

the possibility of any differences in replication, we evaluated the replication of miR-targeted

viruses and H5N1-WT in a ferret epithelial like cell line and observed similar levels of replication

for all four strains (S3 Fig). As miR-126 is highly conserved across multiple species, including

ferrets and chickens, we next evaluated the virulence of the generated H5N1 viruses in the ferret

model (S1 Table). Ferrets were intranasally infected with the H5N1 viruses and monitored for

weight loss and clinical signs of infection. H5N1-ScrbT infected ferrets began to lose weight on

day 3 pi, and by day 6 pi infected ferrets showed signs of severe disease, including weight loss

(>10%) and neurological complications, and were humanely euthanized (Fig 6A). In contrast,

ferrets infected with H5N1-126T did not display any weight loss and survived for the duration

of the experiment (12 days). Analysis of nasal washes for viral replication showed no statistically

significant differences in the viral loads of both groups on day 1 and 3 pi (Fig 6B). These studies

demonstrate that endothelial cell tropism is a determinant of H5N1 pathogenesis in ferrets.

Restriction of H5N1 replication in endothelial cells reduces viral spread

to the lower respiratory tract

Previous studies show that H5N1 viruses can spread to the lower respiratory tract of infected

ferrets [41,44]. Our analysis of the distribution of H5N1 in various regions of the respiratory

tract (day 4 pi) demonstrated a modest difference in viral loads in the nasal turbinates of

H5N1-ScrbT and H5N1-126T infected ferrets; however, viral replication in the trachea was

similar for both groups (Fig 6C). Interestingly, viral replication was observed in the lungs of

all 3 ferrets infected with H5N1-ScrbT, whereas virus was detected in the lungs of only 1 out of

3 H5N1-126T infected ferrets (Fig 6C). Similar to our observations in the mouse model,

H5N1-ScrbT showed higher levels of extrapulmonary replication (olfactory lobes and brain) as

compared to H5N1-126T infected ferrets (Fig 6C). Unfortunately, due to the limitations of the

ferret model, the small sample size did not provide enough statistical power to definitively

demonstrate significance[45]. Taken together, these results indicate that endothelial cell tro-

pism contributes to the enhanced virulence and systemic spread of H5N1 in ferrets.

Multibasic cleavage site in HA is critical for endothelial cell tropism

associated pathogenesis

Prior studies have demonstrated that the MBS in HA is critical for the extrapulmonary spread

of H5N1 viruses. The removal of the MBS in HA (low pathogenic) restricts H5N1 replication

to the respiratory tract [41,46]; however, if the MBS also contributes to endothelial cell tropism

mediated pathogenesis remains unknown. To address this, we generated low pathogenic

H5N1 miR-targeted viruses with an MBS deleted HA (HA low pathogenic—HALo), and eval-

uated replication in cell culture and virulence in mice. As anticipated, miR-targeted H5N1
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(HALo) viruses demonstrated cell type specific restriction of replication in human, mouse and

ferret cell lines (S3 Fig, S4B Fig). Next, we investigated the pathogenesis of the HALo viruses in

mice. C57BL/6J mice were intranasally infected with 100PFU of H5N1 (HALo) miR-targeted

viruses and monitored for body weight loss and survival (Fig 7A). Interestingly, H5N1-126T

(HALo) infected mice showed similar weight loss and survival as compared to the H5N1-

ScrbT (HALo) and H5N1-142T (HALo) groups. In addition, we observed similar levels of

virus replication in the lungs of infected mice for all three groups (Fig 7B). Importantly, these

studies with HALo viruses rule out the possibility of endothelial cell independent attenuation

of H5N1-126T viruses in mice. Taken together, these studies demonstrate that the MBS in HA

is required for endothelial cell tropism mediated pathogenesis of H5N1 viruses.

Discussion

HPAI H5N1 virus infection causes severe respiratory distress and can be fatal even in healthy

adults. A combination of viral and host factors have been shown to contribute to the rapid

Fig 6. Restriction of H5N1 replication in endothelial cells ameliorates disease symptoms in ferrets. Five-month old male finch ferrets that tested

seronegative for circulating influenza viruses were intranasally infected with a 3500 PFU dose (n = 6/group) of the H5N1 viruses, and monitored for

weight loss and clinical signs of infection. (A) Weight loss and survival of infected ferrets. On day 5 pi, H5N1-ScrbT infected ferrets showed severe

signs of neuronal infection and were humanely euthanized. (B) Viral loads in the nasal washes. Nasal washes were performed on day 1 and 3 pi and

viral titers were determined by plaque assay. (C) Viral replication at different sites in the respiratory tract and brain. On day 4 pi, three ferrets from each

group were euthanized and different organs were harvested for viral titer determination. Each data point represents the viral titer of an individual ferret.

The limit of detection is 10 PFU/mL. Asterisk denotes statistical significance determined by one-way ANOVA and the values are denoted as *P<0.05,

**P<0.01, ***P<0.001 and ns–non significant. Ferret experiment was performed once.

https://doi.org/10.1371/journal.ppat.1006270.g006
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progression of disease during H5N1 infection. Here, we investigated if the cell tropism of

H5N1 virus is a determinant of pathogenesis by utilizing endogenous miRNA mediated

restriction of viral tropism [27,28,29]. Our studies demonstrate that H5N1 virus infection of

endothelial cells contributes to the high virulence observed in mammalian species. Restriction

of H5N1 replication via endothelial cell specific miR-126 ameliorated disease symptoms, lim-

ited mortality, and prevented systemic viral spread as compared to a control virus in both

mouse and ferret models. In addition, prevention of H5N1 replication in endothelial cells low-

ered the levels of inflammatory cytokines in the lungs and limited excessive vascular leakage.

Fig 7. Restriction of low pathogenic H5N1 replication in endothelial cells does not alter disease

outcome in mice. (A) Body weight loss and survival of infected mice. C57BL/6J mice (n = 5) were intranasally

infected with 100 PFU of tropism restricted low pathogenic H5N1 viruses and monitored daily for body weight

and survival. Left—Body weight loss, shown as relative percentage of day 0 weight (mean ± SEM) and Right–

Survival. For better display, survival lines are offset by a few percentage points. (B) Viral titers in the lungs of

infected mice. C57BL/6J mice (n = 5–6) were infected with 100 PFU and viral loads in the lungs on days 3, 6,

and 8 pi were determined by plaque assay (PFU/mL). Each data point represents an individual mouse

(mean ± SEM). Asterisk denotes statistical significance determined by one-way ANOVA in comparison to the

H5N1-ScrbT group and the values are denoted as *p<0.05, **p<0.01, ***p<0.001 and ns–non significant.

