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There is a need for new approaches for the control of influenza
given the burden caused by annual seasonal outbreaks, the emer-
gence of viruses with pandemic potential, and the development of
resistance to current antiviral drugs. We show that multivalent
biologics, engineered using carbohydrate-binding modules specific
for sialic acid, mask the cell-surface receptor recognized by the
influenza virus and protect mice from a lethal challenge with
2009 pandemic H1N1 influenza virus. The most promising biologic
protects mice when given as a single 1-μg intranasal dose 7 d in
advance of viral challenge. There also is sufficient virus replication
to establish an immune response, potentially protecting the ani-
mal from future exposure to the virus. Furthermore, the biologics
appear to stimulate inflammatory mediators, and this stimulation
may contribute to their protective ability. Our results suggest that
this host-targeted approach could provide a front-line prophylactic
that has the potential to protect against any current and future
influenza virus and possibly against other respiratory pathogens
that use sialic acid as a receptor.
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Influenza viruses continue to be a threat to human health and a
burden on health services (1). The emergence of highly path-

ogenic H5N1 viruses and recent introductions of H7N9 viruses
from avian sources (2), and their potential to acquire human
transmissibility, increase the threat (3–5). Although vaccines re-
main a cornerstone of prevention, significant time is required to
develop an effective vaccine against a new virus strain. Anti-
influenza drugs approved by the Food and Drug Administration,
such as the viral neuraminidase inhibitors oseltamivir (Tamiflu)
and zanamivir (Relenza) and the M2 ion-channel blocker ada-
mantanes (amantadine and rimantadine), are available, but their
effectiveness can be compromised by the virus’s ability to mutate
and become drug resistant (6, 7).
The influenza virus binds to sialic acid receptors present on

the respiratory tract epithelium via its surface HA glycoprotein,
an event that triggers viral endocytosis (8). Other respiratory
pathogens, such as parainfluenza viruses (9), some coronaviruses
(10), and Streptococcus pneumoniae (11), also use sialic acid as
a receptor. Human influenza viruses such as the 2009 pandemic
H1N1 virus recognize α-2,6–linked sialic acid receptors present
in the upper respiratory tract, whereas avian influenza viruses
such as H5N1 predominantly recognize α-2,3–linked sialic acid
receptors, which are present in the human lower respiratory tract
as well (12, 13). The recently emerged human H7N9 influenza
virus is unusual in recognizing both types of receptors and there-
fore has the possibility of sustained human-to-human transmission
and pandemic potential (14, 15).
We hypothesized that masking such receptors in the re-

spiratory tract with proteins specific for sialic acid could provide
a novel host-targeted therapeutic route to prevent infection.
Numerous sialic acid-binding proteins are known, but most have
low affinity for sialic acid (e.g., the HA monomer that has ∼2.5
mM affinity for its receptor but gains affinity by being present in

high copy number on the virus surface) (16). We have shown
previously that engineered multivalent polypeptides containing
up to four tandemly linked copies of the sialic acid-recognizing
carbohydrate-binding module (CBM) from Vibrio cholerae nanH
sialidase display low (nanomolar) binding affinity compared with
the 30-μM affinity of the single domain (17).
Here we report the engineering and characterization of fur-

ther sialic acid-recognizing multivalent CBMs (mCBMs) to-
gether with in vitro and in vivo evidence of their potential in
preventing influenza infection. Significantly, our lead mCBM dem-
onstrates protective in vivo efficacy when given to mice as a single
1-μg dose 7 d in advance of a lethal virus challenge with pandemic
2009 H1N1 influenza virus, indicating that these mCBMs show
great promise as biologics for the prophylaxis of influenza and
potentially other respiratory pathogens that recognize sialic acid
receptors.

