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Sialic Acid-Binding Protein Sp2CBMTD Protects Mice against Lethal
Challenge with Emerging Influenza A (H7N9) Virus
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Compounds that target the cellular factors essential for influenza virus replication represent an innovative approach to antiviral
therapy. Sp2CBMTD is a genetically engineered multivalent protein that masks sialic acid-containing cellular receptors on the
respiratory epithelium, which are recognized by influenza viruses. Here, we evaluated the antiviral potential of Sp2CBMTD
against lethal infection in mice with an emerging A/Anhui/1/2013 (H7N9) influenza virus and addressed the mechanistic basis of
its activity in vivo. Sp2CBMTD was administered to mice intranasally as a single or repeated dose (0.1, 1, 10, or 100 pg) before
(day —7, —3, and/or —1) or after (6 or 24 h) H7N9 virus inoculation. A single Sp2CBMTD dose (10 or 100 j.g) protected 80% to
100% of the mice when administered 7 days before the H7N9 lethal challenge. Repeated Sp2CBMTD administration conferred
the highest protection, resulting in 100% survival of the mice even at the lowest dose tested (0.1 jrg). When treatment began 24 h
after exposure to the H7N9 virus, a single administration of 100 pg of Sp2CBMTD protected 40% of the mice from death. The
administration of Sp2CBMTD induced the pulmonary expression of proinflammatory mediators (interleukin-6 [IL-6], IL-1f3,
RANTES, monocyte chemotactic protein-1 [MCP-1], macrophage inflammatory protein-1oe [MIP-1e], and inducible protein
[IP-10]) and recruited neutrophils to the respiratory tract before H7N9 virus infection, which resulted in less pronounced in-
flammation and rapid virus clearance from mouse lungs. Sp2CBMTD administration did not affect the virus-specific adaptive
immune response, which was sufficient to protect against reinfection with a higher dose of homologous H7N9 virus or heterolo-
gous H5N1 virus. Thus, Sp2CBMTD was effective in preventing H7N9 infections in a lethal mouse model and holds promise as a

prophylaxis option against zoonotic influenza viruses.

H uman infections with avian H7N9 influenza viruses remain a
public health concern. Since the first cases in February 2013,
H7N9 influenza viruses caused sporadic infection and reappeared
in October 2013, with 453 laboratory-confirmed human cases re-
ported to date (1). Overall, the case-fatality rate in humans is
~30%; however, H7N9 influenza viruses have low pathogenicity
in domestic poultry and thus can spread silently. Although spo-
radic family clusters of H7N9 infection have been reported (2—4),
there is no evidence of sustained human-to-human transmission
(5). There remains the potential risk of acquiring additional mu-
tations by H7N9 viruses or human coinfections with H7N9 and
seasonal influenza viruses, which might lead to the genesis of vi-
ruses with greater human infection and transmission characteris-
tics. The possibility of enhanced transmissibility is underlined by
the findings that avian H7N9 viruses retain some markers of
mammalian adaptation (6), bind to both avian-type (a2,3-linked
sialic acid [SA]) and human-type (a2,6-linked SA) cellular recep-
tors (7, 8), and already possess limited transmissibility by the air-
borne route in ferrets, guinea pigs, and swine (9-12).

The control of H7N9 infection in humans relies on effective
vaccines and antiviral therapy. The recently developed H7N9
vaccines show poor immunogenicity in humans (13), likely
due to the lack of T-cell epitopes in the emerging H7N9 viruses
(14). The absence of previous exposure of humans to this sub-
type of influenza virus (15) can be a challenge in selecting vac-
cine regimens against a novel H7N9 virus. The available anti-
viral options are limited to viral neuraminidase inhibitors
(NAIs), but the emergence of antiviral resistance to NAIs dur-
ing the treatment of H7N9 infections was reported in 6 pa-
tients, 3 of whom died (16, 17).
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There is a pressing need to develop novel therapeutic agents
that are efficacious against all influenza virus subtypes. Com-
pounds that target cellular factors essential for virus replication
provide an innovative approach for antiviral influenza therapy.
Influenza viruses are expected to have a higher resistance bar-
rier to this class of antivirals than to virus-targeted therapies,
because host proteins are generally not subject to antiviral-
mediated selective pressure. Currently, host-targeted influenza
drugs are represented by an investigational drug, DAS181 (Flu-
dase), which is undergoing clinical evaluation (18). DAS181
removes the terminal SA from cell surface sialoglycoconju-
gates, which are the primary receptors for influenza virus bind-
ing and entry into the host cell (19).