Data presented here is a representative of two independent experiments.

https://doi.org/10.1371/journal.ppat.1006270.g007
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Taken together, our studies demonstrate the significance of endothelial cell tropism in the

pathogenesis of H5N1 virus in mammalian species.

Several prior studies have utilized genetic reassortments of pathogenic and non-pathogenic

strains to investigate the basis for the severe disease associated with H5N1 infections [47,48,

49]. However, such comparisons of pathogenic versus non-pathogenic viruses are often associ-

ated with several log differences in viral loads in the lungs. As such, the increased virulence of

H5N1 virus has been attributed to the higher levels of viral replication observed in these stud-

ies. We took a Complementary approach by utilizing isogenic HPAI H5N1 viruses differing in

only the incorporated miRNA target sites. Interestingly, endothelial cell or hematopoietic cell

restriction did not alter the peak viral loads in the lungs of mice, indicating a minimal contri-

bution by these cell types to new virion production. However, it should be noted that the

H5N1-126T infected mice showed lowered viral loads in the lungs on Day 2 pi. Prior studies

suggest that lowered early viral titers can result in decreased virulence [50]. Importantly, as

mice infected with tropism restricted H5N1 viruses display different disease outcomes, despite

showing similar peak viral loads in the lungs, these results demonstrate that viral loads are not

the sole determinant of H5N1 pathogenesis.

Avian influenza virus strains of the H5 and H7 subtypes can gain an MBS in the HA gene

while circulating in terrestrial poultry. An MBS is one of the main determinants of pathogene-

sis for H5 and H7 strains in several mammalian and avian models, as the MBS allows for the

processing of HA by ubiquitously expressed furin proteases and thus permits systemic viral

replication [40,41,46]. As such, removal of the MBS in HA reduces virulence and restricts viral

replication to the respiratory tract of infected mice and ferrets [41,46]. Our studies demon-

strate that H5N1 infection of endothelial cells, which results in increased damage and vascular

leakage in the lungs, is also a critical component of H5N1 pathogenesis, as H5N1-126T virus

replication was restricted to the lungs in mice, despite containing an HA segment with an

MBS. Moreover, in the ferret model, H5N1-126T virus was restricted to the upper respiratory

tract, and failed to efficiently spread to the lower respiratory tract or to the olfactory bulb and

brain. In both humans and ferrets, avian H5N1 viruses can replicate in the lower respiratory

tract due to the abundance of alpha 2’-3’ linked sialic acid receptors [51,52]. It is interesting to

note that H5N1-126T failed to replicate in the lungs of ferrets; this raises the possibility that

H5N1 viral spread to the lower respiratory tract can occur via endothelial cell infection. In cor-

roboration with this, the regions of infection and inflammation in the lungs of H5N1-126T

infected mice were smaller as compared to the H5N1-ScrbT and H5N1-142T groups (Fig 4C).

As the viral loads were similar in mouse lungs and ferret nasal washes of H5N1-126T and

H5N1-ScrbT infected animals, the lack of systemic viral spread in H5N1-126T virus infected

animals was not due to differences in viral replication. To further rule out the possibility of

endothelial cell independent attenuation of miR-126T viruses, we generated H5N1 (HALo)

miR-targeted viruses to restrict replication in airway epithelial cells and observed similar viru-

lence for H5N1-126T (HALo) and H5N1-ScrbT (HALo) viruses. Taken together, our studies

demonstrate that the MBS in HA is critical for endothelial cell infection induced vascular dam-

age and subsequent systemic spread of H5N1 virus.

Robust HPAI H5N1 infection has been observed in the reticulo-endothelial system of avian

models, and this endothelial tropism has been implicated in high virulence in avian hosts

[24,25,53]. Until recently, endothelial cells were considered non-significant for the pathogene-

sis of H5N1 virus in mammalian species, as there are limited reports on H5N1 infection in

endothelial cells of mammalian models [25,26]. Recent research has shed light on the role of

endothelial cells in influenza virus pathogenesis in mammalian species, as studies now demon-

strate that human endothelial cells are highly susceptible to H5N1 and H7N9 infection in vitro

and are a source of proinflammatory cytokines in the lungs [34,54,55]. Through the use of
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endogenous miRNA-mediated restriction of viral replication, we show that H5N1 infection of

endothelial cells is critical for elevated cytokine production in vivo. Importantly, our studies

provide a new mechanism for H5N1 pathogenesis in mammalian species, whereby H5N1

infection of endothelial cells elevates cytokine levels and compromises endothelial barrier

function in the lungs, ultimately resulting in increased vascular leakage and viral pneumonia.

Previous studies by us and others show that hematopoietic cells are susceptible to infection

by influenza viruses in vivo [56,57,58]. In addition, in vitro studies demonstrate that influenza

virus replication in hematopoietic cells is necessary for the activation of innate RNA sensors

and for efficient cytokine production [28]. Upon infection with an H5N1 virus with restricted

hematopoietic cell tropism (H5N1-142T), we observed lowered expression of inflammatory

cytokines in the lungs as compared to H5N1-ScrbT infected mice. We also observed decreased

microvascular leakage in the lungs of mice infected with H5N1-142T as compared to

H5N1-ScrbT. However, vascular leakage in the lungs of H5N1-142T infected mice was higher

in comparison to the H5N1-126T group, suggesting that both inflammatory cytokines and

direct H5N1 infection of endothelial cells contribute to disruption of endothelial barrier integ-

rity. These findings are in agreement with prior studies in which treatment with immunosup-

pressive drugs lowered cytokines levels yet did not affect mortality during H5N1 infection

[59,60]. In contrast, treatments that strengthen endothelial barrier function improved survival

of H5N1 infected mice [61]. Taken together, these studies suggest that immunosuppressive

treatment alone may not be sufficient to treat H5N1 infection; rather, combination therapies

that target viral components, suppress host immune responses, and strengthen endothelial

barrier integrity may reduce H5N1 disease burden.

In conclusion, our study demonstrates that endothelial cell tropism is a determinant of the

high virulence associated with HPAI H5N1 infection in mammalian hosts. By utilizing endog-

enous miRNA mediated restriction of viral tropism, we demonstrate that H5N1 infection of

endothelial cells results in increased cytokine production in the lungs and loss of endothelial

barrier function, which culminates in vascular leakage in the lungs. In addition, extrapulmon-

ary spread of H5N1 virus likely occurs via the hematogenous route by infection of endothelial

cells. Importantly, our studies strongly suggest that a combination therapy with drugs that

improve endothelial barrier function and suppress host immune responses will be necessary

for treating HPAI H5N1 virus infections. Apart from HPAI H5N1 virus, several other influ-

enza virus strains either with (H7N7) or without (1918, H7N9) an MBS in HA have been

shown to cause aggressive disease in mammalian hosts. Future studies are necessary to deter-

mine if the high virulence of other pathogenic influenza virus strains is due to endothelial cell

tropism.