Results
Design, Engineering, and Characterization of Biologics. Multivalent
sialic acid-binding proteins were engineered using either the sialic
acid-binding domain from V. cholerae NanH sialidase (18)
(VcCBM) (Fig. 1A) or the homologous domain from S. pneumoniae
NanA sialidase (SpCBM) (Fig. 1B). Multivalency was achieved
either through tandem repeats (17) or by fusing one or two
tandemly linked CBM domains to an oligomerization domain
(TD) derived from Pseudomonas aeruginosa sialidase (Fig. 1C) (19),
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a domain that self-associates to form a trimer. In all constructs,
domains were linked using a five-amino acid peptide sequence
(Table S1). To assess the binding affinity of the multivalent forms
of VcCBM and SpCBM to sialic acid, surface plasmon reso-
nance (SPR) was performed using an immobilized biotinylated
α-2,3-sialyllactose-polyacrylamide ligand. All mCBMs bind sialic
acid with high affinity, with dissociation constants <2 nM at 25 °C,
showing that they gain affinity through an avidity effect (Fig. 1D
and Table S2). Glycan array screening of VcCBM (17) and SpCBM
(Fig. S1) showed that they recognize glycans containing terminal
α-2,3– or α-2,6–linked sialic acids, and crystallographic analysis
with bound sialyllactose reveals that only the terminal sialic acid
interacts with each domain (18).
To confirm that mCBMs target cell-surface sialic acids, Madin–

Darby canine kidney (MDCK) and human lung carcinoma A549
cells were either left untreated or treated with a broad-specificity
sialidase using the catalytic domain of S. pneumoniae NanA siali-
dase (20) before incubation with the hexameric forms, Vc2CBMTD
and Sp2CBMTD, followed by immunostaining with Alexa Fluor
488-labeled anti-rabbit IgG antibody. Live imaging studies showed
that both hexameric CBMs bind specifically at the cell surface of
both cell types and that binding was largely abrogated after cells
were pretreated with the promiscuous sialidase to remove sialic
acids (Fig. S2A). This result was verified further by quantification
of the GFP-fluorescence intensity of sialidase-treated and
untreated cells (Fig. S2B).

In Vitro Testing of Biologics Against Influenza Viruses. The ability
of the mCBMs to block virus infection was tested first in vitro
(Table S3). MDCK cells were preincubated with different con-
centrations of mCBMs before infection with 100–200 pfu of
three different influenza A viruses [A/WSN/1933 (H1N1), A/PR/
8/1934 (H1N1), and A/Udorn/1972 (H3N2)] and an influenza
B virus (B/Hong Kong/1973). Cell protection was quantified by
reduction of virus plaques in cells treated with mCBMs as compared

with untreated, infected cells. Cell protection was observed
with all mCBMs tested, with EC50 values ranging from 0.39–
4.1 μM for mCBMs with valences between 3 and 6, compared
with ∼300 μM when the monovalent CBM was used (Table S3).
A viral replication inhibition assay also was performed using
MDCK cells with different concentrations of mCBMs before
cells were infected with different influenza A viruses [multiplicity
of infection (MOI) = 0.01 pfu per cell]. Reduction in viral rep-
lication was assayed by immunostaining treated cells with goat
anti-influenza A virus antibodies. The mCBMs inhibited viral
replication in all strains tested. EC50 values were similar for A/
WSN/1933 (H1N1) (0.5–4.25 μM) and A/Udorn/1972 (H3N2)
(0.45–5 μM) and were up to 10-fold higher when tested against
A/PR/8/1934 (H1N1) (1.34–44.5 μM). The higher EC50 values
observed for A/PR/8/1934 (H1N1) possibly may reflect the long
passage history of the virus in different host systems, so that
A/PR/8/1934 (H1N1) may not be the optimal strain for assessing
the ability of biologics to block virus infection in vitro. Further-
more, imaging studies using an anti-influenza A nucleoprotein (NP)
antibody demonstrated blocking of influenza virus in MDCK
cells that were pretreated with hexameric mCBMs as compared
with untreated cells infected with influenza A/WSN/1933 (H1N1)
virus (Fig. S2C). Detection of viral NP was substantially reduced
in CBM-treated MDCK cells, confirming the efficacy of mCBMs
in reducing or preventing viral attachment in vitro.
We also tested the effect of mCBMs on MDCK cells over a

period of 24 h to determine cell viability and found that these
proteins were well tolerated at maximum feasible concentrations
(5 mg/mL) when measured against a sodium azide control group
(Table S3). Moreover, the therapeutic index calculated for each
mCBM demonstrated values from 9 to 119, indicating that these
biologics could be tolerated in vivo.

