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The emergence of influenza virus strains resistant to approved neuraminidase inhibitors and the time constrains after infection
when these drugs can be effective constitute major drawbacks for this class of drugs. This highlights a critical need to discover
new therapeutic agents that can be used for the treatment of influenza virus-infected patients. The use of broadly neutralizing
anti-influenza monoclonal antibodies (MAbs) has been sought as an alternative immunotherapy against influenza infection.
Here, we tested in mice previously characterized broadly neutralizing anti-hemagglutinin (HA) stalk MAbs prophylactically and
therapeutically using different routes of administration. The efficacy of treatment against an influenza H1N1 pandemic virus
challenge was compared between two systemic routes of administration, intraperitoneal (i.p.) and intravenous (i.v.), and two
local routes, intranasal (i.n.) and aerosol (a.e.). The dose of MAb required for prophylactic protection was reduced by 10-fold in
animals treated locally (i.n. or a.e.) compared with those treated systemically (i.p. or i.v.). Improved therapeutic protection was
observed in animals treated i.n. on day 5 postinfection (60% survival) compared with those treated via the i.p. route (20% sur-
vival). An increase in therapeutic efficacy against other influenza virus subtypes (H5N1) was also observed when a local route of
administration was used. Our findings demonstrate that local administration significantly decreases the amount of broadly neu-
tralizing monoclonal antibody required for protection against influenza, which highlights the potential use of MAbs as a thera-
peutic agent for influenza-associated disease.

Influenza virus is a highly infectious respiratory pathogen that re-
mains a significant threat to public health. Historically, passive

transfer of convalescent human sera has been a viable option as a
functional therapy in situations of crisis (1, 2). According to reports,
passive transfer techniques were implemented for influenza virus in-
fection from as early as the 1918 pandemic to as recently as the H1N1
pandemic and exhibited good results (3–5). Immunotherapy with
monoclonal antibodies (MAbs) is the only approved treatment for
prophylactic use in children at risk of respiratory syncytial virus in-
fection (6). Production of neutralizing antibodies generated through
vaccination or viral infection is generally correlated with protection.
Broadly neutralizing antibodies purified from patients, produced by
immunization of mice, or recombinantly expressed in mammalian
culture have been tested both prophylactically and therapeutically in
animal models of influenza virus infection (7, 8). Monoclonal anti-
body therapies are currently in clinical trials to target influenza vi-
rus infection (https://clinicaltrials.gov/ct2/results?term�influenza
�monoclonal�antibody&Search�Search). Most anti-influenza vi-
rus MAbs tested in animal studies are given using systemic routes,
such as the intraperitoneal (i.p.) or intravenous (i.v.) route. In these
studies, the amount of antibody required to protect against lethal
challenge is usually quite high (9–12). Currently, both the manufac-
turing process and the amount of antibody needed for protection
make monoclonal antibody therapy very expensive and unjustifiable
for large-scale implementation.

During an influenza virus infection in mammals, the virus usu-
ally targets epithelial cells of the upper and lower respiratory tracts
(13). Therefore, local administration of neutralizing monoclonal
antibodies to the target tissue region may be a clinically relevant
approach. Thus, we compared the efficacy of broadly neutralizing
anti-hemagglutinin (HA) stalk antibodies to prevent or rescue
influenza-challenged mice from clinical disease when adminis-
tered systemically (intraperitoneal or intravenous route) or locally

(intranasal [i.n.] route via droplets or by aerosol [a.e.]). Local
administration of the monoclonal antibodies reduced the dose
required for protection and improved survival in mice treated
therapeutically.

MATERIALS AND METHODS
Animals. All research studies involving the use of animals were reviewed
and approved by the Institutional Animal Care and Use Committees
(IACUC) at the Icahn School of Medicine at Mount Sinai. This study was
carried out in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Research Coun-
cil (8th ed).