Materials and methods

Biosafety practices

Studies with highly pathogenic H5N1 viruses were performed in a CDC/USDA accredited

ABSL3 laboratory by skilled researchers with more than 4 years of experience in the appropri-

ate animal models.

Ethics statement

All studies were performed in accordance with the principles described by the Animal Welfare

Act and the National Institutes of Health guidelines for the care and use of laboratory animals

in biomedical research. The protocols for performing mouse and ferret studies were reviewed

and approved by the Institutional Animal Care and Use Committee (IACUC) at the University

of Chicago and at the Icahn School of Medicine (ACUP 72279; IACUC-2013-1408).
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Mouse studies

Eight week old C57BL/6J female mice were purchased from Jackson Laboratory and housed in

an Animal Biosafetly Level 3 (ABSL-3) facility. Mice were anesthetized with ketamine/xylazine

and intranasally instilled with the indicated dose of virus diluted in 25μl PBS as previously

described [62]. Infected animals were monitored daily for body weight loss and survival for 14

days. Animals showing weight loss of>25% or neurological symptoms of infection were con-

sidered to have reached the experimental end point and were humanely euthanized.

Ferret studies

Five-month old male finch ferrets that tested seronegative for circulating influenza viruses

were purchased from Triple F Farms and housed in a ABSL3 facility. Ferrets were anesthetized

with ketamine HCl (30mg/Kg) and xylazine (2mg/Kg), and then intranasally infected with

3500 PFU of H5N1 virus diluted in PBS. Ferrets were monitored daily for body weight loss.

The humane endpoints for euthanasia included >15% body weight loss or neurological

complications.

Cell lines

Human lung epithelial adenocarcinoma cells (A549, ATCC), human embryonic kidney cells

(293T, ATCC), mouse lung epithelial cells (LA-4, ATCC) and mouse endothelial cells (MS1,

ATCC) were maintained in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS,

Denville Scientific) and penicillin/streptomycin (Pen/Strep, 100 units/mL, Corning). Human

lung microvascular endothelial cells (HMVEC, Lonza) were maintained in EGMTM -2 media

according to the supplier’s instructions (Lonza). Madin-Darby Canine Kidney (MDCK,

ATCC) cells were maintained in Minimum Essential Medium (MEM; Lonza) supplemented

with 10% FBS and Pen/Strep (100 units/mL). THP-1 cells (ATCC) were maintained in RPMI

media (Gibco) supplemented with 10% FBS and Pen/Strep (100 units/mL). Bone marrow

derived dendritic cells (BMDC) were prepared from the tibia and femur of C57BL/6J mice.

Generation of cell tropism restricted H5N1 viruses

Recombinant HPAI H5N1 viruses based on a human isolate (A/Vietnam/1203/2004 strain)

were generated using the reverse genetics system [63,64,65]. The NP segments carrying

miRNA target sites were generated as previously described [28]. Briefly, four copies of the

miRNA target site (Complementary to the mature miRNA sequence) were incorporated into

the 3’UTR of the NP gene immediately after the stop codon followed by duplication of the

~200nt NP segment packaging sequence. The Complementary sequences of miR-126-3p

(126T; CGCATTATTACTCACGGTACGA), miR-142-3p (142T; TCCATAAAGTAGGAA

ACACTACA), and scrambled target sequence (ScrbT; GAGAATCTAAACGACTCAATACA)

were incorporated into the NP segment. Recombinant H5N1-126T, H5N1-142T, H5N1-DblT

and H5N1-ScrbT viruses were rescued as previously described [66]. Briefly, 0.5 μg of each of

the eight pDZ plasmids representing the eight segments of the H5N1 genome were transfected

into HEK-293T cells using Lipofectamine 2000 (Invitrogen), and was followed by co-culture

with MDCK cells. After 48h post-transfection, ~200μl of the supernatants were transferred

onto fresh MDCK cells seeded in 6 well plates and monitored for cytopathic effects. Recom-

binant viruses were plaque purified, propagated in MDCK cells, and the viral stocks were

sequenced (Sanger sequencing) and confirmed to be free of unwanted mutations. Low patho-

genic H5N1 (A/Vietnam/1203/2004) miR-targeted viruses were generated using an HA gene

without the polybasic cleavage site [63].
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Western blot analysis

HEK-293T cells were co-transfected with a vector expressing a specific miRNA and a pDZ vec-

tor expressing an NP with miRNA target sites at a ratio of 8:1 using Lipofectamine 2000

reagent (Invitrogen). At 48h post-transfection, the cells were lysed with 1% NP40 lysis buffer

and western blot analysis was performed using an NP specific monoclonal antibody (BEI

Resources, #4554). The levels of Ku80 antigen were included as loading controls (Sigma).

Infection assays in cell culture

A549 (4x105/well), HMVEC (1x105/well), THP-1 (4x105/well), LA-4 (4x105/well), J774 (4x105/

well) and MS1 (4x105/well) cells were seeded in 12-well plates a day prior to infection. Cells

were infected at the indicated MOI calculated based on cell numbers determined prior to

infection. Infections were carried out in DMEM/0.2% BSA media for the indicated times and

viral titers in the supernatants were determined by plaque assay on MDCK cells. BMDCs

(1x106/well) were seeded in 12-well plates, infected at an MOI = 1, and at 24hpi, the levels of

infection were determined by flow cytometry using an anti-H5 monoclonal antibody (BEI

Resources). Low pathogenic virus replication assays were performed in the presence of 1μg/ml

of TPCK-treated trypsin (Sigma).

Plaque assay

Viral titers in the cell culture supernatants, tissue homogenates, and nasal washes were deter-

mined by plaque assay on MDCK cells. Tissues from infected mice were harvested at the

indicated dpi and homogenized in 1mL of PBS/0.2% BSA (MP Biomedicals) and clarified of

debris by centrifugation. Serially diluted supernatants were added to confluent monolayers

of MDCK cells seeded in 12-well plates and overlayed with MEM media (1x MEM with 0.2%

BSA, Avicel (FMC Biopolymers), 0.1% NaHCO3 (Sigma), 0.01% DEAE-dextran (MP Biome-

dicals)). After a 48h incubation at 37˚C, the cells were fixed with 4% formaldehyde for 1h

and plaques were visualized by staining with 0.1% crystal violet solution. Plaque assays for

low pathogenic viruses were performed in the presence of 1μg/ml of TPCK-treated trypsin

(Sigma).