Efficacy of Biologics in Vivo.Next, we explored the ability of Vc4CBM
to block a lethal infection of A/WSN/1933 (H1N1) virus in BALB/c

VcCBM SpCBM TD 

A B C 

D 

Name Genetic construct MW (kDa) Valency KD (nM) 

VcCBM 21 1 1800 

Vc2CBM 42 2 45 

Vc3CBM 64 3 4.0 
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Vc4CBM 85 4 0.45 
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VcCBM 

VcCBM VcCBM 

VcCBM VcCBM VcCBM 

VcCBM TD 

SpCBM TD 

VcCBM VcCBM VcCBM VcCBM 

VcCBM VcCBM TD 

SpCBM SpCBM TD 

Fig. 1. Building blocks of the multivalent CBM
forms and their affinities for sialic acid. (A) VcCBM,
residues 25–216 of the V. cholerae sialidase [Protein
Data Bank (PDB) ID: 1W0P] with α-2,3-sialyllactose
drawn as spheres. (B) SpCBM, residues 121–305 of
S. pneumoniae NanA sialidase with α-2,3-sialyllactose
(PDB ID: 4C1W). (C) The TD, residues 333–438, of the
P. aeruginosa sialidase (PDB ID: 2W38) in rainbow
colors; the other two monomers are in gold and
silver colors. (D) Multivalent forms: their molecular
weights, valences and binding affinities for α-2,3-
sialyllactose as determined by SPR at 25 °C [KD val-
ues for VcCBM, Vc2CBM, and Vc3CBM have been
reported previously (17)]. Tandem repeat CBMs
and oligomeric CBMs fused to the TD are linked
by a five-amino acid linker (details are given in SI
Materials and Methods).
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mice. Vc4CBM (500 μg) was administered intranasally as a single
dose immediately before viral challenge. The Vc4CBM-treated mice
survived and regained weight after a small initial weight loss with
a two-logarithm reduction in lung virus titers 7 d post inoculation
(p.i.) (Fig. S3 A and B). This initial promising result led us to
explore the protective effects of the trimeric (VcCBMTD,
SpCBMTD, 400 μg) and hexameric (Vc2CBMTD, Sp2CBMTD,
100 μg) forms given intranasally 1 d before a lethal challenge
with A/WSN/1933 (H1N1) virus (Fig. S3 C and D). Of the four
mCBMs, the hexameric forms showed almost no detectable virus
in lungs at 7 d p.i., with Sp2CBMTD-treated mice demonstrating
negligible weight loss (Fig. S3C). In contrast, VcCBMTD led to a
higher viral titer and a greater weight loss than seen in the control;
this result may have been caused by an impure preparation. At this
point we decided to focus on the hexameric forms because of their
greater efficacy.
We subsequently evaluated the biologics in BALB/c mice in