Female BALB/c mice (6 to 8 weeks old) purchased from The Jackson
Laboratory (Bar Harbor, ME) were used for all experiments. For virus
challenges, mice were anesthetized by intraperitoneal injection of a mix-
ture of ketamine (100 mg/kg of body weight) and xylazine (5 mg/kg)
before intranasal instillation of 5 mouse 50% lethal dose (mLD50) in a
volume of 35 �l. The animals were monitored daily for clinical signs of
illness, and body weights were recorded daily for 14 days. Upon reaching
�75% of initial body weight, animals were humanely euthanized.
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Antibodies and viruses. The mouse monoclonal antibodies 6F12,
GG3, and KB2 used in these experiments were previously characterized as
broadly neutralizing anti-HA stalk-specific monoclonal antibodies (9–
11). Influenza viruses A/Puerto Rico/8/1934 H1N1 (PR/8), A/Nether-
lands/602/2009 H1N1pdm (NL/09), and A/Vietnam/1203/2004 H5N1
(VN/04) with the polybasic cleavage site deleted (HALo) were used at 5
mLD50 to challenge mice. For the particular batches of viruses used in
these experiments the mLD50s were as follows: PR/8, 50 PFU; NL/09, 80
PFU; and VN/04 HALo, 300 PFU.

Antibody bioavailability. To determine the half-life of the MAb 6F12
in serum, mice were treated with 3 mg/kg of MAb 6F12 via the i.v. route,
and blood samples were collected every other day for 21 days. Addition-
ally, the antibody presence was measured in bronchoalveolar lavage
(BAL) fluid or serum samples obtained from mice that received 3 mg/kg
of MAb 6F12 via the i.p., i.n., or a.e. route. Terminal samples were col-
lected at 24 or 72 h posttreatment with the MAbs. The concentrations of
antibodies in BAL fluid and serum samples were evaluated by enzyme-
linked immunosorbent assays (ELISAs) with the use of purified prepara-
tions of recombinant hemagglutinin of A/California/04/2009 at 2.5 �g/ml
(BEI Resources catalog no. NR-13691) as the coating antigen (9). Conva-
lescent-phase serum samples from mice infected with NL/09 were used as
positive controls, and samples from mice that received phosphate-buff-
ered saline (PBS) alone served as negative controls. A standard curve from
a purified preparation of MAb 6F12 was used to generate a nonlinear
regression curve with GraphPad Prism 6.0 (GraphPad Software, San Di-
ego, CA), and then the amount of antibodies in each sample was calcu-
lated.

Antibody distribution. MAb 6F12 was labeled with XenoFluor750
using the fluorescent dye kit for in vivo imaging (PerkinElmer, Waltham,
MA) following the conditions recommended by the manufacturer. A dose
of 3 mg/kg of labeled MAb 6F12 was delivered systemically (i.p.) or locally
(i.n. or a.e.). Levels of fluorescently labeled antibody were determined
daily for 3 days. On day 4, mice were euthanized, and their lungs were also
assessed for a fluorescence signal. Mice were imaged for 45 s in an IVIS
Spectrum in vivo imaging system (PerkinElmer), and the images were
processed with the system software using the same threshold applied to
images across experimental groups.

Treatment regimens. Monoclonal antibodies were diluted to the ap-
propriate concentration in PBS and administered via i.p. or i.v. injection
for systemic delivery or via i.n. instillation (under ketamine-xylazine an-
esthesia) or a.e. for local administration. We administered the MAbs in a
prophylactic or a therapeutic approach using different doses of the anti-
body in a single application. To deliver MAbs via the a.e. route, mice were
awake; therefore, they were trained for several sessions (using sterile PBS)
to get them used to the procedure at least 1 week in advance. We used a
nose-only aerosol delivery system (inExpose system; SCIREQ, Montreal,
QC, Canada) with an Aerogen Lab nebulizer (Aerogen, Galway, Ireland)
that delivers an average particle size of �3 �m. Briefly, we first determined
the aerosolized drug delivery (ADD) value using the volume of nebulized
drug (milliliters per liter) and multiplied it by the concentration of the
drug solution (milligrams per milliliter). The amount of MAb delivered
per mouse per minute (milligrams per minute per mouse) was calculated
by multiplying the ADD value (milligrams per liter) by the minute volume
of the mouse (liters per minute). We used this value to determine how
long the mice needed to be in the aerosolization equipment based on the
target dose (i.e., 3 or 15 mg/kg). An isotype of the immunoglobulin sub-
type G (IgG) antibody was used as a negative control for all the experi-
ments (9). The readouts to determine protection were body weight loss
and survival.