By using structural information, Connaris, Crocker, and Tay-
lor (20) and Connaris et al. (21) recently developed multivalent
proteins based on SA-recognizing carbohydrate-binding modules
(mCBMs) derived from bacterial sialidases with high affinity to SA
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receptors (Vc2CBMTD and Sp2CBMTD) (20, 21). These novel
mCBMs protected MDCK cells against the A/WSN/1933 (HIN1),
A/Udorn/1972 (H3N2), A/Puerto Rico/8/1934 (HINI1), and
B/Hong Kong/1973 influenza virus strains (50% effective concen-
trations [ECsgs], 0.4 to 4.0 wM). Fluorescence imaging of mam-
malian cells revealed mCBM:s targeting cell surface SA receptors
and the abrogation of binding after sialidase treatment. mCBMs
conferred protection in a mouse model against lethal doses of
both the A/WSN/1933 (HIN1) and mouse-adapted A/California/
04/2009 (HIN1pdm09) influenza viruses. Repeated-dose admin-
istration of hexameric mCBM (Sp2CBMTD) before viral chal-
lenge was the most beneficial regimen for complete protection and
no weight loss (21). The biologics appear to stimulate inflamma-
tory mediators that confer protective ability in mice (21). Human
infections with zoonotic viruses circulating in natural reservoirs
are introducing additional challenges for controlling infection be-
cause of the uncertainty about virus pathogenicity to humans and
disease severity. Here, we examine whether Sp2CBMTD is effec-
tive against lethal infection in mice with the newly emerging
A/Anhui/1/2013 (H7N9) influenza virus and study the potential
mechanistic basis of its activity.

MATERIALS AND METHODS

Viruses, cells, and biologic. Influenza A/Anhui/1/2013 (H7N9) and
A/Turkey/15/2006 (H5N1) viruses were obtained through the World
Health Organization network and propagated in embryonated chicken
eggs for 48 h at 35°C. Madin-Darby canine kidney (MDCK) cells were
obtained from the American Type Culture Collection and maintained as
described previously (22). Sp2CBMTD was generated by PCR-based clon-
ing techniques, using genes encoding the carbohydrate-binding module
40 (CBM40) domain from Streptococcus pneumoniae NanA sialidase and
the trimerization domain from Pseudomonas aeruginosa pseudaminidase
(21). The experiments with the H7N9 and H5N1 influenza viruses were
conducted in an animal biosafety level 3+ containment facility approved
by the U.S. Department of Agriculture.

Efficacy of Sp2CBMTD in mice. Six-week-old female BALB/c mice
(weight, 18 to 20 g; Jackson Laboratories, Bar Harbor, ME) were lightly
anesthetized by isoflurane inhalation and inoculated intranasally with five
50% mouse lethal doses (MLDs,,) of A/Anhui/1/2013 (H7N9) influenza
virus in 50 pl of phosphate-buffered saline (PBS). For the first study, 5
BALB/c mice per group were given a single dose of Sp2CBMTD (0.1, 1, 10,
or 100 pg/mouse) intranasally on day 7, 3 or 1 before inoculation, or 6 or
24 h after H7N9 virus inoculation. For the repeated-dose regimens,
Sp2CBMTD was administered either twice (days —3 and —1) or three
times (days —7, —3, and —1) prior to H7N9 inoculation. The control
mice received sterile PBS on days —7, —3, and — 1. The survival of each
mouse was monitored daily for 21 days postinfection (p.i.); any animal
that showed signs of severe disease and a 25% weight loss was sacrificed.
Three weeks after inoculation with the A/Anhui/1/2013 (H7N9) influenza
virus, the surviving mice were reinfected with 25 MLDy,, of homologous
virus.

For the second study, the 10-ug dose of Sp2CBMTD was evaluated.
Groups of 30 BALB/c mice each were given single 10-pg doses of
Sp2CBMTD either once (day —7 or —3), twice (days —3 and —1), or three
times (days —7, —3, and —1) before A/Anhui/1/2013 (H7N9) influenza
virus inoculation. The survival of each mouse (10 mice/group) was mon-
itored daily for 21 days p.i. The weight gain or loss was calculated for each
mouse as a percentage of its weight before inoculation. Three mice from
each group were sacrificed to determine the virus lung titers (on days 3, 6,
and 9 p.i.) and levels of cytokine or chemokine responses (on days 0, 3, 6,
and 9 p.i.) in the lung homogenate samples. The lungs were removed,
thoroughly rinsed with sterile PBS, homogenized, and suspended in 1 ml
of ice-cold PBS. Cellular debris was removed by centrifugation at 2,000 X
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gfor 10 min, after which the supernatants were used for 50% tissue culture
infectious dose (TCIDs5,) assays in MDCK cells (incubation at 37°C for 3
days). For histopathological examination, an additional 2 mice from each
group were sacrificed on days 0, 3, 6, and 9 p.i. Three weeks after the initial
inoculation with A/Anhui/1/2013 (H7N9) influenza virus, the surviving
mice received a second administration of Sp2CBMTD (10-pg dose) once
(day —7 or —3), twice (days —3 and —1), or three times (days —7, —3,
and —1) prior to being reinfected with 20 MLDs, of A/Turkey/15/2006
(H5N1) influenza virus. All studies were conducted under the applicable
laws and guidelines and approved by the St. Jude Children’s Research
Hospital Animal Care and Use Committee.

