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α-Dystroglycan (α-DG) is a highly glycosylated basement membrane receptor that is cleaved by the proprotein convertase furin,
which releases its N-terminal domain (α-DGN). Before cleavage,
α-DGN interacts with the glycosyltransferase LARGE1 and initiates
functional O-glycosylation of the mucin-like domain of α-DG. Notably, α-DGN has been detected in a wide variety of human bodily
fluids, but the physiological significance of secreted α-DGN remains unknown. Here, we show that mice lacking α-DGN exhibit
significantly higher viral titers in the lungs after Influenza A virus
(IAV) infection (strain A/Puerto Rico/8/1934 H1N1), suggesting an
inability to control virus load. Consistent with this, overexpression
of α-DGN before infection or intranasal treatment with recombinant α-DGN prior and during infection, significantly reduced IAV
titers in the lungs of wild-type mice. Hemagglutination inhibition
assays using recombinant α-DGN showed in vitro neutralization of
IAV. Collectively, our results support a protective role for α-DGN in
IAV proliferation.
α-dystroglycan
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24), and lachrymal fluid (24). One study showed that recombinant α-DGN binds to several laminins, fibronectin, and fibrinogen in regenerating peripheral nerves, and that the addition of
recombinant α-DGN to PC12 cells promotes neurite extension
(25). Interestingly, increased α-DGN levels have been observed
in the cerebrospinal fluid of patients with Lyme neuroborreliosis
(24) and in the uterine lavage of early-stage endometrial cancer
patients (26). The latter study suggests a role for α-DGN in maintaining the integrity of tight junctions and the polarity of endometrial epithelial cells. In contrast, decreased levels of α-DGN have
been reported in the serum of patients with Duchenne muscular
dystrophy (DMD) and in the serum of utrophin-deficient mdx mice,
a mouse model for DMD (27). Thus, α-DGN levels are altered in
certain disease states, yet the functional significance of its secreted
form remains largely unknown.
In line with this, expression of furin, which can potentially affect
the secretion of α-DGN, is also changed in specific disorders, including in several inflammatory disorders. For example, elevated
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he membrane receptor dystroglycan (DG) links the extracellular matrix to the cytoskeleton in many cell types (1–4).
As such, DG has important functions in many processes, including basement membrane assembly (5) and muscle regeneration (6). Further, it acts as a receptor for lymphocytic
choriomeningitis virus and Lassa fever virus, which facilitates
viral infection (7). DG is encoded by the DAG1 gene, and the
resulting polypeptide is cleaved into α-DG and β-DG by autoproteolysis (2, 8). β-DG is the transmembrane subunit and it
interacts noncovalently with α-DG; its intracellular domain binds
to the cytoskeletal protein dystrophin (2, 3, 9, 10). α-DG is the
extracellular subunit that binds to extracellular matrix proteins
including agrin, laminin, neurexin, perlecan, and pickachurin (2,
11–14). The ability of α-DG to bind to extracellular matrix
proteins depends on posttranslational modifications, specifically
O-glycosylation of its mucin-like domain (amino acids 313–485)
(15, 16). This also requires the N-terminal domain of α-DG
(α-DGN; amino acids 1–312), which interacts with the glycosyltransferase LARGE1 to initiate functional O-glycosylation of the
mucin-like domain (17, 18). When α-DG lacks α-DGN, interaction with LARGE1 is impaired and the function of α-DG as
an extracellular matrix receptor is abolished (17).
Several studies indicate a role for α-DGN beyond functional
O-glycosylation of α-DG. α-DGN is naturally cleaved by the
proprotein convertase furin at the sequence RVRR (amino acids
309–312) (19), which does not disturb the function of α-DG (17).
α-DGN has a globular structure that is organized into two subdomains (20). The first subdomain is a typical Ig-like domain; the
second subdomain resembles ribosomal RNA-binding proteins
(21). Notably, α-DGN is secreted by cells in culture (22) and has
been detected in a wide variety of human bodily fluids, including
serum and plasma (22, 23), urine (24), cerebrospinal fluid (22,
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Influenza A virus (IAV) is a major cause of respiratory infections. We show that mice lacking the N-terminal domain of
α-dystroglycan (α-DGN) exhibit significantly higher viral titers
in the lungs after IAV infection. In addition, we show that
overexpression of α-DGN in the lungs, both prior and during
IAV infection, significantly reduces viral load and that
recombinant α-DGN disrupts hemagglutination mediated by
the influenza virus. Collectively, we uncover a protective role
for α-DGN in IAV proliferation, suggesting it may have antiviral
properties and could potentially be used as a treatment for IAV
infection. As α-DGN levels are altered in more (inflammatory)
disease states, this insight opens new avenues of investigation
into the role of α-DGN in inflammation.
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furin expression levels have been observed in various types of
cancer (28) and furin protein has been found in atherosclerotic
plaques (29). In addition, furin is up-regulated in activated T cells
(30) and is highly expressed in samples from rheumatoid arthritis
patients (31). Given the potential for furin to affect the secretion of
α-DGN, and the altered expression of both α-DGN and furin in the
context of disease, we hypothesized that inflammation induces furin
expression leading to increased secretion of α-DGN. To address
this hypothesis, we studied furin expression and α-DGN secretion
in the context of Influenza A virus (IAV) infection, which causes a
localized respiratory infection associated with inflammation in the
airways. We show that in the context of IAV infection, furin expression is increased and that secreted α-DGN is detectable in
murine airways. In addition, mice lacking α-DGN exhibit significantly higher viral titers in whole lung tissue after IAV infection,
while overexpression of α-DGN in the lungs significantly reduced
viral load after IAV infection, suggesting that α-DGN plays a role
in the clearance of IAV and may have antiviral properties. In
conclusion, we show an unexpected role for α-DGN that goes beyond its function as an interacting partner of LARGE1.
Results