Lung viral titers. Mice received MAb 6F12 via the i.p., i.n., or a.e. route
prophylactically (3 mg/kg 2 h prior to infection with 3 mLD50 of NL/09
virus) or via the i.p. or i.n. route therapeutically (15 mg/kg 24 h after
infection). The control groups received 15 mg/kg of the isotype IgG via the
i.n. route 2 h before infection. On days 3 and 6 postinfection, groups of
mice were euthanized, and the lungs were collected and homogenized

(BeadBlaster 24; Benchmark Scientific) in 1 ml of sterile PBS. The lung
homogenates were spun at 16,000 � g for 10 min to pellet tissue debris,
and the supernatants were collected. Samples were stored at �80°C until
titration by the standard plaque assay on Madin-Darby canine kidney
cells. GraphPad Prism was used to calculate the statistical significance
between groups using a two-way analysis of variance. A P value of �0.05
was considered statistically significant.

Histopathology. Mice were administered 3 mg/kg of MAb 6F12 via
the i.p., i.n., or a.e. route and challenged 2 h posttreatment with 5 mLD50

of NL/09 virus. Two days postinfection, mice were euthanized, and their
lungs were perfused in situ with 1 ml of 10% buffered formalin. For the
therapeutic analysis, mice were infected with 5 mLD50 of NL/09 virus and
treated with 15 mg/kg of MAb (or PBS for the control group) 3 days
postinfection. On day 4 (i.n. and i.p.) or day 5 (i.n., i.p., and PBS) postin-
fection, mice were euthanized, and their lungs were perfused and col-
lected. Lung sections were stained with hematoxylin-eosin and evaluated
by a board-certified veterinary pathologist from the Center of Compara-
tive Medicine and Surgery in the Icahn School of Medicine at Mount
Sinai. The following score system was used to analyze the histopathology
of the lung sections (on a scale of 0 to 4): 0, no lesions; 1, mild changes with
scattered cell necrosis/vacuolation and few/scattered inflammatory cells
in the bronchiolar epithelium with minimal perivascular inflammation; 2,
moderate multifocal vacuolation with peribronchiolar inflammation (�5
cell layers thick); 3, marked, multifocal/segmental necrosis, epithelial loss/
effacement, and peribronchiolar inflammation (�5 cell layers thick); and
4, severe, coalescing areas of necrosis, parenchymal effacement with con-
fluent areas of inflammation. The overall pathology scores per group were
used for the statistical analysis of the results.

Statistical analysis. Statistical differences were analyzed using Stu-
dent’s t test followed by the Holm-Sidak test. For the analysis of the sur-
vival rates, Kaplan-Meier curves were compared using the log rank (Man-
tel-Cox) test. All the analyses were performed using GraphPad software,
and P values of �0.05 were considered significant.

RESULTS
In vivo bioavailability and distribution of administered MAb
6F12. Influenza virus replication is typically limited to the respi-
ratory tract; therefore, the amount of systemically administered
antibody reaching the site of infection is critically important for
achieving protection. To determine bioavailability, we first calcu-
lated the serum half-life in mice that received 3 mg/kg of MAb
6F12 (60 �g) via an intravenous bolus injection. We used MAb
6F12 due to its cross-reactivity within the H1 subtype (9, 10). We
detected the antibody in sera up to 19 days posttreatment by
ELISA, with a calculated half-life of 5.5 days (data not shown). We
then quantified the amount of MAb 6F12 in bronchoalveolar la-
vage (BAL) fluids and sera of mice that received 3 mg/kg of MAb
6F12 via the i.p. (systemic), i.n. (local), or a.e. (local) route of
administration. The amounts of antibody in BAL fluids were sig-
nificantly higher (P � 0.05) in mice that received the MAb via the
i.n. route than for the a.e. or i.p. route of administration at 24 h
(Fig. 1A). In contrast, the amount of antibody in serum samples
was significantly higher (P � 0.05) in mice that received the MAb
via the i.p. route at 24 h (Fig. 1B). Very small amounts of MAb
6F12 were observed in BAL fluid or serum samples of mice that
received the antibody via the a.e. route. These data suggest that
local administration via the i.n. route delivers a higher MAb dose
at the site of infection.