Lung cytokine and chemokine analysis. The concentrations of the 4
cytokines (gamma interferon [IFN-v], interleukin-1@ [IL-1B], inter-
leukin-6 [IL-6], and tumor necrosis factor alpha [TNF-a]) and 4
chemokines (regulated upon activation, normal T cell expressed and
secreted [RANTES], macrophage inflammatory protein-lae [MIP—
la], monocyte chemotactic protein-1 [MCP-1], and inducible protein
[IP-10]) were measured using a mouse MCYTOMAG-70K-PMX Mil-
liplex premixed kit (Millipore), according to the manufacturer’s in-
structions. For each cytokine, the standard curve ranged from 3.2 to
10,000 pg/ml. The cytokines were measured in 25 pl of lung homoge-
nate samples at days 0 (uninfected mice), 3, 6, and 9 p.i. The multiplex
plates were read on the Luminex 100/200 analyzer using the xPonent
data acquisition and analysis software.

Histopathology and immunohistochemistry. The lungs of the mice
in each experimental group (n = 2) of the second study were collected on
days 0, 3, 6, and 9 p.i. after whole-body perfusion with 10% neutral-
buffered formalin (NBF). The mouse lungs underwent inflation via tra-
cheal infusion and were kept in 10% NBF for =7 days before embedding,
sectioning, and staining for conventional histopathology with hematoxy-
lin and eosin or with immunohistochemical (IHC) staining for influenza
A virus (using nucleoprotein [NP]; U.S. Biological) and neutrophils
[myeloperoxidase {MPO}]; Thermo Shandon).

The influenza A virus NP- and MPO-stained sections were blinded for
pathology evaluation. The presence of antigens was quantified by captur-
ing digital images of whole-lung sections using an Aperio ScanScope XT
slide scanner (Aperio Technologies) and then manually outlining entire
fields together with areas of noticeably decreased or absent NP and MPO
staining. The percentage of the lung field with reduced staining coverage
was calculated using the Aperio ImageScope software.

Serology. Serum samples were obtained 21 days after H7N9 or H5N1
virus infection, treated with receptor-destroying enzyme (Denka Seiken
Co.), heat inactivated at 56°C for 1 h, and tested for the presence of anti-
hemagglutinin (HA) antibodies by the HA inhibition assay with 0.5%
turkey red blood cells (Rockland Immunochemicals). The presence of
anti-SpCBM antibodies in the serum samples was measured in an en-
zyme-linked immunosorbent assay (ELISA), using purified protein (1
pg/well) immobilized on 96-well plates (Corning) (21).

Statistical analysis. The virus lung titers, concentrations of cytokines
and chemokines, anti-SpCBM antibody titers, and the number of NP- and
MPO-stained lung cells were compared by analysis of variance (ANOVA),
followed by Bonferroni posttests, using the GraphPad Prism 5.0 software
(La Jolla, CA). Kaplan-Meier survival curves were generated and com-
pared using the Mantel-Cox log-rank test.

RESULTS

Efficacy of Sp2CBMTD on survival of mice lethally challenged
with H7N9 influenza virus. To determine whether Sp2CBMTD
improved the survival of mice lethally challenged with A/Anhui/
1/2013 (H7N9) influenza virus, the biologic was prophylactically
administered as a single-dose regimen of 0.1, 1, 10, or 100 j.g on
day 7, 3 or 1 before viral challenge. The virus-inoculated PBS-
treated control animals exhibited progressive weight loss, and all
died between days 8 and 10 p.i. (Fig. 1). A single intranasal admin-
istration of Sp2CBMTD before the H7N9 virus challenge resulted
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FIG 1 Effect of single and repeated administration of Sp2CBMTD on survival of mice infected with a lethal dose of A/Anhui/1/2013 (H7N9) influenza virus.
Groups of BALB/c mice (n = 5) were lightly anesthetized with isoflurane, and Sp2CBMTD was administered intranasally as a single-dose regimen (0.1, 1, 10, or
100 pg/mouse) at day 7, 3 or 1 before (A) or 6 or 24 h after (B) H7N9 virus inoculation. For the repeated-dose regimens, Sp2CBMTD (0.1, 1, 10, or 100 p.g/mouse)
was administered either twice (days —3 and —1) or three times (days —7, —3, and —1) prior to H7N9 inoculation, respectively (C). Each mouse was inoculated
intranasally with 5 MLDs,, of A/Anhui/1/2013 (H7N9) influenza virus and monitored daily for survival and weight loss. The control (untreated) animals received

sterile PBS on days —7, —3, and —1.

in a dose-dependent protection of mice. The highest single-dose
regimen of Sp2CBMTD (100 pg) provided the greatest protec-
tion, and 100% of the mice survived the infection when the bio-
logic was administered on day 7, 3 or 1 before virus inoculation
(Fig. 1A). The 10-pg single-dose regimen protected 80% of the
mice when administered on day 7 or 3 before virus inoculation
and 100% of the mice when administered on day 1 before inocu-
lation. The protection of animals decreased when the 1-p.g single-
dose regimen was used: only 60% and 40% of the mice survived
when the biologic was administered on day 3 or 1 before virus
challenge (Fig. 1A), respectively. The lowest dose tested (0.1 pg)
was the least effective, with only 20% of the mice being protected.