test our hypothesis that inflammation induces furin expression,
which leads to increased secretion of α-DGN, we infected wildtype C57BL/6 mice with the mouse-adapted IAV strain A/Puerto
Rico/8/1934 H1N1 (PR8). Using quantitative RT-PCR, we next
detected a significant increase in the expression of furin in whole
lung tissue of PR8-infected C57BL/6 mice, but not in whole lung
tissue of C57BL/6 mice administered phosphate-buffered saline
(PBS), on day 6 after infection [P = 0.0034, Fig. 1A (relative
data), SI Appendix, Fig. S1 (absolute data)], indicating that inflammation indeed induces furin expression. To determine if the
increased expression of furin is associated with an increase in
α-DGN secretion, we assessed the levels of α-DGN in the
bronchoalveolar lavage (BAL) fluid of C57BL/6 mice that were
infected with PR8 using an ELISA. For this assay, we used the
α-DGN antibody Sheep173, an affinity-purified sheep polyclonal
antibody that was made using the complete N-terminal region of
α-DG (SI Appendix, Fig. S2). Surprisingly, we detected a significant decrease in the level of secreted α-DGN in the BAL fluid of
these mice [P = 0.0030, Fig. 1B (relative data), SI Appendix, Fig.
S3 (absolute data)]. However, intranasal PR8 infection resulted
in a dose-dependent reduction of α-DG glycosylation levels in
whole lung tissue of C57BL/6 mice, as detected by Western blot
analysis using the IIH6 antibody that detects the glycosylated
form of α-DG, without altering the amount of detectable β-DG
(Fig. 1C). As α-DGN cleavage may affect the interaction between α-DG and LARGE1 and, thus, glycosylation of α-DG,
these results suggest that the elevated expression of furin indeed
led to accelerated cleavage of α-DGN from α-DG.
To confirm this, we infected C57BL/6 mice intranasally with
an adenovirus to overexpress furin. Two weeks later, we measured
reduced α-DG glycosylation levels in whole lung tissue of these
mice (Fig. 1D). Next, to assess α-DG glycosylation levels in a situation that mimics the pulmonary inflammatory response that is
observed after PR8 infection, we administered intranasal CpG
oligonucleotides (ODN), a Toll-like receptor 9 agonist (32), in
C57BL/6 mice. CpG ODN treatment also reduced α-DG glycosylation levels in the lungs (Fig. 1E), suggesting that α-DGN
cleavage results from IAV-induced inflammation rather than
from the infection of cells. Thus, despite detecting reduced levels
of α-DGN in the BAL fluid after PR8 infection, we observed elevated expression of furin and reduced levels of α-DG glycosylation, suggesting increased secretion of α-DGN upon IAV
infection. The reduced levels of α-DGN in the BAL fluid following
de Greef et al.
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Infection with IAV Elevates Furin Expression in the Lungs and
Decreases α-DGN Levels in the Bronchoalveolar Lavage Fluid. To

Fig. 1. Infection with IAV elevates furin expression in the lungs and decreases α-DGN levels in the BAL fluid. (A) Furin expression in whole lung
tissue of PR8-infected C57BL/6 mice 6 d after infection. Furin expression is
relative to the housekeeping genes Rpl4 and Rps29 and normalized to expression in PBS-treated C57BL/6 mice, which was set at 1. Statistical analysis
was performed using a Student’s t test. (B) Relative α-DGN levels in the BAL
fluid of PR8-infected C57BL/6 mice at the indicated day following infection.
Data are normalized to the α-DGN concentration on day 0, which was set at
1. Statistical analysis was performed using Kruskal–Wallis analysis of variance
on ranks followed by Dunn’s multiple comparison tests. Data consist of two
independent experiments with three to five mice (A) or three to four mice
(B) per group in each experiment. Each dot represents an individual mouse;
black dots represent mice in experiment 1, gray dots represent mice in experiment 2. **P < 0.01 (A and B). (C–E) α-DG protein expression, α-DG glycosylation levels, and β-DG protein expression in whole lung tissue from PR8infected C57BL/6 mice 6 d after IAV infection (C), 2 wk after infection with
an adenovirus encoding furin (D), or 1 d after intranasal treatment with CpG
ODN (E). Mice received PBS, a low dose of PR8 (1 × 105 TCID50; PR8 low), or a
higher dose of PR8 (2 × 105 TCID50; PR8 high). α-DG protein expression and
α-DG glycosylation levels were quantified relative to β-DG protein expression
(C). Mice received a control GFP-expressing adenovirus (GFP) or a furinexpressing adenovirus (Furin) (D). Mice received PBS, CpG ODN (on two occasions, 3 d apart; CpG), or PR8 (2 × 105 TCID50; PR8). Mice that received CpG
ODN were killed 1 d after the second treatment; mice that received intranasal PBS or PR8 were killed on day 6 after infection (E). Data are representative of three (C) or two independent experiments (D and E). Each
lane represents an individual mouse. Protein size indicated is in kilodaltons.
The Sheep174 antibody binds to α-DG even in the absence of glycosylation.
The IIH6 antibody detects the glycosylated form of α-DG (*). The 8D5 antibody detects β-DG (C–E).
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PR8 infection suggest that it may have a function during IAV
infection and is engaged in an, as of yet, unknown process.
Mice that Lack DG or α-DGN Exhibit Higher Viral Titers in the Lungs
After IAV Infection. To further investigate a potential function for

α-DGN during IAV infection, we next infected (i) mice that lack
the complete Dag1 gene, which encodes both α-DG and β-DG
(DG-KO mice), and (ii) mice that lack the complete Dag1 gene
on one allele and lack the N-terminal domain of α-DG on the
second allele (α-DGN-KO mice). Since glycosylation of α-DG is
required for the formation of an extraembryonic basement
membrane, the Reichert’s membrane (33), conventional DG-KO
mice and α-DGN-KO mice exhibit an embryonic lethal phenotype. Thus, we used tamoxifen-inducible DG-KO mice and
tamoxifen-inducible α-DGN-KO mice for our experiments; in
both mouse models, genetic deletion can be induced in a timespecific manner upon administration of tamoxifen (34).
All mice first received two doses of tamoxifen at 2 mo of age
by oral gavage. Cre-negative littermates that also received tamoxifen were used as control mice. Two months after administering tamoxifen, both Cre-positive mice and Cre-negative mice
were infected with PR8. Four days following PR8 infection,
the day that the highest viral titers in whole lung tissue can be
measured (35), skeletal muscle was harvested to confirm gene
deletion and whole lung tissue was obtained to determine viral
titers. Skeletal muscle from these mice confirmed that tamoxifen
treatment resulted in the loss of both α-DG protein expression
and β-DG protein expression in DG-KO mice and in reduced
glycosylation of α-DG in α-DGN-KO mice (SI Appendix, Fig. S4).
Notably, both DG-KO mice and α-DGN-KO mice exhibited
higher PR8 viral titers in their lungs than their wild-type littermates on day 4 after infection [P = 0.0047 and P = 0.0079, Fig. 2
(relative data), SI Appendix, Fig. S5 (absolute data)]. These data
demonstrate that α-DGN is required to optimally control viral
load and suggest it may play an antiviral role during IAV infection.
Overexpression of α-DGN or Treatment with Recombinant α-DGN
Reduces Viral Titers in the Lungs after IAV Infection. Since the ab-

lation of α-DGN increased the viral burden of PR8-infected
mice, we next determined whether overexpression of α-DGN
could enhance control of the virus during IAV infection. First,
C57BL/6 mice were treated intranasally with a DG-expressing adenovirus or an adenovirus that encodes DG with a mutation in the
furin recognition site of α-DG, preventing the cleavage of α-DGN
(DGR312A). We predicted that after adenovirus infection, the