challenge experiments against lethal doses [10 times the 50%mouse

lethal dose (MLD50)] of mouse-adapted A/California/04/2009
(H1N1) pandemic influenza virus, exploring single intranasal doses
(10, 50, 250, or 500 μg) of Vc4CBM, Vc2CBMTD, or Sp2CBMTD
given on day −1, 0, or +1 (day 0 being the day of viral challenge).
Survival studies continued to day 21 p.i. (Fig. 2). None of the
mCBMs protected mice when given 24 h after a lethal viral chal-
lenge (Fig. S4). When administered on day −1, Vc4CBM (500 μg)
gave only 40% survival. When administered on day 0, Vc4CBM
(500 μg) gave 100% survival, in line with the A/WSN/1933 (H1N1)
virus challenge, but gave only 40% survival at lower doses. In
contrast, when administered as single doses on day −1 or day 0, the
hexameric forms gave significant protection compared with un-
treated, infected mice. Vc2CBMTD gave 80% survival at the lower
doses of 10 or 50 μg. Sp2CBMTD provided the best protection,
with all mice surviving at all doses administered on day −1 and all
mice surviving after administration of the 50- or 250-μg dose on day
0 and 60% surviving at the 10-μg dose. All animals that survived
virus challenge lost weight during infection, reaching a maximum
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Fig. 2. Effect of prophylactic administration of
mCBMs in BALB/c mice given a lethal challenge with
mouse-adapted A/California/04/2009 (H1N1) influenza
virus. (A) (Upper) Survival and (Lower) weight changes
of mice (n = 5) after a single intranasal dose of
Vc4CBM (50, 250, or 500 μg), Vc2CBMTD (10, 50, or
250 μg), or Sp2CBMTD (10, 50, or 250 μg) given on
day −1 before viral challenge. (B) (Upper) Survival
curves for mice given the same single intranasal
doses of one of the three biologics on day 0, imme-
diately before viral challenge. (Lower) Corresponding
weight-loss curves. Each value represents mean body
weight ± SD for five mice.
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loss around day 8 p.i., but soon started to regain weight after this
period; the most beneficial results were observed when Sp2CBMTD
was administrated at a 250-μg dose on day 0 (Fig. 2B).
We next explored the effect of repeat dosing with Sp2CBMTD

administered further in advance of infection. Single 50-μg doses
of Sp2CBMTD were administered intranasally to BALB/c mice
once, twice, or three times up to 1 wk before a lethal challenge
(10 MLD50) with mouse-adapted A/California/04/2009 (H1N1)
virus on day 0. There was 100% survival with all dosing regimens,
and, strikingly, there was little or no weight loss when two or
three doses were administered (Fig. 3A). Then the lowest ef-
fective dose of Sp2CBMTD was explored. Single 10-, 1-, or 0.1-μg
doses of Sp2CBMTD were administered on day −7, −3, or −1 in
advance of a lethal challenge with mouse-adapted A/California/
04/2009 (H1N1) virus on day 0. All mice survived the 10- and 1-μg
dosing regimens. Significantly, even a single 1-μg dose given on
day −7 resulted in a maximum weight loss of only 8% on day 8 p.i.,
which soon was restored (Fig. 3B), with mice continuing to thrive
with no adverse clinical signs to day 21 p.i.. In contrast, at 0.1-μg
dosing, 80%, 20%, or 0% of mice survived when Sp2CBMTD was
administered on day −1, −3, or −7, respectively (Fig. 3B), sug-
gesting that the timing and dosing of mCBM administration are
significant in determining the level of protection in mice given
lethal doses of influenza virus. Administration of these low doses
did not result in the initial weight losses observed when higher
doses were given in the earlier studies (Fig. S3), suggesting greater
toleration at low dose. Viral lung titers measured on days 3, 6, and
9 p.i. showed that virus had cleared from the lungs by day 9 in mice
given single 50- and 10-μg doses, whereas virus titers in mice given
1- and 0.1-μg doses were similar to those in control (infected,
untreated) mice (Fig. 3C). Significantly, high titers of serum anti-

HA antibodies were present in surviving mice after treatment at
all dosing regimens, with reciprocal HA inhibition titers ranging
from 160–320 with repeat dosing and from 320–640 with single
dosing, suggesting that viral replication is sufficient to elicit an
immune response.