Next, we assessed the effect of early postexposure treatment
with Sp2CBMTD on the survival of mice. Sp2CBMTD given once
at 6 h after the H7N9 virus challenge protected 100% of the mice at
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doses of 10 and 100 g and 40% of the mice at a dose of 1 pg (Fig.
1B). The efficiency of protection decreased when the initiation of
treatment was delayed by 24 h: only 40% of the mice treated with
100 pg and 20% of the mice treated with 10 ng survived H7N9
inoculation; the 0.1- and 1-g single-dose regimens did not pro-
vide survival benefits.

The repeated administration of Sp2CBMTD given two or
three times before lethal challenge of mice with A/Anhui/1/2013
(H7N9) influenza virus provided complete protection at all doses
of the biologic tested (Fig. 1C). These results indicate that the
repeated administration of Sp2CBMTD before H7N9 virus inoc-
ulation was the most effective for the survival of the mice and the
minimization of weight loss (Table 1).

Effect of Sp2CBMTD on H7N9 influenza virus replication in
mouse lungs. In a second experiment, the mechanistic basis of the
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TABLE 1 Efficacy of 10 pg of Sp2CBMTD against lethal A/Anhui/1/2013 (H7N9) influenza virus infection in BALB/c mice

No. survived/ Mean * SD

% wt loss (avg = SD) on p.i. day:

Lung virus titer (mean = SD)
(log,, TCID;,/ml) on p.i. day*:

Sp2CBMTD administration®  total no. (%) survival days® 4 6 8 12 3 6 9

Single (day —7) 6/10 (60) 154 = 5.9 10526 17.8 £3.7 249 £ 5.7 18.3 £8.3"* 68*0.5 62*0.0 55=*0.2
Single (day —3) 8/10 (80) 178 £ 46  60+40% 134=43% 200+81 74+61% 67*03 56=04 51=03
Double (days —3 and —1) 10/10 (100)  20.0 £ 0.0 6.2 1.9% 103 £2.4** 133 £51"* 2.8+ 45 6805 6.0*x0.3 2.9 =* 0.6
Triple (days —7, —3,and —1) 10/10 (100)  20.0 = 0.0 4.0 £ 2.8 10.1 =3.7** 129 £6.8*** 0.9*73 6.3 0.1 58=*0.5 3.3=*0.00*
Control 0/10 (0) 8.0+ 1.0 13.2+25 202*45 26.6*49 NA*® 70*00 60*03 54*03

“ Groups of 6- to 8-week-old BALB/c mice (1 = 10) were given 50 pl of Sp2CBMTD (10 pg/mouse) intranasally as a single-, double-, or triple-dose regimen. Treatment with
Sp2CBMTD was initiated at different time points between days 7 and 1 before inoculation with 5 MLDs,, of A/Anhui/1/2013 (H7N9) influenza virus.

b SD, standard deviation.

¢ Loss of weight was calculated for each mouse as a percentage of its weight on day 0 p.i. (postinfection). ¥, P < 0.005; **, P < 0.001; and ***, P < 0.0001 compared to control

animals, two-way ANOVA.

4 Data from 3 animals per group. The lower limit of virus detection was 0.75 log,, TCID5,/ml.

¢ NA, not applicable (all mice in the group died).

antiviral activity of Sp2CBMTD was examined using a 10-pg dose,
which was prophylactically administered as a single-dose regimen
either on day —7 or —3, a double-dose regimen on days —3 and
—1, and a triple-dose regimen on days —7, —3, and —1. The
kinetics of the H7N9 virus load was determined in the lungs of the
infected mice. The virus titers in the lungs of Sp2CBMTD-treated
mice with all biologic regimens tested did not differ from those of
the controls on day 3 or 6 p.i. (Table 1). Notably, on day 9 p.i.,
repeated administrations of Sp2CBMTD (double- and triple-dose
regimens) significantly reduced virus load in the lungs of infected

mice (P < 0.0001), but both single-dose regimens tested did not
reduce virus titers (Table 1).