Fig. 2. Mice that lack DG or α-DGN exhibit higher viral titers in the lungs
after IAV infection. (A and B) Relative titers of PR8 virus on day 4 after infection in whole lung tissue of control (WT) mice and those that lack DG
(DG-KO) (A) or α-DGN (α-DGN-KO) (B). Data consist of two independent
experiments with three to four mice (A) or two to three mice (B) per group in
each experiment. Titers from DG-KO mice (A) and α-DGN-KO mice (B) are
relative to those from control mice, which were set at 1. Each dot represents
an individual mouse: black dots represent mice in experiment 1; gray dots
represent mice in experiment 2. Statistical analysis was performed using a
Mann–Whitney U test. **P < 0.01 (A and B).
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Fig. 3. Overexpression of α-DGN or treatment with recombinant α-DGN
reduces viral titers in the lungs after IAV infection. Relative titers of PR8
virus in whole lung tissue of C57BL/6 mice on day 4 after infection are
shown. (A) Two weeks before infection, mice were infected with an adenovirus encoding wild-type DG (DG) or a mutated form of DG in which the N
terminus cannot be cleaved (DGR312A). (B) Two weeks before infection,
mice were infected with a GFP-expressing adenovirus or an HA-tagged
α-DGN-GFP adenovirus. (C) Mice were treated with the elution buffer imidazole or recombinant His-tagged α-DGN 1 d before infection and on days 1
and 3 after infection. (D) Mice were treated with the elution buffer imidazole or recombinant His-tagged α-DGN on day 1, 2, and 3 after infection.
Data are representative of two independent experiments with five mice (A),
three to five mice (B), four to five mice (C), or two to five mice (D) per group
in each experiment. Each dot represents an individual mouse: black dots
represent mice in experiment 1; gray dots represent mice in experiment 2.
Statistical analysis was performed using a Mann–Whitney U test. **P < 0.01.

amount of α-DGN in the BAL fluid of C57BL/6 mice infected with
the DGR312A adenovirus would be lower than the amount of
α-DGN in the BAL fluid of C57BL/6 mice infected with the DG
adenovirus. Two weeks after intranasal administration of the adenoviruses, the levels of α-DGN in the BAL fluid were indeed lower
in mice infected with the DGR312A adenovirus (SI Appendix, Fig.
S6A). To determine if increased α-DGN in the BAL fluid had an
impact on the response to the viral infection, we infected a larger
set of C57BL/6 mice with these two adenoviruses 2 wk before PR8
infection and found that on day 4 after PR8 infection, PR8 viral
titers in whole lung tissue of C57BL/6 mice that received the DG
adenovirus were significantly lower relative to mice that received
the DGR312A adenovirus [P = 0.0039, Fig. 3A (relative data), SI
Appendix, Fig. S6B (absolute data)]. Thus, this suggests that elevated levels of α-DGN in the BAL fluid reduced viral titers in mice
infected with PR8.
In a second experiment, we compared viral titers in whole lung
tissue of PR8-infected C57BL/6 mice that received a control
GFP-expressing adenovirus with those that received an HAtagged α-DGN-GFP adenovirus and, thus, overexpressed
α-DGN in the BAL fluid. Two weeks after administration of the
adenoviruses, we confirmed the overexpression of α-DGN in the
BAL fluid of a small set of C57BL/6 mice (SI Appendix, Fig.
S7A). We next determined the effect of overexpressing α-DGN
in the BAL fluid on the viral titers of mice infected with PR8.
Mice overexpressing α-DGN in the BAL fluid had a significant
decrease in PR8 viral titers in whole lung tissue relative to those
de Greef et al.

α-DGN Reduces Influenza-Mediated Hemagglutination. Given the
efficacy of reducing viral titers upon overexpression of α-DGN,
we set out to determine the mechanisms by which α-DGN mediates its antiviral role during acute IAV infection. We hypothesized that α-DGN may reduce viral titers by neutralizing IAV.
To test this hypothesis, we performed a series of hemagglutination inhibition (HI) assays (36), which determine the ability of
red blood cells to bind to the hemagglutinin glycoprotein, the
viral attachment protein that initiates cellular infection and is on
the surface of the influenza virus particle. In the presence of a
neutralizing agent, red blood cells and the influenza virus do not
agglutinate as efficiently. Using this HI assay, we compared the
ability of recombinant His-tagged α-DGN (expressed in and
purified from HEK293 cells) to disrupt agglutination of red
blood cells and the PR8 virus relative to the elution buffer imidazole and found a significant increase in the HI titers when
His-tagged α-DGN was added (P = 0.0383, Fig. 4A), indicating
that α-DGN disrupted agglutination.
To address the specificity of this interaction, we overexpressed
α-DGN in Escherichia coli and purified it and an E. coli-derived
control protein (the laminin G 4,5-domains of laminin-α1), and
used both purified proteins in our HI assay. We again observed
an increase in the HI titers in the presence of α-DGN, whereas
this was not observed for the control protein (P = 0.0318, Fig.
4B), indicating that α-DGN can specifically neutralize IAV. We
also compared E. coli-derived α-DGN protein with a mutated
α-DGN-T192M protein expressed in and purified from E. coli.
This mutant protein interrupts the interaction of α-DGN with
LARGE1, resulting in reduced glycosylation of α-DG, thus disturbing its function as an extracellular matrix protein (37).
Crystallographic analysis showed that the α-DGN region of the
α-DGN-T190M protein (T192M mutation in human and rabbit;
T190M mutation in mouse) adopts a conformational change and
undergoes reorganization that potentially affects protein folding
(38). In addition, small-angle X-ray scattering analysis showed
that the T190M mutant, and also two other pathological point
mutations in the N-terminal region of α-DG (V72I and D109N),
altered the structural flexibility of α-DGN, which may explain
why the interaction with LARGE1, and potentially other DGmodifying enzymes, is disturbed (39). In our HI assay, HI titers
were significantly increased with the addition of the nonmutated
de Greef et al.