Detection of Biologics in Lung Tissue. To determine whether mCBMs
target cell surfaces in the lung, tissue from mice intranasally admini-
stered a single dose of Sp2CBMTD (400 μg) and culled 1 d later
was stained using anti-SpCBM and anti-IgG Alexa Fluor 488 anti-
bodies. Sp2CBMTD was detected readily on the surface of lung
alveoli epithelial cells (Fig. S5A), demonstrating that mCBMs
target cell surfaces along the respiratory tract. The in vitro studies
suggest that this targeting is most likely to occur through binding
sialic acid receptors. We then investigated whether Sp2CBMTD
(50 μg), given as a pretreatment, can be detected in virally infected
mouse lungs. Lung tissue from mice infected with a lethal dose of
influenza A/WSN/1933 virus (5 × 103 pfu) and culled at day 2 or
day 7 p.i. was stained for Sp2CBMTD. Immunofluorescence images
of infected lung tissue demonstrated clear evidence of the pres-
ence of Sp2CBMTD in the lower respiratory tract with strong
binding to alveolar epithelial cell surfaces of lung tissues on day 2
p.i. (Fig. S5B). Lung tissue harvested at day 7 p.i. also showed the
presence of Sp2CBMTD (Fig. S5B), albeit at a much lower level.

Immunogenicity of the Biologics.One concern with using pathogen-
derived biologics is the potential for immunogenicity that may
reduce the effectiveness of repeat administration. SpCBM and
VcCBM were chosen specifically from human pathogens that may
have evolved immunotolerance to the host. To determine if pre-
existing immunity to either of the single CBM domains is present
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Fig. 3. Survival and weight changes of BALB/c mice
administered Sp2CBMTD before a lethal challenge
with mouse-adapted A/California/04/2009 (H1N1)
influenza virus. (A) BALB/c mice (n = 5) were given
single, double, or triple intranasal doses of Sp2CBMTD
(50 μg) on days −7, −3, or −1 before viral challenge
on day 0. Mice also were given a triple intranasal
dose of Sp2CBMTD alone to determine the toxicity
of the biologic (shown in blue in the right panel).
(B) Survival and weight changes of mice (n = 5) after
single intranasal doses of Sp2CBMTD (10, 1, or 0.1 μg)
given on days −7, −3, or −1 before viral challenge.
(Upper) Survival curves for each administration day.
(Lower) Corresponding weight-loss curves. In all
cases, control animals were infected and mock-
treated with PBS only. Each value represents mean
body weight ± SD for five mice. (C) Virus lung titers
on days 3, 6, and 9 p.i. following intranasal ad-
ministration of single dose of Sp2CBMTD on day −7,
−3, or −1 before lethal viral challenge. Values rep-
resent the mean viral titers (expressed as log10 50%
tissue culture infectious dose/mL) ± SD from three
mice. *P < 0.001 compared with control (infected,
untreated) mice.
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in the human population, we carried out ELISAs using immobi-
lized VcCBM and SpCBM antigens, human sera from a mixed-
age population of males and females, and an anti-human IgG-
HRP conjugate. Analysis of all blood samples against positive
adenovirus controls demonstrated that there were no significant
levels of anti-VcCBM or anti-SpCBM antibodies in the pool of
human sera tested (Fig. S6). The generation of anti-SpCBM
antibodies was explored in mouse sera (at day 21 p.i.) from the
challenge study that used an intranasally administered single 10-μg
or 1-μg dose of Sp2CBMTD and mouse-adapted A/California/
04/2009 (H1N1) pandemic influenza virus as described above.
Prophylactic administration of Sp2CBMTD was shown to elicit
serum IgG, IgM, and IgA antibodies in a dose-dependent man-
ner, with the 1-μg Sp2CBMTD dose eliciting negligible levels
of serum IgA and IgM (Fig. S7). Immunogenicity of the mCBMs
may be an issue with repeat use, but the proteins could be modified
to be less immunogenic if necessary (21).

Stimulation of Inflammatory Mediators by the Biologics. The origi-
nal hypothesis in the biologic design was the masking of sialic
acid receptors; however, the remarkable protective ability of a
single low dose (1 μg) of Sp2CBMTD given 7 d in advance of in-
fection raises the possibility that the biologic also may prime the
immune system into an antiviral state. Accordingly, we explored
the induction of a limited set of inflammatory cytokines/chemo-
kines by intranasal administration of Vc2CBMTD or Sp2CBMTD
in mice and found that there is a significant difference between the
two biologics, with Sp2CBMTD stimulating higher levels of IL-1β,
MIP-2 (mouse homolog of IL-8), IFN-γ, and TNF-α than seen
with either Vc2CBMTD or PBS (Fig. 4). The S. pneumoniae CBM
forms part of a larger region of the NanA sialidase that previously
has been reported to stimulate certain cytokines in human and
mouse brain cells (22), although other segments of NanA may be
responsible for this activity. It is possible that our biologics modu-
late cellular processes, including cytokine induction, that contribute
to the protective ability of Sp2CBMTD, but the identification of
these processes will require further extensive exploration.