To compare A/Anhui/1/2013 (H7N9) influenza virus replica-
tion in the lower respiratory tract of infected mice given either PBS
(control) or different regimens of the biologic, the virus-positive
cells were quantified in lung sections on days 3, 6, and 9 p.i. (Fig.
2). In the control animals, NP-positive cells (a measure of influ-
enza virus-infected cells) were detected throughout the whole
lung sections, specifically in the epithelial cells of the bronchi,
bronchioles, and peribronchiolar alveoli on days 3 and 6 p.i.
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FIG 2 Effect of Sp2CBMTD on the number of H7N9 influenza virus NP-positive cells in mouse lung sections. BALB/c mice were lightly anesthetized with
isoflurane, and Sp2CBMTD (10 pg/mouse) was administered intranasally either once at day 7 or day 3, twice at days 3 and 1, or three times at days 7, 3 and 1
before H7N9 virus inoculation. Two mice in each experimental group were sacrificed on days 3, 6, and 9 p.i. The mouse lungs were removed, fixed in 10%
neutral-buffered formalin, and stained for immunohistochemistry with anti-influenza A nucleoprotein (NP) antibody. One slide that included all lung lobes per
mouse was used for evaluations. Quantitative analysis of the number of NP-positive cells on days 3 (A), 6 (B), and 9 p.i. (C) was done using the ImageScope
viewing software. Specifically stained cells have dark brown color in the nucleus and cytoplasm. (D, F, and H) Images of the lung tissues of control animals showed
H7N9 influenza antigen-positive staining in bronchiolar and respiratory epithelial cells on days 3 and 6 p.i. (D and F) compared with the few antigen-positive cells
onday9 p.i. (H). (E, G, and I) Images of the representative Sp2CBMTD-treated group (triple administration on days 7, 3 and 1 before H7N9 inoculation) showed
amarked reduction in antigen-positive cells in the lungs of mice on days 3 and 6 p.i. (E and G) compared with that in the controls, and few positive cells on day
9 p.i. (I). The dashed line indicates H7N9 influenza antigen-positive cells determined in virus infected PBS-treated animals and was considered 100%. Magni-
fication, X20. *, P < 0.01; **, P < 0.05 compared with the results for the control group at each day p.i. studied, two-way ANOVA.

C(':nti'ol' Control
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FIG 3 Histological changes in the lungs of mice treated with Sp2CBMTD and infected with 5 MLD;, of A/Anhui/1/2013(H7N9) influenza virus. Sp2CBMTD was
administered as described in the Fig. 2 legend. Mouse lungs were fixed in 10% neutral-buffered formalin and stained with hematoxylin and eosin. The histological
changes in the lungs of H7N9-infected PBS-treated mice are shown for days 3 (A), 6 (B), and 9 p.i. (C). The pathological changes in the lungs of mice given a
triple-dose regimen of Sp2CBMTD are shown for days 3 (D), 6 (E), and 9 p.i. (F). Magnification, X20. The black arrow indicates epithelial necrosis, the open
arrowhead indicates edema, and the closed arrowhead indicates peribronchiolar alveoli infiltration with macrophages and neutrophils.

(Fig. 2D and F), and the number of antigen-positive cells de-
creased on day 9 p.i. (Fig. 2H). The single administration of
Sp2CBMTD did not significantly change the number of NP-pos-
itive cells in the infected mouse lungs compared with that in the
control animals on day 3, 6, or 9 p.i. In contrast, double or triple
administration of the biologic resulted in significant decreases
(P < 0.01 and P < 0.05, respectively) in the number of NP-posi-
tive cells, with the cell number declining from 80% to 70% on day
3 p.i. (Fig. 2A) and to 50% on day 9 p.i. (Fig. 2C).

These findings indicate that repeated Sp2CBMTD administra-
tion controlled the spread of H7N9 virus in the lung tissues of the
infected mice. The infectious virus titers were not affected by
Sp2CBMTD treatment until day 9 p.i., suggesting that the im-
mune response was responsible for virus clearance rather than a
reduction in virus replication caused by limited access to SA re-
ceptors.