Fig. 4. α-DGN reduces influenza-mediated hemagglutination. HI titers in
the presence of recombinant His-tagged α-DGN (DGN) expressed by HEK293
cells compared with the elution buffer imidazole (Buffer) (A), recombinant
α-DGN (DGN) produced by E. coli compared with the laminin G-4,5 domains
of laminin-α1 (LG) produced by E. coli (B), or recombinant α-DGN (DGN)
produced by E. coli compared with the mutant α-DGN-T192M E. coli protein
(T192M) (C). Average HI titers are shown for three independent experiments
with each experiment consisting of three technical replicates. Statistical
analysis was performed using a Mann–Whitney U test. *P < 0.05.

α-DGN protein relative to the α-DGN-T192M protein (P =
0.0383, Fig. 4C), further indicating the specificity of α-DGN and
suggesting its confirmation is also important in neutralizing IAV.
These results demonstrate that α-DGN can neutralize IAV
in vitro and suggest this may contribute to the antiviral effect of
α-DGN observed in vivo.
Discussion
Due to the involvement of α-DG in the dystroglycanopathies,
most of the research on this protein is focused on its role in
skeletal muscle. The dystroglycanopathies are a group of disorders that are caused by mutations in genes associated with the Oglycosylation of α-DG and include various forms of congenital
muscular dystrophy and limb-girdle muscular dystrophy (40).
Thus far, research in skeletal muscle has shown that α-DGN is
necessary for the interaction of α-DG with the glycosyltransferase LARGE1, which initiates O-glycosylation of α-DG (17, 18).
While research on α-DG in the lungs is limited, it is expressed in
both the smooth muscle cells and the epithelial cells in the lungs
(41). Furthermore, α-DG is involved in airway epithelial cell
repair (42), epithelial morphogenesis of the lungs (43), and as a
mechanoreceptor that transmits mechanical stretch forces by
activating ERK1/2 and AMPK signaling cascades during normal
respiration (44, 45). However, none of these studies have determined if α-DGN is secreted in the lungs or if it alters responses to IAV infection. In this study, we set out to determine
whether inflammation induces furin expression and α-DGN secretion in the lungs. We show that IAV infection, which causes
inflammation in the airways, indeed increases furin expression
levels in whole lung tissue and that secreted α-DGN is detectable
in murine BAL fluid. In addition, we show in vivo that absence of
α-DGN significantly increases viral titers, while overexpressing
α-DGN significantly reduces viral load after IAV infection. Finally, we show in vitro that α-DGN can neutralize IAV.
PNAS | June 4, 2019 | vol. 116 | no. 23 | 11399
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that received the control adenovirus [P = 0.0037, Fig. 3B (relative
data), SI Appendix, Fig. S7B (absolute data)], further supporting
the role of α-DGN in regulating the response to IAV infection.
To further confirm that overexpression of α-DGN in the BAL
fluid decreases viral titers in whole lung tissue of PR8-infected
mice, we also treated PR8-infected C57BL/6 mice with recombinant His-tagged α-DGN protein. C57BL/6 mice received prophylactic intranasal treatment with His-tagged α-DGN, or
received the elution buffer imidazole, 1 d before PR8 infection
and received additional treatments on days 1 and 3 after infection.
Four days after PR8 infection, significantly lower PR8 viral titers
were observed in whole lung tissue of mice treated with His-tagged
α-DGN than were found in mice that received the elution buffer
imidazole [P = 0.0028, Fig. 3C (relative data), SI Appendix, Fig.
S8A (absolute data)]. As prophylactic treatment of IAV is an
unlikely clinical scenario, we next assessed PR8 viral titers in
whole lung tissue of mice that received treatment with recombinant His-tagged α-DGN starting 1 d after PR8 infection and
continuing on days 2 and 3 after infection. On day 4 after PR8
infection, significantly lower PR8 viral titers were observed in
whole lung tissue of mice that received intranasal treatment with
His-tagged α-DGN relative to mice that received the elution
buffer imidazole [P = 0.0017, Fig. 3D (relative data), SI Appendix,
Fig. S8B (absolute data)]. Collectively, these in vivo experiments
suggest that the increased levels of α-DGN in the BAL fluid reduce the severity of IAV infection.