Flow cytometric analysis of H5N1 infection in endothelial cells

Single cell suspensions of mouse lungs were prepared as described previously [58]. Briefly,

lungs from naïve or infected mice were harvested, chopped into fine pieces with scissors and

digested in HBSS buffer (Lonza) supplemented with 10% FBS and 0.4mg/ml collagenase

(Sigma) at 37˚C for 45 min. To achieve single cell suspensions, lung homogenates were passed

through a 19G blunt needle and filtered through a 70μm cell strainer. Cell pellets were washed

with FACS buffer (PBS, 1% FBS, 2mM EDTA) and subjected to RBC lysis (Biowhitaker) fol-

lowed by two washes with FACS buffer. Single cell preparations were incubated in FACS buffer

containing a mixture of 10μg/mL Fc receptor block, anti-CD45 (2μg/mL, clone 30-F11; Biole-

gend), anti-CD31 (2μg/mL; clone MEC 13.3; Biolegend), and biotinylated anti-H5 monoclonal

antibody (1C10 clone, BEI resources), and followed by staining with Streptavidin-BV605 (Bio-

legend). Live/dead cells were separated using a Live/Dead fixable near IR staining kit (Life

Technologies). After staining, samples were fixed with 0.1% formaldehyde in PBS and analyzed

using a BD ARIA II housed inside a biosafety cabinet. Data analysis was performed using

FlowJo software (Treestar Corp). Infected endothelial cells were identified using cells surface

markers (CD45-, CD31+ and viral HA+).
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Quantitative RT-PCR analysis

Total RNA from the lungs of naïve or infected mice were prepared by homogenizing the entire

lung in 1mL Trizol (Life technologies) and followed by extraction using the manufacturer’s

recommendations. cDNA was generated by SuperScript II using oligo dT primers (Invitro-

gen). Real-time PCR was performed on an ABI7300 real time PCR system using SYBR Green

(ABI Biosystems). Delta delta cycle thresholds were calculated using tubulin as the endogenous

housekeeping gene and data is presented as fold change in expression over naïve mice. Primers

used for qPCR analysis have been previously described [62].

Evans Blue assay

C57BL/6J mice were infected with 25PFU of H5N1 virus. On day 7 pi mice were anesthetized

with ketamine/xylazine and injected with Evans Blue dye (30mg/kg; Sigma) via retro-orbital

route. After 1h, mice were euthanized and bronchioalveolar fluid (BALF) was collected using

1mL of PBS. The levels of Evans Blue dye were determined using a previously established pro-

tocol [39]. Briefly, BALF was mixed with formamide at a 1:4 ratio, mixed well by vortexing,

and incubated for 18 h at 60˚C. At the end of the incubation, the mixture was centrifuged at

3000 rpm for 30 min. Evans Blue dye levels in the supernatant were quantified by measuring

the absorbance at 620 nm and 740 nm using a BioMate3 Spectrophotometer (Thermo) and the

concentrations were determined with a standard curve.

Histology

Mouse lungs were injected with 1mL of 4% formaldehyde through the trachea and tied-off

with suture thread, and kept in formaldehyde for 2 days. Subsequently the lungs were embed-

ded in paraffin, sectioned into 5μM slices and stained with hematoxylin and eosin. Slides were

blinded and analyzed by a veterinary pathologist under a microscope.

Statistical analysis

Data were analyzed using Prism GraphPad software and statistical significance was deter-

mined by one-way ANOVA. Asterisks �, ��, and ��� denote a significance with p-Values

<0.05, 0.01, and 0.001 respectively.

Supporting information

S1 Table. Conservation of miR-126-3p and miR-142-3p among different species.

(PDF)

S1 Fig. Analysis of replication kinetics of H5N1 miRNA targeted viruses. Human and

mouse cell lines were infected at the indicated MOI and at various times post-infection the

supernatants were collected and titers were determined by plaque assay on MDCK cells. The

titers are shown as PFU/mL (mean ± SEM). The limit of detection is 10 PFU/mL. The cell

lines were infected at MOIs: A549 (0.001), THP-1 (0.01), HMVEC (0.01), LA-4 (1), J774

(0.01), and MS1 (1).

(TIF)

S2 Fig. Comparison of virulence of wildtype H5N1 virus to H5N1-ScrbT in mice. C57BL/6J

mice (n = 5) were intranasally infected at a dose of 25 PFU and monitored daily for weight loss

and survival. Left—Body weight loss, shown as relative percentage of day 0 weight (mean ±
SEM) and Right–Survival.

(TIF)
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S3 Fig. Analysis of replication kinetics of H5N1 miRNA targeted viruses in ferret lung epi-

thelial cells. Ferret cells were infected at an MOI = 0.001 and at various times post-infection

supernatants were collected, and titers were determined by plaque assay on MDCK cells. Left–

H5N1 viruses with an HA containing the multibasic cleavage site (High Path). Right–H5N1

viruses with an HA lacking the multibasic cleavage site (Low Path).

(TIF)

S4 Fig. Analysis of replication kinetics of low pathogenic H5N1 miRNA-targeted viruses.

Human and mouse cell lines were infected at the indicated MOI and at various times post-

infection supernatants were collected for viral titer determination. The titers are shown as

PFU/mL (mean ± SEM). The limit of detection is 10 PFU/mL. The cell lines were infected at

MOIs: A549 (0.001), THP-1 (0.01), HMVEC (0.01), LA-4 (1), J774 (0.01), and MS1 (1).

(TIF)

Acknowledgments

We are grateful to Drs. Adolfo Garcia-Sastre and Benjamin tenOever at the Icahn School of

Medicine for providing numerous reagents used in this study. We would like to also thank the

Institutional Biosafety office, Animal Resource Center staff and Howard Taylor Ricketts Labo-

ratory support staff and engineers at the University of Chicago for their excellent support.

Author Contributions

Conceptualization: JTP BM.

Data curation: TN.

Funding acquisition: BM.

Investigation: ST MK JTP NM RAA BM.

Resources: JS.

Supervision: BM.

Writing – original draft: JTP RAA BM.

Writing – review & editing: JTP BM.

References
1. WHO (2014) http://wwwwhoint/mediacentre/factsheets/fs211/en/.

2. Taubenberger JK, Kash JC (2010) Influenza virus evolution, host adaptation, and pandemic formation.

Cell host & microbe 7: 440–451.

3. Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y (1992) Evolution and ecology of influ-

enza A viruses. Microbiol Rev 56: 152–179. PMID: 1579108

4. Neumann G, Kawaoka Y (2011) The first influenza pandemic of the new millennium. Influenza and

Other Respiratory Viruses 5: 157–166. https://doi.org/10.1111/j.1750-2659.2011.00231.x PMID:

21477134

5. Scholtissek C (1994) Source for influenza pandemics. Eur J Epidemiol 10: 455–458. PMID: 7843354

6. Horimoto T, Kawaoka Y (2001) Pandemic threat posed by avian influenza A viruses. Clinical microbiol-

ogy reviews 14: 129–149. https://doi.org/10.1128/CMR.14.1.129-149.2001 PMID: 11148006

7. Horimoto T, Kawaoka Y (2005) Influenza: lessons from past pandemics, warnings from current inci-

dents. Nat Rev Microbiol 3: 591–600. https://doi.org/10.1038/nrmicro1208 PMID: 16064053

Endothelial cell tropism and H5N1 pathogenesis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006270 March 10, 2017 18 / 21

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006270.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006270.s005
http://wwwwhoint/mediacentre/factsheets/fs211/en/
http://www.ncbi.nlm.nih.gov/pubmed/1579108
https://doi.org/10.1111/j.1750-2659.2011.00231.x
http://www.ncbi.nlm.nih.gov/pubmed/21477134
http://www.ncbi.nlm.nih.gov/pubmed/7843354
https://doi.org/10.1128/CMR.14.1.129-149.2001
http://www.ncbi.nlm.nih.gov/pubmed/11148006
https://doi.org/10.1038/nrmicro1208
http://www.ncbi.nlm.nih.gov/pubmed/16064053
https://doi.org/10.1371/journal.ppat.1006270


8. Herfst S, Schrauwen EJ, Linster M, Chutinimitkul S, de Wit E, et al. (2012) Airborne transmission of

influenza A/H5N1 virus between ferrets. Science 336: 1534–1541. https://doi.org/10.1126/science.

1213362 PMID: 22723413

9. Imai M, Watanabe T, Hatta M, Das SC, Ozawa M, et al. (2012) Experimental adaptation of an influenza

H5 HA confers respiratory droplet transmission to a reassortant H5 HA/H1N1 virus in ferrets. Nature

486: 420–428. https://doi.org/10.1038/nature10831 PMID: 22722205

10. Taubenberger JK, Morens DM (2006) 1918 Influenza: the mother of all pandemics. Emerg Infect Dis

12: 15–22. https://doi.org/10.3201/eid1201.050979 PMID: 16494711

11. Zhang Z, Zhang J, Huang K, Li KS, Yuen KY, et al. (2009) Systemic infection of avian influenza A virus

H5N1 subtype in humans. Human pathology 40: 735–739. https://doi.org/10.1016/j.humpath.2008.08.

015 PMID: 19121843

12. Beigel JH, Farrar J, Han AM, Hayden FG, Hyer R, et al. (2005) Avian influenza A (H5N1) infection in

humans. N Engl J Med 353: 1374–1385. https://doi.org/10.1056/NEJMra052211 PMID: 16192482

13. de Jong MD, Simmons CP, Thanh TT, Hien VM, Smith GJ, et al. (2006) Fatal outcome of human influ-

enza A (H5N1) is associated with high viral load and hypercytokinemia. Nature medicine 12: 1203–

1207. https://doi.org/10.1038/nm1477 PMID: 16964257

14. Gu J, Xie Z, Gao Z, Liu J, Korteweg C, et al. (2007) H5N1 infection of the respiratory tract and beyond: a

molecular pathology study. Lancet 370: 1137–1145. https://doi.org/10.1016/S0140-6736(07)61515-3

PMID: 17905166

15. Korteweg C, Gu J (2008) Pathology, molecular biology, and pathogenesis of avian influenza A (H5N1)

infection in humans. The American journal of pathology 172: 1155–1170. https://doi.org/10.2353/

ajpath.2008.070791 PMID: 18403604

16. Peiris JS, Cheung CY, Leung CY, Nicholls JM (2009) Innate immune responses to influenza A H5N1:

friend or foe? Trends in immunology 30: 574–584. https://doi.org/10.1016/j.it.2009.09.004 PMID:

19864182

17. Perrone LA, Plowden JK, Garcia-Sastre A, Katz JM, Tumpey TM (2008) H5N1 and 1918 pandemic

influenza virus infection results in early and excessive infiltration of macrophages and neutrophils in the

lungs of mice. PLoS Pathog 4: e1000115. https://doi.org/10.1371/journal.ppat.1000115 PMID:

18670648

18. Baskin CR, Bielefeldt-Ohmann H, Tumpey TM, Sabourin PJ, Long JP, et al. (2009) Early and sustained

innate immune response defines pathology and death in nonhuman primates infected by highly patho-

genic influenza virus. Proceedings of the National Academy of Sciences of the United States of America

106: 3455–3460. https://doi.org/10.1073/pnas.0813234106 PMID: 19218453

19. Cilloniz C, Shinya K, Peng X, Korth MJ, Proll SC, et al. (2009) Lethal influenza virus infection in

macaques is associated with early dysregulation of inflammatory related genes. PLoS pathogens 5:

e1000604. https://doi.org/10.1371/journal.ppat.1000604 PMID: 19798428

20. Teijaro JR, Walsh KB, Cahalan S, Fremgen DM, Roberts E, et al. (2011) Endothelial cells are central

orchestrators of cytokine amplification during influenza virus infection. Cell 146: 980–991. https://doi.

org/10.1016/j.cell.2011.08.015 PMID: 21925319

21. Lin KL, Suzuki Y, Nakano H, Ramsburg E, Gunn MD (2008) CCR2+ monocyte-derived dendritic cells

and exudate macrophages produce influenza-induced pulmonary immune pathology and mortality.

Journal of immunology 180: 2562–2572.

22. Armstrong SM, Darwish I, Lee WL (2013) Endothelial activation and dysfunction in the pathogenesis of

influenza A virus infection. Virulence 4: 537–542. https://doi.org/10.4161/viru.25779 PMID: 23863601

23. Short KR, Kroeze EJ, Fouchier RA, Kuiken T (2014) Pathogenesis of influenza-induced acute respira-

tory distress syndrome. The Lancet Infectious diseases 14: 57–69. https://doi.org/10.1016/S1473-

3099(13)70286-X PMID: 24239327

24. Swayne DE, Pantin-Jackwood M (2006) Pathogenicity of avian influenza viruses in poultry. Develop-

ments in biologicals 124: 61–67. PMID: 16447495

25. Short KR, Veldhuis Kroeze EJ, Reperant LA, Richard M, Kuiken T (2014) Influenza virus and endothe-

lial cells: a species specific relationship. Frontiers in microbiology 5: 653. https://doi.org/10.3389/fmicb.