Effect of Sp2CBMTD on histological changes of lung tissues.
To determine the extent of the changes in the lungs, tissues ob-
tained from different Sp2CBMTD regimen groups on days 0, 3, 6,
and 9 p.i. were histologically examined (Fig. 3). The lungs of the
H7N9-infected PBS-treated mice showed necrosis of epithelial
cells in the bronchi on day 3 p.i. (Fig. 3A) and alveolar collapses
and infiltration with inflammatory cells (neutrophils and macro-
phages), edema, and viral pneumonia on day 6 p.i. (Fig. 3B).
Edema and infiltration with inflammatory cells continued on day
9 p.i., but the lesions were restricted to a few areas (Fig. 3C). In the
Sp2CBMTD-treated mice that received a triple-dose regimen,
there were no distinctive pathological changes on day 3 p.i., and
epithelial necrosis and infiltration of the alveoli with inflamma-
tory cells was minimal (Fig. 3D). The accumulation of inflamma-
tory cells in the lung parenchyma and progression of virus spread
were observed on day 6 p.i. and resolved on day 9 p.i. (Fig. 3E and
F). These findings support that Sp2CBMTD administration de-
creases lung tissue damage, which is associated with lethal H7N9
virus infection.
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Effect of Sp2CBMTD on production of pulmonary cytokines
and chemokines. To determine the inflammatory and innate im-
mune responses associated with Sp2CBMTD administration, the
effect of Sp2CBMTD on the pulmonary expression of cytokines
and chemokines was studied. Notably, Sp2CBMTD stimulated a
proinflammatory response before H7N9 virus inoculation, and
the levels of specific proinflammatory mediators increased in the
Sp2CBMTD-treated animals by day 0 p.i., especially with repeated
administrations (Fig. 4). The levels of IL-6 (P < 0.05), IL-1f,
MIP-1a, MCP-1 (P < 0.01), RANTES (P < 0.01 or P < 0.001),
and IP-10 (P < 0.001) were significantly higher in the mice that
received 2 and/or 3 administrations of Sp2CBMTD than the levels
of cytokines and chemokines secreted in the lung homogenates of
the untreated control mice (Fig. 4). These effects may be due to
activated alveolar macrophages in the lungs. The pulmonary ex-
pression of cytokines and chemokines varied between the experi-
mental groups on days 3, 6, and 9 p.i., and, consistent with our
previous findings on challenge with the A/WSN/1933 (HIN1) vi-
rus (21), there was no clear pattern of expression (data not
shown). These results suggest that Sp2CBMTD might modulate
the immune response by “priming” the host to better combat an
oncoming influenza virus infection.

Effect of Sp2CBMTD on neutrophil recruitment. To confirm
that the elevated levels of cytokines determined before virus inoc-
ulation were associated with an increase in the immune cell pop-
ulation in the lungs, the number of neutrophils was determined
(Fig. 5). Before H7N9 virus challenge (day 0 p.i.), the neutrophil
counts were significantly higher in the samples from Sp2CBMTD-
treated mice than those from the controls (P < 0.0001), with the
greatest increase seen in the samples obtained from mice given
repeated administrations of Sp2CBMTD (Fig. 5). Our results in-
dicate that the recruitment of immune cells to the virus replication
site caused by Sp2CBMTD administration contributed to rapid
recovery and survival from lethal H7N9 virus infection.
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FIG 5 Infiltration of mouse lung tissues with neutrophils after administration of Sp2CBMTD. Sp2CBMTD was administered as described in the Fig. 2 legend.
Mouse lungs were obtained on day 0 p.i., fixed in 10% neutral-buffered formalin, and stained with myeloperoxidase (MPO), a specific marker for neutrophils.
The MPO-stained sections were blinded for pathology evaluation. The presence of antigens was quantified by capturing digital images of whole-lung sections
using an Aperio ScanScope XT slide scanner (Aperio Technologies) and then manually outlining entire fields together with areas of noticeably decreased or absent
MPO staining. The percentage of the lung field with reduced staining coverage was calculated using the Aperio ImageScope software and expressed as a relative
value over virus-infected PBS-treated (control) animals (A). Representative MPO-stained lung images of the control animals (B) and animals given single-dose
(C), double-dose (D), or triple-dose (E) regimens of Sp2CBMTD before H7N9 virus infection. Magnification, X20. The black arrowhead indicates neutrophils.

*, P < 0.0001 compared with results for the control group, one-way ANOVA.

Reinfection of mice with H7N9 influenza virus. To examine
whether Sp2CBMTD treatment interferes with the induction of
adaptive immunity, the serum titers of anti-HA antibodies against
A/Anhui/1/2013 (H7N9) influenza virus were determined. All
surviving mice had moderate titers of anti-HA antibodies (40 to
160), regardless of the regimen used (Table 2). The anti-HA anti-
body titers were sufficient to protect 100% of the surviving ani-
mals against a 25-MLDs,, dose of homologous H7N9 virus rein-
fection (data not shown).

Induction of anti-SpCBM antibodies after repeated admin-
istration and reinfection with H5N1 influenza virus. The devel-
opment of anti-biologic antibodies potentially abrogates protec-
tion when the biologic is used repeatedly. We assessed the levels of
anti-SpCBM antibodies in mouse sera after two uses of the bio-
logic (Table 2). Compared to the naive mice, the most prominent
increase after the first use of Sp2CBMTD was observed for IgM,
which presents the pool of acute antibodies, and the least increase
was shown for IgA. After the second use of Sp2CBMTD, the levels
of IgG and IgM increased 1.3- to 1.7-fold and 1.4- to 4.4-fold in all
treatment groups, respectively (Table 2). To address the question
of whether repeated Sp2CBMTD use can affect protection against
influenza virus infection, we reinfected mice with the highly
pathogenic H5N1 virus. Importantly, the animals in the groups
that received the biologic twice were completely protected from
lethal challenge with H5N1 virus (data not shown). All naive un-
treated mice died between days 8 and 10 after the H5N1 virus
challenge, although 50% of the naive animals that received a dou-
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ble administration of Sp2CBMTD (10 pg) on days —3 and —1
were protected from lethal infection (data not shown).