α-DGN has a high degree of sequence homology with the Ig
kappa family (46) and may be increased during infections such as
Lyme neuroborreliosis (24), suggesting it may have a protective
function in the context of some diseases. The mouse-adapted
IAV strain PR8 causes a localized infection in the lungs, limiting inflammation to the airways. As a result, this infection served
as a useful model to study secreted α-DGN in the lungs in the
context of inflammation, using a variety of tools (conditional
knockout mice, overexpression studies, therapeutic applications). We chose to use IAV infection to induce inflammation, in
addition to the proinflammatory stimulus CpG ODN (32), as this
also gave us the opportunity to determine whether secreted
α-DGN might have a protective function. The proprotein convertase furin can naturally cleave α-DGN from α-DG, thus reducing its ability to be O-glycosylated. Although we observed an
increase in furin expression levels and reduced levels of α-DG
glycosylation in the lungs of C57BL/6 mice after PR8 infection,
we could not confirm that inflammation increased secreted
α-DGN levels. We also found reduced levels of α-DG glycosylation in the lungs of C57BL/6 mice after intranasal CpG ODN
treatment. As we observed reduced levels of α-DG glycosylation
in the lungs either by IAV infection or by CpG ODN treatment,
we believe that cleavage of α-DGN from α-DG is increased in
both situations, supporting our hypothesis that inflammation
increases furin expression levels leading to increased secretion of
α-DGN. The decrease in α-DGN levels in the BAL fluid of PR8infected C57BL/6 mice we observed following infection, as opposed to the expected increase in α-DGN levels, suggests that
secreted α-DGN may have already been cleared from the BAL
fluid or that α-DGN is retained within the cytosol while engaged
in an, as of yet, unknown process and supports a potential antiviral function for α-DGN during IAV infection.
In line with this, we found that mice lacking DG or α-DGN
had increased viral titers in whole lung tissue after PR8 infection,
while overexpression of α-DGN decreased viral titers. Further,
our HI assays suggested that α-DGN neutralizes IAV, as both
recombinant His-α-DGN and E. coli-derived α-DGN reduced
the binding of red blood cells to the hemagglutinin glycoprotein
on the influenza virus particle. In human (HeLa) and mouse
(C2C12) cells, and in human cerebrospinal fluid, α-DGN is a
sialylated glycoprotein with both N- and O-linked glycans (22,
23). The fact that E. coli-derived α-DGN, which lacks glycans,
also reduced influenza-mediated hemagglutination suggests that
the presence of glycans on α-DGN does not play a major role in
its antiviral effect. Future studies involving virus overlay protein
binding assays and/or solid phase binding assays will be needed
to determine if there is a direct interaction between α-DGN and
PR8. In line with this, as α-DGN is a known interaction partner
of LARGE1, we would like to perform future studies to establish
potential structural similarities between LARGE1 and the IAV
viral proteins. Alternatively, α-DGN may be competing with PR8
for receptors that are present on lung epithelial cells. To cause
an infection, the hemagglutinin proteins on IAV bind to host cell
receptors on lung epithelial cells that contain terminal α-2,6–
linked or α-2,3–linked sialic acid moieties (47). As IAV is not the
only virus that uses sialylated receptors in the lungs for infection
(48), α-DGN may also play a protective function during other
respiratory infections.
As muscle complications like pain and weakness are common
during influenza infection in humans, a recent study looked at
the effects of IAV infection in the context of muscular dystrophy
using a zebrafish model of DMD. Using the same IAV strain that
was used in our experiments, this study showed that systemic
IAV infection leads to skeletal muscle fiber damage and increased inflammation in zebrafish skeletal muscle tissue, and
that the extent of skeletal muscle fiber damage and mortality at
early time points is exacerbated in zebrafish infected with PR8
(49). In our studies, we did not look at muscle pathology of the
11400 | www.pnas.org/cgi/doi/10.1073/pnas.1904493116

DG-KO mice and α-DGN-KO mice, although reduced α-DG
(glycosylation) levels were observed in the skeletal muscles of
these mice 2 mo after tamoxifen exposure. However, a previous
study from our laboratory showed no overt necrosis and no difference in the percentage of centrally nucleated fibers and fiber
size variation in DG-KO mice 3 mo after tamoxifen treatment.
Also, at 2 mo after tamoxifen exposure, the specific forces in
extensor digitorum longus muscles of DG-KO mice were comparable to those measured in control mice (34). Finally, we used
intranasal delivery of the influenza virus, and not systemic delivery, which induces a localized respiratory infection in the
lungs. Taken together, it seems unlikely that the increased PR8
viral titers that we observed in whole lung tissue of PR8-infected
DG-KO mice and α-DGN-KO mice 2 mo after tamoxifen administration are due to muscle pathology of the respiratory
muscles of these mice.
In this study, we show that furin expression levels in whole lung
tissue are increased after IAV infection. Notably, furin inhibition
is regarded a promising strategy for the short-term treatment of
acute IAV infections (50), as furin activates various viral glycoproteins, including the hemagglutinin glycoprotein of several H5
and H7 influenza A strains (51). However, most influenza viruses, including the PR8 strain (H1N1 influenza A strain) that we
used for our studies, do not contain a multibasic site (R-X-K/RR motif) that is recognized by furin, and instead only contain a
single arginine (monobasic site) that can, among others, be
cleaved by trypsin-like serine proteases (52). Further, as inhibiting furin may affect the cleavage of α-DGN from α-DG, we
believe that furin inhibition may only be a successful therapeutic
strategy for a limited number of IAV infections.
We show in this study that overexpression of α-DGN in the
lungs significantly reduced viral load after IAV infection, suggesting a protective role for the N-terminal fragment of α-DG in
IAV proliferation with potential implications for its use as a
treatment for IAV infection. All PR8 viral titers obtained in this
study were determined on day 4 after infection, which, from our
experience, is the day that the highest viral titers in whole lung
tissue can be measured (35). However, disease burden on body
weight is limited on day 4 after PR8 infection as mice typically
start losing body weight at day 3 after infection, with the greatest
severity in weight loss observed around day 8 after infection (35).
In conclusion, to further determine whether overexpression of
α-DGN in the lungs is a therapeutic option for IAV infection,
studies in which mice are followed for a prolonged period of time
after PR8 infection to establish disease burden on body weight
and overall survival are needed.
Materials and Methods
For details of mice, antibodies, and analysis, see SI Appendix, SI Materials
and Methods.
Antibodies. Polyclonal DGN antibody Sheep173 was made by immunizing a
sheep with a His-tagged rabbit DGN protein (amino acid 1–315 of α-DG)
grown in a stable mammalian cell line [HEK293 cells; American Type Culture
Collection (ATCC)] and purified by Talon beads (Takara Bio USA, Inc.). The antiDGN antibodies in the sheep serum were affinity purified by affinity strips
containing rabbit DGN purified from E. coli and transferred to a polyvinylidene
difluoride membrane (Immobilon FL-Membrane; Millipore) to enrich antibodies to α-DGN lacking glycans and, thus, exclude any carbohydrate-specific
antibody epitopes. Polyclonal α-DG antibody Sheep174 targeting the mucin
region of α-DG (amino acid 316–485 of α-DG) was made by immunizing a
sheep with a His-tagged protein grown in a stable mammalian cell line
(HEK293 cells; ATCC) and purified by Talon beads (Takara Bio USA, Inc.). The
anti-α-DG antibodies to the mucin region were affinity purified by affinity
strips containing GST-mucin α-DG purified from E. coli and transferred to a
polyvinylidene difluoride membrane (Immobilon FL-Membrane; Millipore).
Using E. coli protein of the mucin α-DG region for affinity purification ensured
we enriched for antibodies to α-DG lacking glycans in the mucin region and
excluded any carbohydrate-specific antibody epitopes.
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Supplementary Materials and Methods