2014.00653 PMID: 25520707

26. Reperant LA, van de Bildt MW, van Amerongen G, Leijten LM, Watson S, et al. (2012) Marked endothe-

liotropism of highly pathogenic avian influenza virus H5N1 following intestinal inoculation in cats. Jour-

nal of virology 86: 1158–1165. https://doi.org/10.1128/JVI.06375-11 PMID: 22090101

27. Perez JT, Pham AM, Lorini MH, Chua MA, Steel J, et al. (2009) MicroRNA-mediated species-specific

attenuation of influenza A virus. Nature biotechnology 27: 572–576. https://doi.org/10.1038/nbt.1542

PMID: 19483680

Endothelial cell tropism and H5N1 pathogenesis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006270 March 10, 2017 19 / 21

https://doi.org/10.1126/science.1213362
https://doi.org/10.1126/science.1213362
http://www.ncbi.nlm.nih.gov/pubmed/22723413
https://doi.org/10.1038/nature10831
http://www.ncbi.nlm.nih.gov/pubmed/22722205
https://doi.org/10.3201/eid1201.050979
http://www.ncbi.nlm.nih.gov/pubmed/16494711
https://doi.org/10.1016/j.humpath.2008.08.015
https://doi.org/10.1016/j.humpath.2008.08.015
http://www.ncbi.nlm.nih.gov/pubmed/19121843
https://doi.org/10.1056/NEJMra052211
http://www.ncbi.nlm.nih.gov/pubmed/16192482
https://doi.org/10.1038/nm1477
http://www.ncbi.nlm.nih.gov/pubmed/16964257
https://doi.org/10.1016/S0140-6736(07)61515-3
http://www.ncbi.nlm.nih.gov/pubmed/17905166
https://doi.org/10.2353/ajpath.2008.070791
https://doi.org/10.2353/ajpath.2008.070791
http://www.ncbi.nlm.nih.gov/pubmed/18403604
https://doi.org/10.1016/j.it.2009.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19864182
https://doi.org/10.1371/journal.ppat.1000115
http://www.ncbi.nlm.nih.gov/pubmed/18670648
https://doi.org/10.1073/pnas.0813234106
http://www.ncbi.nlm.nih.gov/pubmed/19218453
https://doi.org/10.1371/journal.ppat.1000604
http://www.ncbi.nlm.nih.gov/pubmed/19798428
https://doi.org/10.1016/j.cell.2011.08.015
https://doi.org/10.1016/j.cell.2011.08.015
http://www.ncbi.nlm.nih.gov/pubmed/21925319
https://doi.org/10.4161/viru.25779
http://www.ncbi.nlm.nih.gov/pubmed/23863601
https://doi.org/10.1016/S1473-3099(13)70286-X
https://doi.org/10.1016/S1473-3099(13)70286-X
http://www.ncbi.nlm.nih.gov/pubmed/24239327
http://www.ncbi.nlm.nih.gov/pubmed/16447495
https://doi.org/10.3389/fmicb.2014.00653
https://doi.org/10.3389/fmicb.2014.00653
http://www.ncbi.nlm.nih.gov/pubmed/25520707
https://doi.org/10.1128/JVI.06375-11
http://www.ncbi.nlm.nih.gov/pubmed/22090101
https://doi.org/10.1038/nbt.1542
http://www.ncbi.nlm.nih.gov/pubmed/19483680
https://doi.org/10.1371/journal.ppat.1006270


28. Langlois RA, Varble A, Chua MA, Garcia-Sastre A, tenOever BR (2012) Hematopoietic-specific target-

ing of influenza A virus reveals replication requirements for induction of antiviral immune responses.

Proceedings of the National Academy of Sciences of the United States of America 109: 12117–12122.

https://doi.org/10.1073/pnas.1206039109 PMID: 22778433

29. Langlois RA, Albrecht RA, Kimble B, Sutton T, Shapiro JS, et al. (2013) MicroRNA-based strategy to

mitigate the risk of gain-of-function influenza studies. Nature biotechnology 31: 844–847. https://doi.

org/10.1038/nbt.2666 PMID: 23934176

30. McCall MN, Kent OA, Yu J, Fox-Talbot K, Zaiman AL, et al. (2011) MicroRNA profiling of diverse endo-

thelial cell types. BMC medical genomics 4: 78. https://doi.org/10.1186/1755-8794-4-78 PMID:

22047531

31. Ramkissoon SH, Mainwaring LA, Ogasawara Y, Keyvanfar K, McCoy JP Jr., et al. (2006) Hematopoi-

etic-specific microRNA expression in human cells. Leukemia research 30: 643–647. https://doi.org/10.

1016/j.leukres.2005.09.001 PMID: 16226311

32. Makeyev EV, Zhang J, Carrasco MA, Maniatis T (2007) The MicroRNA miR-124 promotes neuronal dif-

ferentiation by triggering brain-specific alternative pre-mRNA splicing. Molecular cell 27: 435–448.

https://doi.org/10.1016/j.molcel.2007.07.015 PMID: 17679093

33. Chan MC, Cheung CY, Chui WH, Tsao SW, Nicholls JM, et al. (2005) Proinflammatory cytokine

responses induced by influenza A (H5N1) viruses in primary human alveolar and bronchial epithelial

cells. Respir Res 6: 135. https://doi.org/10.1186/1465-9921-6-135 PMID: 16283933

34. Viemann D, Schmolke M, Lueken A, Boergeling Y, Friesenhagen J, et al. (2011) H5N1 virus activates

signaling pathways in human endothelial cells resulting in a specific imbalanced inflammatory response.

Journal of immunology 186: 164–173.

35. Sugiyama MG, Armstrong SM, Wang C, Hwang D, Leong-Poi H, et al. (2015) The Tie2-agonist Vascu-

lotide rescues mice from influenza virus infection. Scientific reports 5: 11030. https://doi.org/10.1038/

srep11030 PMID: 26046800

36. Wang S, Le TQ, Kurihara N, Chida J, Cisse Y, et al. (2010) Influenza virus-cytokine-protease cycle in

the pathogenesis of vascular hyperpermeability in severe influenza. The Journal of infectious diseases

202: 991–1001. https://doi.org/10.1086/656044 PMID: 20731583

37. Armstrong SM, Wang C, Tigdi J, Si X, Dumpit C, et al. (2012) Influenza infects lung microvascular endo-

thelium leading to microvascular leak: role of apoptosis and claudin-5. PloS one 7: e47323.

38. Reynolds AM, Holmes MD, Scicchitano R (2002) Interleukin-1beta and tumour necrosis factor-alpha

increase microvascular leakage in the guinea pig trachea. Respirology 7: 23–28. PMID: 11896897

39. Birukova AA, Fu P, Xing J, Cokic I, Birukov KG (2010) Lung endothelial barrier protection by iloprost in

the 2-hit models of ventilator-induced lung injury (VILI) involves inhibition of Rho signaling. Translational

research: the journal of laboratory and clinical medicine 155: 44–54.