DISCUSSION

In a previously developed mouse model of influenza H7N9 virus-
induced acute respiratory distress syndrome (23), we demon-
strated the antiviral efficacy of the novel host-targeted biologic
Sp2CBMTD in preventing lethal infection with the newly emerg-
ing human pathogen. The highest efficacy and 100% protection of
the mice were achieved by repeated administration of Sp2CBMTD
before the H7N9 viral challenge, although 20% to 100% of the
animals were protected with a single dose of Sp2CBMTD given
after the viral challenge, depending on the timing and dose. The
repeated administration of Sp2CBMTD induced some key proin-
flammatory cytokines and recruited immune cells to the lung ep-
ithelia before H7N9 virus infection, which resulted in less pro-
nounced inflammation and rapid virus clearance from mouse
lungs.

Human infection caused by avian influenza viruses raises con-
cerns about the optimal therapeutics for controlling zoonotic in-
fections and highlights the need to develop novel anti-influenza
drugs. The targets for novel drugs have broadened in recent years,
focusing on not only influenza virus-specific proteins but also the
host factors essential for virus replication. The major advantages
of host-targeted drugs are their broad spectrum of activity and
efficacy against different influenza virus subtypes and the low risk
of emergence of drug-resistant variants (24). An attractive strategy
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for drug development is to inhibit influenza virus entry into the
host cell. Therefore, Sp2CBMTD, which was designed to mask
SA-containing host cell receptors, is a promising candidate. Un-
like the investigational antiviral biologic DAS181, Sp2CBMTD
does not remove cellular receptors; instead it masks them and
prevents viral attachment (21). Glycan array screening shows that
SpCBM recognizes glycans containing terminal «2,3- or a2,6-
linked SA (20), emphasizing the feasibility of a biologic that can
bind to receptors in the upper and lower respiratory tract of hu-
mans. The high affinity of Sp2CBMTD, which was achieved
through multivalency, allows it to mask SA receptors for an ex-
tended time period. Sp2CBMTD has been detected in mouse
lungs up to 7 days after a single administration (21), which allows
its administration in advance of a viral infection, thus making it a
valuable component of preventive measures. Recent studies on
the antiviral activity of DAS181 in H7N9-infected mice showed
that a once-daily treatment for 6 days substantially reduced mor-
bidity and conferred a high level of protection in mice, especially
when given within 48 h of the lethal challenge (25). Despite the
target (cell surface sialoglycoconjugates) being identical for the
two drugs, the regimens are different in their duration of treat-
ment and dose. In our study, Sp2CBMTD was therapeutically ad-
ministered as a single dose at either 6 h or at 24 h p.i., while
DASI181 was administered continuously for 6 days. However,
note that the doses of DAS181 used were lower than those for
Sp2CBMTD to examine protection against lethal challenge with
H7N09 virus.

Our data suggest that the mechanism of antiviral action of
Sp2CBMTD is complex and is driven by 2 major factors: (i) pre-
venting virus binding to the SA-containing cellular receptors and
(ii) modulating the host immune response. Although the masking
of SA receptors was not addressed in detail in this study, our pre-
vious study demonstrated that Sp2CBMTD targeted cell surfaces
along the respiratory tract and was present in mouse lungs, where
it bound strongly to the alveolar epithelial cell surfaces of lung
tissues (21). The multifunctional role of Sp2CBMTD in protecting
against influenza virus infection is demonstrated by the stimula-
tion of an innate immune response and the recruitment of im-
mune cells to the site of influenza virus infection, thus reducing
the severity of the immunopathology induced by the H7N9 virus.
The difference in the infectious virus titers and the number of
virus-positive cells in the lungs of the infected mice also points to
differences between host tolerance in the biologic-treated and
control groups, a concept that is well established in plant biology
but has only been recently introduced to the field of animal infec-
tious diseases (26). Thus, our findings provide further support for
the key role of the stimulated immune response in protection in
vivo and provide the first experimental proof of the stimulation of
proinflammatory mediators in murine lungs by Sp2CBMTD be-
fore virus challenge. It is possible that Sp2CBMTD binds to a
yet-unknown receptor(s) in addition to SA (possibly via sialylated
receptors or other pattern recognition receptors involved in in-
nate immunity) and thus acquired the ability to modulate the
immune response. Importantly, either one or both mechanisms of
action depend on the timing and amount of the biologic given.