Animals
Animal care, ethical use, and procedures were approved by the National Institutes of Health and the Animal
Care Use and Review Committee at the University of Iowa, and were performed in strict accordance with
these protocols. At the University of Iowa, all mice are housed socially (unless single housing is required),
under specific pathogen-free conditions in an AAALAC accredited animal facility. Housing conditions are
as specified in the Guide for the Care and Use of Laboratory Animals (National Research Council). Mice
are housed on HEPA-filtered ventilated racks, in solid-bottom cages (Thoren Caging Systems Inc.,
Hazleton, PA) with mixed paper bedding. A standard 12h/12h light/dark cycle is used. Standard rodent
chow (Harlan Laboratories, Indianapolis, IN) and water are available ad libitum. Mice homozygous for a
floxed allele of DG, in which loxP sites flank exon 2 of Dag1 (#009652; The Jackson Laboratory, Bar
Harbor, ME), were crossed with transgenic mice expressing a tamoxifen-inducible Cre-mediated
recombination system (#004682; The Jackson Laboratory, Bar Harbor, ME). Inducible DG-KO mice were
Cre-positive and homozygous for floxed Dag1; control mice were homozygous for floxed Dag1 but Crenegative. Inducible α-DGN KO mice were generated by replacing exon 3 of Dag1, which contains the ATG
initiation codon, with a construct containing DG cDNA lacking amino acids 31-314, a SV40polyA, and the
loxP-Neo cassette (1). Inducible α-DGN-KO mice were obtained by crossing mice lacking α-DGN on one
allele with Cre-positive mice that were heterozygous for the floxed Dag1 allele. Inducible α-DGN-KO mice
were Cre-positive, lacked α-DGN on one allele, and carried floxed Dag1 on the second allele. Control mice
were Cre-negative, lacked α-DGN on one allele, and carried floxed Dag1 on the second allele. At 8 weeks
of age, tamoxifen (200 mg/kg) was administered to all mice by oral gavage on two occasions within a oneweek period. DG-KO mice and α-DGN KO mice were infected with PR8 two months later. C57Bl/6 mice
were obtained from The Jackson Laboratory (#000664; The Jackson Laboratory, Bar Harbor, ME). At 8
weeks of age, C57Bl/6 mice received adenovirus by intranasal treatment. C57Bl/6 mice were infected with
PR8 or received CpG ODN treatment at 10 weeks of age.

Antibodies
The following antibodies have been described previously and were obtained from the listed sources: IIH6
monoclonal antibody (Campbell laboratory, 2), monoclonal β-DG antibody 8D5 (Campbell laboratory, 3),
and α-DG/β-DG antibody AF6868 (R&D Systems, Minneapolis, MN).

HEK293 cells stably expressing HA-tagged α-DGN or His-tagged α-DGN
HEK293 cells (ATCC, Manassas, VA) were maintained at 37°C and 5% CO 2 in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM glutamine, and 1% penicillinstreptomycin (all Gibco; Thermo Fisher Scientific, Waltham, MA). HEK293 cells were transfected with
the pcDNA3.1 mammalian expression vector (Thermo Fisher Scientific, Waltham, MA) containing the
complete N-terminal sequence of rabbit α-DGN with the His-tag or HA-tag inserted directly after the signal
peptide sequence using FuGene 6 Transfection Reagent (Promega, Madison, WI). Cells stably expressing
HA-tagged rabbit α-DGN or His-tagged rabbit α-DGN were cultured in DMEM supplemented with G418
(Thermo Fisher Scientific, Waltham, MA).

Generation of recombinant His-tagged α-DGN
HEK293 cells stably expressing His-tagged rabbit α-DGN were adapted to serum-free medium, 293SFMII
(Thermo Fisher Scientific, Waltham, MA), and cultivated in CELLine bioreactors (CL1000; Argos
Technologies, Vernon Hills, IL). His-tagged rabbit α-DGN secreted into the culture medium was purified
using the Talon metal-affinity resin (Takara Bio USA Inc., Mountain View, CA) according to the
manufacturer’s instructions. The purity of the protein was confirmed by SDS-PAGE and Coomassie
Brilliant Blue staining. 50 μl of purified His-tagged rabbit α-DGN (~5 µg/µl; concentration was batchdependent, one batch was used for one in vivo experiment) was given intranasally to mice that were lightly
anesthetized with isoflurane.

Production and purification of E.coli proteins
The recombinant wild-type rabbit α-DGN (amino acid 50-313) and the recombinant rabbit α-DGN T192M
proteins were expressed as described previously with minor modifications (4). The expressed proteins were
initially purified using a cobalt affinity column (Talon; Takara Bio USA Inc., Mountain View, CA). The
purified proteins were then pooled and concentrated using Amicon Ultra-15 centrifugal filter units with a
molecular weight cut-off of 10 kDa (Merck Millipore, Burlington, MA). After ion-exchange
chromatography to remove imidazole from the buffer, the proteins were cut by thrombin, which released
products of the thioredoxin fusion protein containing the 6xHis-tag and the DGN proteins. This digest was
placed again on a cobalt affinity column (Talon; Takara Bio USA Inc., Mountain View, CA) with the flow
through of the column containing the recombinant DGN proteins. The proteins were further purified using
gel filtration chromatography as described (4). The plasmid used to produce the laminin-α1 protein
containing the domains LG4 and LG5 contained a GST fusion protein as well as a myc tag on the Cterminus. The plasmid was transfected into E.coli BL21 (DE3) cells, and the cells were grown at 37°C to
an OD600 of 0.6 in LB media. Next, the cells were induced with 0.1 mM IPTG, incubated at 25°C for 6
hours, harvested and lysed, and spun down at 10,000 x g using a JA-10 rotor (Beckman Coulter, Brea, CA).
The supernatant containing the expressed protein was loaded onto a Glutathione Sepharose 4B column (GE
Healthcare, Chicago, IL), washed with PBS, and eluted with 0.2 M Glutathione. Eluted fractions were
analyzed by SDS-PAGE and pooled. Finally, samples were dialyzed into PBS.

RNA isolation, cDNA synthesis, and real-time quantitative PCR
Total RNA was isolated from mouse lungs using TRIzol (Thermo Fisher Scientific, Waltham, MA)
according to the manufacturer’s protocol, followed by purification with the RNeasy isolation kit (Qiagen,
Valencia, CA). First-strand cDNA was synthesized from 2 µg of total RNA using the Omniscript reverse
transcriptase (Qiagen, Valencia, CA) and oligo(dT) 18 primers (Thermo Fisher Scientific, Waltham, MA) ,
according to the manufacturer's instructions. The furin gene was amplified from cDNA using quantitative
real-time

PCR

and

the

following

primers:

5’-ACAACTATGGGACGCTGACC-3’

and

5’-

GGCTGGATGTGAGGGTCTT-3’. Rpl4 and Rps29 were used as normalization controls, and sequences
are available upon request. cDNA levels were determined using SYBR green (MilliporeSigma, St. Louis,
MO; 100,000-fold dilution) and fluorescein (BioRad, Hercules, CA; 100,000-fold dilution) in a MyiQ RTPCR detection system (BioRad, Hercules, CA). All samples were run in triplicate.