Discussion
There is an urgent need for new therapeutic approaches to control
influenza. Significant effort is being devoted to developing new
vaccine approaches to influenza (23, 24), new inhibitors of viral
targets (25), and novel strategies targeted at host factors (26, 27).
One host-targeted strategy is to suppress the availability of sialic
acid receptors on the respiratory tract epithelium that are rec-
ognized by the influenza virus HA glycoprotein. DAS181 (Fludase)
is a biologic formed by linking the catalytic domain of the

promiscuous sialidase from Actinomyces viscosus to the epithe-
lium-anchoring domain of human amphiregulin (28). DAS181
removes sialic acids from the epithelial surface and, when ad-
ministered intranasally, protects against infection with avian
H5N1 and pandemic 2009 H1N1 viruses in mice (29, 30). DAS181
is currently in Phase II development (27). Clarithromycin, a mac-
rolide antibiotic used to treat tonsillitis and pharyngitis, has po-
tential as an influenza therapeutic; it reduces the expression of
sialic acid receptors on the surface of airway epithelial cells and
decreases the number of acidic endosomes in the cell, reducing
viral endocytosis (31).
In this study, we have demonstrated that masking sialic acid

receptors using engineered high-affinity mCBMs based on the
accessory sialic acid-binding domains from V. cholerae and
S. pneumoniae sialidases can protect cells in vitro against infec-
tion from different strains of influenza A and B viruses. The
mCBMs also conferred protection in vivo in BALB/c mice against
lethal doses of the influenza A/WSN/1933 virus and of the 2009
pandemic H1N1 influenza A virus. This protection is most evi-
dent in studies performed using Sp2CBMTD with mouse-adapted
A/California/04/2009 (H1N1) virus, with the biologic administered
prophylactically as a single intranasal dose as low as 1 μg up to
7 d before viral challenge. Even prophylactic administration of a
0.1-μg dose of Sp2CBMTD afforded 80% protection when given
the day before viral challenge. Although some weight loss occurred
in the mice given these single doses, the repeat-dosing experiments
using either two or three 50-μg doses suggest that regular dosing
regimens at much lower levels of mCBMs may be the optimal
regimen to minimize weight loss. Moreover, the generation of
serum anti-HA antibodies observed in mice given mCBMs in
advance or on the day of viral challenge suggests that, in addition
to affording protection, the biologics allow “vaccination” to occur
upon exposure to virus, potentially providing protection against
future exposure. Interestingly, the mCBMs did not protect mice
from influenza infection when administered as a single dose 24 h
after lethal viral challenge. One explanation may be that viral HA
levels were sufficiently high to compete for sialic acid-binding sites
on the surface of respiratory epithelial cells, and that a single
mCBM dose may not have been adequate to prevent further at-
tachment and replication from newly formed viral particles. It is
possible that an alternative dosing strategy could be considered as
therapeutic treatment for influenza infection if mCBM dosing
were administered more regularly in the early stages of infection.
In the current study, immunofluorescence of lung tissue dem-