Furthermore, sera collected from Sp2CBMTD-treated mice
that survived H7N9 virus infection were positive for specific
anti-HA antibodies, therefore, the development of an adaptive
immune response had occurred. The level of immune response
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“Sp2CBMTD (10 pg/mouse) was administered as described in the Table 1 legend. Three weeks after the initial H7N9 virus inoculation and the first use of Sp2CBMTD, the biologic was used the second time and administered to the
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Naive mice

and —1)
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animals at the same regimens as during the first use. The animals were reinfected with 20 MLD5, of the highly pathogenic A/Turkey/15/2006 (H5N1) influenza virus (28 days p.i. with the H7N9 virus). The naive mice did not receive

Sp2CBMTD and were not infected with the influenza virus. The days are the days before A/Anhui/1/2013 (H7N9) influenza virus inoculation.
¢ Values are means * standard deviation (SD) from 4 mice per group. The fold change in the levels of anti-SpCBM antibodies relative to the mean concentrations of naive animals is shown in parentheses for the first administration

data and relative to the first administration in parentheses for the second administration data. *, P < 0.01; **, P < 0.001; and ***, P < 0.0001 compared to the concentration after the first administration of Sp2CBMTD, two-way

ANOVA.

b HI titers against A/Anhui/1/2013 (H7N9) influenza virus were determined 3 weeks after the initial H7N9 virus inoculation (expressed as reciprocal values, e.g., 40 versus 1:40) using 0.5% turkey red blood cells. The HI titers against

A/Turkey/15/2006 (H5N1) influenza virus were determined 3 weeks after the initial HSN1 virus inoculation (or 48 days after H7N9 virus inoculation).
4 NA, not applicable (naive mice did not possess anti-HA antibodies against A/Anhui/1/2013 (H7N9) and A/Turkey/15/2006 (H5N1) influenza viruses).

TABLE 2 Titers of anti-HA and anti-SpCBM antibodies in mouse sera

administration®
Single (day —7)
Single (day —3)
Double (days —3

Sp2CBMTD
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was sufficient to protect against H7N9 virus reinfection with a
higher dose of the homologous virus.

A major concern about the long-term use of this novel thera-
peutic is the development of specific antibodies against it. Our
results demonstrated that although serum levels of IgG, IgM, and
IgA anti-SpCBM antibodies increased after a second administra-
tion of Sp2CBMTD 3 weeks after the first one, the protection was
not affected, and all animals survived the heterologous challenge
with the highly pathogenic H5N1 influenza virus. All the internal
gene segments of newly emerging H7N9 influenza viruses and
highly pathogenic H5N1 are similar and closely related to those
from avian H9N2 viruses (16, 27). Therefore, the cross-reactive
CD4" T-cell and CD8" cytotoxic T-lymphocyte immune re-
sponses established by the initial H7N9 virus infection may have
contributed to protection against H5N1 reinfection. Further stud-
ies are required to determine the efficacy of Sp2CBMTD against
different HA clades of highly pathogenic H5N1 influenza viruses.
Our results confirm that repeated use of Sp2CBMTD is possible
even within a short time period. If the time period between
Sp2CBMTD administrations is longer, the anti-SpCBM antibod-
ies might be eliminated, and their possible effect on the level of
protection may decrease. To reduce the possible concern of im-
munogenicity, methods to deimmunize the biologic can be em-
ployed. As our biologic is based on a bacterial (nonhuman) pro-
tein sequence, methods to alter their sequence to reduce
immunogenicity would include T-cell epitope screening to iden-
tify peptides that stimulate CD4™ T cells so that they can be mod-
ified to produce a less immunogenic molecule (28).

Sp2CBMTD represents a new class of host-directed therapeu-
tics for influenza infections that shows promise for the prophy-
laxis of disease caused by potentially pandemic strains of influ-
enza. Previous studies suggest that this biologic is effective against
pandemic HIN1pdmO09 viruses (21). Taken together, these data
support the notion that Sp2CBMTD is a promising prophylactic
option against emerging influenza viruses. Future studies can ad-
dress the effectiveness of Sp2CBMTD against influenza viruses
resistant to FDA-approved antivirals and analyze whether other
routes or regimens for Sp2CBMTD administration are more ef-
fective than those used in our study. Moreover, the therapeutic
potential of Sp2CBMTD against influenza virus infection war-
rants further investigation, as only a single-dose regimen was
tested in this study, and repeated-dose regimens of the biologic
may be more beneficial. Other respiratory pathogens, such as
parainfluenza viruses, some coronaviruses, and S. pneumoniae
also use SA receptors for pathogenesis, which may indicate that a
broader application may be implemented for Sp2CBMTD in the
future. Our findings in mice confirmed that a regimen of repeated
low doses resulted in the highest survival rates and minimized
tissue damage in mouse lungs. The immunomodulatory proper-
ties of Sp2CBMTD require further investigation, but the findings
of this study advocate an even broader applicability of this ap-
proach for preventing respiratory disease caused by pathogens
that do not use SA receptors.
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