Protein isolation, wheat germ agglutinin purification, and western blot analysis
Whole lung tissue and skeletal muscle were homogenized using a Brinkmann Polytron Homogenizer (PT
10-35; Thermo Fisher Scientific, Waltham, MA) in 10 volumes of solubilization buffer (150 mM NaCl, 50
mM Tris, 200 mM PMSF, 100 mM benzamidine, pH 7.4) with 1% Triton X-100. Subsequently, samples
were incubated rotating top-over-top for 1 hour at 4°C and spun for 30 minutes at maximum speed at 4°C
(tabletop centrifuge; Eppendorf, Hauppauge, NY) to remove non-homogenized material. Next, solubilized
supernatants were incubated overnight with wheat germ agglutinin (WGA) agarose (Vector Laboratories,
Burlingame, CA), followed by washing in solubilization buffer supplemented with 0.1% Triton X-100 and
were subsequently eluted with 0.3 M N-acetylglucosamine. WGA-purified samples were separated by 315% SDS-PAGE and transferred to polyvinylidene difluoride membranes (Immobilon FL-Membrane;
Millipore, Billerica, MA). The membranes were blocked in 5% milk or 2% fish gelatin (MilliporeSigma,
St. Louis, MO) in Tris-buffered saline (TBS) containing 0.1% Tween-20 and incubated overnight with
primary antibodies. Next, blots were washed with TBS containing 0.1% Tween-20 and incubated with dyeconjugated secondary antibodies (Rockland Immunochemicals Inc, Boyertown, PA). After washing, blots
were imaged using the Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE).

BAL fluid isolation
Bronchoalveolar lavage was performed post mortem by inflating the lungs with 1 ml of PBS through the
trachea. This procedure was repeated 3 times using the same 1 ml of PBS.

Adenovirus infections

Mice were infected intranasally with 2.5x108 plaque-forming units of E1-deficient recombinant adenovirus
in 50 μl PBS, while lightly anesthetized with isoflurane. Mouse furin recombinant adenovirus (ADV259702), containing a CMV promoter, was obtained from Vector Biolabs (Malvern, PA). The HA-tagged
α-DGN-GFP recombinant adenovirus was custom made by Vector Biolabs (Malvern, PA); the cDNA
construct contained amino acids 1-310 of mouse Dag1 (NP_034147), with an HA tag between amino acid
27 and 28 (amino acids 1-27 encode the signal peptide), a CMV promoter, and GFP. The AdV-EGFP and
AdV-DG recombinant adenoviruses have been described previously (5, 6) and were purified by the
University of Iowa Gene Transfer Vector Core. The AdV-DGR312A recombinant adenovirus was
generated using a α-DG-Fc fusion protein (DGFc5R312A, 53). The University of Iowa Gene Transfer
Vector Core generated this recombinant adenovirus by standard methods as previously described (7).

PR8 infection
A/Puerto Rico/08/34 influenza virus was grown in chicken eggs as previously described (8). While lightly
anesthetized with isoflurane, mice were infected intranasally with 10-fold LD50 (50% lethal dose) in 50 μl
PBS (2×105 tissue culture infective dose (TCID50)).

CpG ODN treatment
While lightly anesthetized with isoflurane, mice were treated intranasally with CpG ODN 1826 (100 μg in
50 μl PBS; InvivoGen, San Diego, CA) on two separate days (three days apart). Mice were sacrificed one
day after the final treatment.

α-DGN ELISA
High binding 96-wells plates (Costar; Thermo Fisher Scientific, Waltham, MA) were incubated overnight
at 4ºC with BAL fluid (in triplicate) or medium containing secreted HA-tagged α-DGN (positive control;
to generate a linear standard curve). The following day, after a washing step with TBS, the plates were first
blocked for 2 hours at room temperature with 3% BSA/TBS. Next, the plates were incubated for 2 hours at

room temperature with the α-DGN antibody Sheep173 (1:500 dilution) or no antibody (negative control) in
3% BSA/TBS containing 0.1% Triton X-100, followed by four washing steps with 1% BSA/TBS
containing 0.1% Triton X-100. Incubation with the secondary antibody anti-sheep-IgG-horseradish
peroxidase was for 1 hour at room temperature in 1% BSA/TBS containing 0.1% Triton X-100. After an
additional four washing steps with 1% BSA/TBS containing 0.1% Triton X-100, the plates were incubated
with 3,3’,5,5’-tetramethylbenzidine solution (Thermo Fisher Scientific, Waltham, MA) for 15 minutes. The
reaction was stopped with 2 M H 2 SO 4 and the plates were read at 450 nm with a plate reader (SpectraMax
190 Microplate Reader; Molecular Devices, San Jose, CA) to determine absorbance. α-DGN concentrations
were obtained by subtracting the average OD450 signal obtained from negative wells stained with the
secondary antibody only from the average OD450 signal obtained from wells stained with both the primary
and the secondary antibody. The concentration was extrapolated from the standard curve obtained with
medium-containing secreted HA-tagged α-DGN.

HI assay
Serial dilutions of α-DGN or control protein (start quantity of 1 µg) were incubated with 4x1010 TCID50
PR8 in PBS for 30 minutes. To assess hemagglutination, supernatant was mixed 1:1 with 0.5% v/v chicken
red blood cells (Lampire Biological Lab Inc, Ottsville, PA) in PBS and incubated for 60 minutes at 4°C.

Viral titer determination
Whole lung tissue was homogenized in 2 ml DMEM (Gibco; Thermo Fisher Scientific, Waltham, MA).
Serial dilutions of lung homogenates were co-seeded in 96 well plates with 1x105 Madin-Darby canine
kidney cells per well and incubated at 37°C and 5% CO 2 in DMEM medium. The next day, medium was
replaced with DMEM containing 50 µg/ml gentamicin, penicillin, streptomycin, and 0.001% trypsin (all
Gibco; Thermo Fisher Scientific, Waltham, MA) and incubated for an additional 72 hours. To assess
hemagglutination, supernatant was mixed 1:1 with 0.5% v/v chicken red blood cells (Lampire Biological
Lab Inc, Ottsville, PA) in PBS and incubated for 60 minutes at 4°C.