40. Bottcher-Friebertshauser E, Garten W, Matrosovich M, Klenk HD (2014) The hemagglutinin: a determi-

nant of pathogenicity. Current topics in microbiology and immunology 385: 3–34. https://doi.org/10.

1007/82_2014_384 PMID: 25031010

41. Suguitan AL Jr., Matsuoka Y, Lau YF, Santos CP, Vogel L, et al. (2012) The multibasic cleavage site of

the hemagglutinin of highly pathogenic A/Vietnam/1203/2004 (H5N1) avian influenza virus acts as a vir-

ulence factor in a host-specific manner in mammals. Journal of virology 86: 2706–2714. https://doi.org/

10.1128/JVI.05546-11 PMID: 22205751

42. Belser JA, Szretter KJ, Katz JM, Tumpey TM (2009) Use of animal models to understand the pandemic

potential of highly pathogenic avian influenza viruses. Advances in virus research 73: 55–97. https://

doi.org/10.1016/S0065-3527(09)73002-7 PMID: 19695381

43. Margine I, Krammer F (2014) Animal models for influenza viruses: implications for universal vaccine

development. Pathogens 3: 845–874. https://doi.org/10.3390/pathogens3040845 PMID: 25436508

44. Zitzow LA, Rowe T, Morken T, Shieh WJ, Zaki S, et al. (2002) Pathogenesis of avian influenza A

(H5N1) viruses in ferrets. Journal of virology 76: 4420–4429. https://doi.org/10.1128/JVI.76.9.4420-

4429.2002 PMID: 11932409

45. Oh DY, Hurt AC (2016) Using the Ferret as an Animal Model for Investigating Influenza Antiviral Effec-

tiveness. Frontiers in microbiology 7: 80. https://doi.org/10.3389/fmicb.2016.00080 PMID: 26870031

46. Schrauwen EJ, Herfst S, Leijten LM, van Run P, Bestebroer TM, et al. (2012) The multibasic cleavage

site in H5N1 virus is critical for systemic spread along the olfactory and hematogenous routes in ferrets.

Journal of virology 86: 3975–3984. https://doi.org/10.1128/JVI.06828-11 PMID: 22278228

47. Maines TR, Chen LM, Matsuoka Y, Chen H, Rowe T, et al. (2006) Lack of transmission of H5N1 avian-

human reassortant influenza viruses in a ferret model. Proceedings of the National Academy of Sci-

ences of the United States of America 103: 12121–12126. https://doi.org/10.1073/pnas.0605134103

PMID: 16880383

Endothelial cell tropism and H5N1 pathogenesis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006270 March 10, 2017 20 / 21

https://doi.org/10.1073/pnas.1206039109
http://www.ncbi.nlm.nih.gov/pubmed/22778433
https://doi.org/10.1038/nbt.2666
https://doi.org/10.1038/nbt.2666
http://www.ncbi.nlm.nih.gov/pubmed/23934176
https://doi.org/10.1186/1755-8794-4-78
http://www.ncbi.nlm.nih.gov/pubmed/22047531
https://doi.org/10.1016/j.leukres.2005.09.001
https://doi.org/10.1016/j.leukres.2005.09.001
http://www.ncbi.nlm.nih.gov/pubmed/16226311
https://doi.org/10.1016/j.molcel.2007.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17679093
https://doi.org/10.1186/1465-9921-6-135
http://www.ncbi.nlm.nih.gov/pubmed/16283933
https://doi.org/10.1038/srep11030
https://doi.org/10.1038/srep11030
http://www.ncbi.nlm.nih.gov/pubmed/26046800
https://doi.org/10.1086/656044
http://www.ncbi.nlm.nih.gov/pubmed/20731583
http://www.ncbi.nlm.nih.gov/pubmed/11896897
https://doi.org/10.1007/82_2014_384
https://doi.org/10.1007/82_2014_384
http://www.ncbi.nlm.nih.gov/pubmed/25031010
https://doi.org/10.1128/JVI.05546-11
https://doi.org/10.1128/JVI.05546-11
http://www.ncbi.nlm.nih.gov/pubmed/22205751
https://doi.org/10.1016/S0065-3527(09)73002-7
https://doi.org/10.1016/S0065-3527(09)73002-7
http://www.ncbi.nlm.nih.gov/pubmed/19695381
https://doi.org/10.3390/pathogens3040845
http://www.ncbi.nlm.nih.gov/pubmed/25436508
https://doi.org/10.1128/JVI.76.9.4420-4429.2002
https://doi.org/10.1128/JVI.76.9.4420-4429.2002
http://www.ncbi.nlm.nih.gov/pubmed/11932409
https://doi.org/10.3389/fmicb.2016.00080
http://www.ncbi.nlm.nih.gov/pubmed/26870031
https://doi.org/10.1128/JVI.06828-11
http://www.ncbi.nlm.nih.gov/pubmed/22278228
https://doi.org/10.1073/pnas.0605134103
http://www.ncbi.nlm.nih.gov/pubmed/16880383
https://doi.org/10.1371/journal.ppat.1006270


48. Chen LM, Davis CT, Zhou H, Cox NJ, Donis RO (2008) Genetic compatibility and virulence of reassor-

tants derived from contemporary avian H5N1 and human H3N2 influenza A viruses. PLoS pathogens

4: e1000072. https://doi.org/10.1371/journal.ppat.1000072 PMID: 18497857

49. Hatta M, Gao P, Halfmann P, Kawaoka Y (2001) Molecular basis for high virulence of Hong Kong H5N1

influenza A viruses. Science 293: 1840–1842. https://doi.org/10.1126/science.1062882 PMID:

11546875

50. Hatta Y, Hershberger K, Shinya K, Proll SC, Dubielzig RR, et al. (2010) Viral replication rate regulates

clinical outcome and CD8 T cell responses during highly pathogenic H5N1 influenza virus infection in

mice. PLoS pathogens 6: e1001139. https://doi.org/10.1371/journal.ppat.1001139 PMID: 20949022

51. Shinya K, Ebina M, Yamada S, Ono M, Kasai N, et al. (2006) Avian flu: influenza virus receptors in the

human airway. Nature 440: 435–436. https://doi.org/10.1038/440435a PMID: 16554799

52. van Riel D, Munster VJ, de Wit E, Rimmelzwaan GF, Fouchier RA, et al. (2007) Human and avian influ-

enza viruses target different cells in the lower respiratory tract of humans and other mammals. The