onstrated that only very small amounts of Sp2CBMTD, given as
a single 50-μg dose, could be observed up to 8 d after adminis-
tration. This finding suggests that a single lower dose, such as
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Fig. 4. Effect of mCBMs on pulmonary expression of chemokines and cytokines. Inflammatory mediators MIP-2, TNF-α, IL-6, IL-1β, IFN-γ, GM-CSF, and IL-2
were assayed by ELISA using lung homogenates obtained from BALB/c mice on days 2 and 4 after nasal administration of Vc2CBMTD (100 μg), Sp2CBMTD
(100 μg), A/WSN/1933 (H1N1) influenza virus (5 × 103 pfu), or PBS (control). All except GM-CSF and IL-2 were detected in lung homogenates. Bars indicate the
mean concentration (pg/mL) ± SD from five mice. *P < 0.05 compared with the results for the control (uninfected, untreated) group.
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1 μg given 7 d in advance, is unlikely to be effective in blocking a
lethal viral challenge and suggests that other factors may con-
tribute to Sp2CBMTD’s efficacy. Interestingly, the enhanced
stimulation of certain inflammatory cytokines and chemokines
observed in mice given Sp2CBMTD in the absence of pathogen
warrants further exploration to determine the extent to which
this activity contributes to Sp2CBMTD’s mode of action. Sialic
acids are widely expressed on the surface of all cells in all ver-
tebrates and are involved in regulating multiple cellular func-
tions, including the development of immunity (32). Intrinsic
sialic acid-recognizing proteins, often themselves multivalent, are
known to mediate and modulate cellular interactions (33), so it
is highly likely that Sp2CBMTD binds some as yet unknown
receptor to elicit the modulation of the immune response.
We have demonstrated that biologics targeted to the mam-

malian host have certain advantages that merit further explora-
tion. Our biologics have the capacity to bind to and mask different
sialic acid receptors found in the upper and lower respiratory tract
and therefore may provide protection throughout the human
airway if a suitable delivery system is used. There are many chal-
lenges ahead in bringing these biologics to the clinic, but we
believe that this class of therapeutics has the potential to be
a powerful option for the control of influenza. The biologics
have a possible broader application in blocking other re-
spiratory pathogens that use sialic acid in pathogenesis, in-
cluding S. pneumoniae, a leading cause of secondary bacterial
infection often associated with influenza and responsible for
increased morbidity and mortality (34).

Materials and Methods
mCBMs. mCBMs were engineered using PCR-based cloning techniques. Con-
structs were propagated in Escherichia coli DH5a cells and were transformed
into an E. coli BL21 Gold (DE3) expression host. Affinity and size-exclusion
chromatography were used for purification of the mCBMs. Full details are
given in SI Materials and Methods.

Detection of Sialic Acid Binding. SPR, glycan array screening, crystallography,
and fluorescence imaging were used to establish the affinity, specificity, and
cell-surface binding of mCBMs to sialic acids. Full details are given in SI
Materials and Methods.

In Vitro Assays. Cell protection and virus replication inhibition assays were
performed usingMDCK cell monolayers incubated with mCBMs and different
strains of influenza virus at 37 °C. EC50 values were determined from dose–
response curves. The viability of MDCK cells after addition of mCBMs also
was assayed over 24 h. Fluorescence imaging of MDCK and A549 cells pre-
treated with mCBMs and infected with influenza virus was performed also.
Full details are given in SI Materials and Methods.

Mouse Infection Studies.Mouse-adapted A/WSN/1933 (H1N1) and A/California/
04/2009 (H1N1) influenza viruseswere grown inMDCK cells and embryonated
chicken eggs, respectively. BALB/c mice were lightly anesthetized with iso-
flurane before intranasal administration of mCBMs (given as a single dose on
day −1, 0, or +1 or as repeated doses given once, twice or three times on days
−7, −3, or −1) before a lethal virus challenge on day 0. Control (infected,
untreated) and toxicity control (uninfected, treated) mice were tested also.
Mice were weighed on the indicated days and assessed for visual clinical signs
of disease. When necessary, lungs were harvested and were inflated for
preparation of frozen tissue sections for immunofluorescence or homogenized
in PBS and centrifuged. Clarified lung homogenates were tested for infectious
virus as determined by plaque assays on MDCK cells and levels of cytokine/
chemokine using a commercial ELISA kit. Immune sera samples from mice
surviving to day 21 p.i. were tested for the presence of anti-HA antibodies and
anti-mCBM antibodies using a hemagglutination inhibition assay or ELISA,
respectively. Full details are given in SI Materials and Methods.
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