Statistical analysis
Statistical analysis was performed using GraphPad Prism software (version 7.00; GraphPad Software Inc.,
La Jolla, CA). For most comparisons, data were analyzed using the Student’s t-test or the Mann-Whitney
U test, depending on whether normality and equal variance could be assumed. Normality was determined
by Shapiro-Wilk normality tests. For comparison of α-DGN levels in the BAL fluid of PR8-infected
C57Bl/6 mice, data were analyzed using Kruskal-Wallis analysis of variance on ranks followed by
Dunn’s multiple comparison tests.
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Supplementary Figures

Fig. S1. Infection with IAV elevates Furin expression in the lungs.
Absolute data for Furin expression in whole lung tissue of PR8-infected C57Bl/6 mice 6 days post infection.
Left graph shows experiment 1; right graph shows experiment 2. Each dot represents an individual mouse.
Furin expression is relative to the housekeeping genes Rpl4 and Rps29.

Fig. S2. Sheep173 is a novel polyclonal antibody that detects α-DGN protein.
α-DGN protein expression in medium obtained from regular HEK293 cultures and from HEK293 cultures
that stably express HA-tagged α-DGN. The α-DGN antibody, Sheep173, is an affinity-purified sheep
polyclonal antibody that was made using the complete N-terminal region of α-DG. In each lane, medium
removed from HEK293 cells was loaded. Lane 1 and 2 contain medium obtained from regular HEK293
cells after 1 hour in culture (d0) and after 48 hours in culture (d2). Lane 3 and 4 contain medium obtained
from HEK293 cells that are stably expressing HA-tagged α-DGN after 1 hour in culture (d0) and after 48
hours in culture (d2). Data are representative of 2 independent experiments. Protein size indicated is in kDa.

Fig. S3. Infection with IAV decreases α-DGN levels in the bronchoalveolar lavage fluid.
Absolute data for α-DGN levels in the BAL fluid of PR8-infected C57Bl/6 mice at the indicated day
following infection. Left graph shows experiment 1; right graph shows experiment 2. Each dot represents
an individual mouse.

Fig. S4. α-DG protein expression, α-DG glycosylation levels, and β-DG protein expression in
skeletal muscle of DG-KO mice and α-DGN-KO mice following administration of tamoxifen.
A. α-DG protein expression and β-DG protein expression (left) and α-DG glycosylation levels (right) in
skeletal muscle of control mice (WT) and those that lack DG (DG-KO) two months after administration
of tamoxifen. Data are representative of 2 independent experiments. Each lane represents a distinct
mouse; protein size indicated is in kDa. The AF6868 antibody detects both α-DG (it binds to α-DG
even in the absence of glycosylation) and β-DG; the IIH6 antibody detects the glycosylated form of αDG (*).
B. α-DG protein expression and β-DG protein expression (left) and α-DG glycosylation levels (right) in
skeletal muscle of control mice (WT) and those that lack α-DGN (α-DGN-KO) two months after
administration of tamoxifen. Data are representative of 2 independent experiments. Each lane
represents a distinct mouse; protein size indicated is in kDa. The AF6868 antibody detects both α-DG
(it binds to α-DG even in the absence of glycosylation) and β-DG; the IIH6 antibody detects the
glycosylated form of α-DG (*).

Fig. S5. Mice that lack DG or α-DGN exhibit higher viral titers in the lungs after IAV infection.
A. Absolute data for titers of PR8 virus in whole lung tissue of control (WT) mice and those that lack DG
(DG-KO) on day 4 post infection. Left graph shows experiment 1; right graph shows experiment 2.
Each dot represents an individual mouse. TCID50 = 50% tissue culture infective dose.
B. Absolute data for titers of PR8 virus in whole lung tissue of control (WT) mice and those that lack αDGN (α-DGN-KO mice) on day 4 post infection. Left graph shows experiment 1; right graph shows
experiment 2. Each dot represents an individual mouse. TCID50 = 50% tissue culture infective dose.

Fig. S6. Overexpression of α-DG reduces viral titers in the lungs after IAV infection.
A. α-DGN levels in the BAL fluid of C57Bl/6 mice that were infected two weeks prior with an adenovirus
encoding wild-type DG (DG) or an adenovirus encoding a mutated form of DG in which the N-terminus
cannot be cleaved (DGR312A). Each dot represents an individual mouse.
B. Absolute data for titers of PR8 virus in whole lung tissue of C57Bl/6 mice on day 4 post infection. Two
weeks prior to infection, mice were infected with an adenovirus encoding wild-type DG (DG) or a
mutated form of DG in which the N terminus cannot be cleaved (DGR312A). Left graph shows
experiment 1; right graph shows experiment 2. Each dot represents an individual mouse. TCID50 =
50% tissue culture infective dose.

Fig. S7. Overexpression of α-DGN reduces viral titers in the lungs after IAV infection.
A. α-DGN levels in the BAL fluid of C57Bl/6 mice that were infected two weeks prior with a GFPexpressing adenovirus or HA-tagged α-DGN-GFP-expressing adenovirus. Each dot represents an
individual mouse.
B. Absolute data for titers of PR8 virus in whole lung tissue of C57Bl/6 mice on day 4 post infection. Two
weeks prior to infection, mice were infected with a GFP-expressing adenovirus or an HA-tagged αDGN-GFP-expressing adenovirus. Left graph shows experiment 1; right graph shows experiment 2.
Each dot represents an individual mouse. TCID50 = 50% tissue culture infective dose.

Fig. S8. Treatment with recombinant α-DGN reduces viral titers in the lungs after IAV infection.
A. Absolute data for titers of PR8 virus in whole lung tissue of C57Bl/6 mice on day 4 post infection. Mice
were treated with the elution buffer imidazole or recombinant His-tagged α-DGN 1 day prior to
infection and on days 1 and 3 post infection. Left graph shows experiment 1; right graph shows
experiment 2. Each dot represents an individual mouse. TCID50 = 50% tissue culture infective dose.
B. Absolute data for titers of PR8 virus in whole lung tissue of C57Bl/6 mice on day 4 post infection. Mice
were treated with the elution buffer imidazole or recombinant His-tagged α-DGN on day 1, 2, and 3
post infection. Left graph shows experiment 1; right graph shows experiment 2. Each dot represents an
individual mouse. TCID50 = 50% tissue culture infective dose.