American journal of pathology 171: 1215–1223. https://doi.org/10.2353/ajpath.2007.070248 PMID:

17717141

53. Klenk HD (2005) Infection of the endothelium by influenza viruses. Thrombosis and haemostasis 94:

262–265. https://doi.org/10.1160/TH05-04-0264 PMID: 16113814

54. Zeng H, Pappas C, Belser JA, Houser KV, Zhong W, et al. (2012) Human pulmonary microvascular

endothelial cells support productive replication of highly pathogenic avian influenza viruses: possible

involvement in the pathogenesis of human H5N1 virus infection. Journal of virology 86: 667–678.

https://doi.org/10.1128/JVI.06348-11 PMID: 22072765

55. Ocana-Macchi M, Bel M, Guzylack-Piriou L, Ruggli N, Liniger M, et al. (2009) Hemagglutinin-dependent

tropism of H5N1 avian influenza virus for human endothelial cells. Journal of virology 83: 12947–

12955. https://doi.org/10.1128/JVI.00468-09 PMID: 19812146

56. Helft J, Manicassamy B, Guermonprez P, Hashimoto D, Silvin A, et al. (2012) Cross-presenting CD103

+ dendritic cells are protected from influenza virus infection. The Journal of clinical investigation 122:

4037–4047. https://doi.org/10.1172/JCI60659 PMID: 23041628

57. Hufford MM, Richardson G, Zhou H, Manicassamy B, Garcia-Sastre A, et al. (2012) Influenza-infected

neutrophils within the infected lungs act as antigen presenting cells for anti-viral CD8(+) T cells. PloS

one 7: e46581. https://doi.org/10.1371/journal.pone.0046581 PMID: 23056353

58. Manicassamy B, Manicassamy S, Belicha-Villanueva A, Pisanelli G, Pulendran B, et al. (2010) Analysis

of in vivo dynamics of influenza virus infection in mice using a GFP reporter virus. Proceedings of the

National Academy of Sciences of the United States of America 107: 11531–11536. https://doi.org/10.

1073/pnas.0914994107 PMID: 20534532

59. Salomon R, Hoffmann E, Webster RG (2007) Inhibition of the cytokine response does not protect

against lethal H5N1 influenza infection. Proceedings of the National Academy of Sciences of the United

States of America 104: 12479–12481. https://doi.org/10.1073/pnas.0705289104 PMID: 17640882

60. Xu T, Qiao J, Zhao L, He G, Li K, et al. (2009) Effect of dexamethasone on acute respiratory distress

syndrome induced by the H5N1 virus in mice. The European respiratory journal 33: 852–860. https://

doi.org/10.1183/09031936.00130507 PMID: 19129272

61. London NR, Zhu W, Bozza FA, Smith MC, Greif DM, et al. (2010) Targeting Robo4-dependent Slit sig-

naling to survive the cytokine storm in sepsis and influenza. Science Translational Medicine 2: 23ra19.

https://doi.org/10.1126/scitranslmed.3000678 PMID: 20375003

62. Schmolke M, Manicassamy B, Pena L, Sutton T, Hai R, et al. (2011) Differential contribution of PB1-F2

to the virulence of highly pathogenic H5N1 influenza A virus in mammalian and avian species. PLoS

pathogens 7: e1002186. https://doi.org/10.1371/journal.ppat.1002186 PMID: 21852950

63. Steel J, Lowen AC, Pena L, Angel M, Solorzano A, et al. (2009) Live attenuated influenza viruses con-

taining NS1 truncations as vaccine candidates against H5N1 highly pathogenic avian influenza. J Virol

83: 1742–1753. https://doi.org/10.1128/JVI.01920-08 PMID: 19073731

64. Fodor E, Devenish L, Engelhardt OG, Palese P, Brownlee GG, et al. (1999) Rescue of influenza A virus

from recombinant DNA. J Virol 73: 9679–9682. PMID: 10516084

65. Neumann G, Watanabe T, Ito H, Watanabe S, Goto H, et al. (1999) Generation of influenza A viruses

entirely from cloned cDNAs. Proc Natl Acad Sci U S A 96: 9345–9350. PMID: 10430945

66. Perez JT, Garcia-Sastre A, Manicassamy B (2013) Insertion of a GFP reporter gene in influenza virus.

Current protocols in microbiology Chapter 15: Unit 15G 14.

Endothelial cell tropism and H5N1 pathogenesis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006270 March 10, 2017 21 / 21

https://doi.org/10.1371/journal.ppat.1000072
http://www.ncbi.nlm.nih.gov/pubmed/18497857
https://doi.org/10.1126/science.1062882
http://www.ncbi.nlm.nih.gov/pubmed/11546875
https://doi.org/10.1371/journal.ppat.1001139
http://www.ncbi.nlm.nih.gov/pubmed/20949022
https://doi.org/10.1038/440435a
http://www.ncbi.nlm.nih.gov/pubmed/16554799
https://doi.org/10.2353/ajpath.2007.070248
http://www.ncbi.nlm.nih.gov/pubmed/17717141
https://doi.org/10.1160/TH05-04-0264
http://www.ncbi.nlm.nih.gov/pubmed/16113814
https://doi.org/10.1128/JVI.06348-11
http://www.ncbi.nlm.nih.gov/pubmed/22072765
https://doi.org/10.1128/JVI.00468-09
http://www.ncbi.nlm.nih.gov/pubmed/19812146
https://doi.org/10.1172/JCI60659
http://www.ncbi.nlm.nih.gov/pubmed/23041628
https://doi.org/10.1371/journal.pone.0046581
http://www.ncbi.nlm.nih.gov/pubmed/23056353
https://doi.org/10.1073/pnas.0914994107
https://doi.org/10.1073/pnas.0914994107
http://www.ncbi.nlm.nih.gov/pubmed/20534532
https://doi.org/10.1073/pnas.0705289104
http://www.ncbi.nlm.nih.gov/pubmed/17640882
https://doi.org/10.1183/09031936.00130507
https://doi.org/10.1183/09031936.00130507
http://www.ncbi.nlm.nih.gov/pubmed/19129272
https://doi.org/10.1126/scitranslmed.3000678
http://www.ncbi.nlm.nih.gov/pubmed/20375003
https://doi.org/10.1371/journal.ppat.1002186
http://www.ncbi.nlm.nih.gov/pubmed/21852950
https://doi.org/10.1128/JVI.01920-08
http://www.ncbi.nlm.nih.gov/pubmed/19073731
http://www.ncbi.nlm.nih.gov/pubmed/10516084
http://www.ncbi.nlm.nih.gov/pubmed/10430945
https://doi.org/10.1371/journal.ppat.1006270