To evaluate overall antibody distribution, we administered 3
mg/kg of fluorescently labeled MAb 6F12 via different routes and
measured the fluorescence signal over time using the IVIS Spec-
trum live imager. The fluorescence signal for mice that received
the antibody via the a.e. route was observed only in the upper
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respiratory tract, while fluorescent antibody administered i.n. was
well distributed in both the upper (data not shown) and lower
respiratory tracts (Fig. 1C). When the antibody was administered
via i.p. injection, distribution of the signal was observed through-

out the body (Fig. 1C). On day 4 postadministration, lungs were
harvested and the lung-specific fluorescence signal was also mea-
sured. Interestingly, in mice that received the MAb via the a.e.
route, no fluorescent signal was detected (Fig. 1C). A strong signal

FIG 1 Distribution of monoclonal antibody 6F12 in mice. (A) Concentration of MAb 6F12 in bronchoalveolar lavage (BAL) fluid of mice that received 3 mg/kg
of the antibody via a.e., i.n., or i.p. administration. A group of mice received phosphate-buffered saline (PBS) via intranasal administration as a negative control.
(B) Serum concentration of MAb 6F12 after administration of 3 mg/kg using the same routes as in panel A. Values represent means 	 SEM (n � 3 mice per
group). Significant differences are shown: *, P � 0.05. (C) Antibody detection using a fluorescently labeled MAb. Mice received labeled MAb 6F12 via aerosol,
intranasal, or intraperitoneal administration, and live images of whole mice were collected at 24 and 72 h or of only lungs at 96 h posttreatment. Mice and lungs
on the left of each picture only received PBS.
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was observed in the lungs of mice that received the antibody via
the i.n. or i.p. route. Of note, mice were not flushed to get rid of the
circulating blood before lungs were collected; therefore, the signal
observed in the lungs of mice that received the labeled antibody via
the i.p. route is coming partially from blood in the lung circula-
tion.

Temporal bioavailability of locally administered MAb af-
fords better protection. To determine the relationship between
the route of administration and pretreatment efficacy with MAb
6F12, we performed the following experiment. Mice were initially
treated with 3 mg/kg of MAb 6F12 via the i.p. or i.n. route and then
were infected with 5 mLD50 of NL/09 virus on day 2, 3, or 5 after
treatment. When infection occurred on day 2, mice that received
the MAb via the i.n. route did not lose weight, whereas mice that
received it via the i.p. route lost almost 20% of their initial body
weight (Fig. 2A). All mice treated with MAb 6F12 survived, irre-
spective of the route of administration. Mice that were infected on
day 3 after i.n. administration of the MAb survived lethal chal-
lenge without transient weight loss, while only 60% of the mice
that received the antibody via the i.p. route survived (Fig. 2B). All

mice infected 5 days after i.n. MAb administration survived with a
transient weight loss of only 5% of their initial body weight, while
only 40% of the mice treated via the i.p. route survived and they
had greater weight loss (Fig. 2C). This difference was statistically
significant (P � 0.05).

Local administration is superior to systemic administration
in a prophylaxis regimen. One potential use of anti-influenza
MAb therapy is the prophylactic administration of antibody to
people who will be in contact with an infected individual to pre-
vent infection. To evaluate the relationship between the routes of
administration and prophylactic efficacy, groups of mice were
treated with 3, 1, or 0.3 mg/kg of MAb 6F12 systemically (i.v. and
i.p.) or locally (i.n. and a.e.) 2 h prior to infection with 5 mLD50 of
NL/09 virus. All mice that received a dose of 3 mg/kg survived the
virus challenge with no weight loss (Fig. 3A and B). When the dose
was reduced to 1 mg/kg, all mice that received treatment via the
i.n. or a.e. route of administration survived without transient
weight loss. In contrast, 80% of mice administered the MAb via
the i.v. or i.p. route succumbed to infection (Fig. 3C and D). Fi-
nally, mice that received 0.3 mg/kg of MAb 6F12, through either

FIG 2 Window of opportunity for protection after administration of a broadly neutralizing antibody. Body weight and survival curves of mice that received 3
mg/kg of MAb 6F12 via the i.n. or i.p. route of administration and then were infected with influenza A/Netherlands/604/2009 H1N1pdm virus at 48 (A and B),
74 (C and D), or 120 (E and F) hours after MAb treatment. As a negative control, an irrelevant isotype IgG was used at 3 mg/kg and administered via the i.n. route
48 or 120 h before infection. Body weight curve values represent means 	 SEM (n � 5 mice per group). Significant differences between the i.n. and i.p. routes
are shown: *, P � 0.05.
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local administration route (i.n. or a.e.), were fully protected from
lethal challenge and demonstrated no transient weight loss,
whereas only 20% of mice that received i.v. or i.p. treatment sur-
vived (Fig. 3E and F). Overall, these results indicate that local
administration of MAb 6F12 via the i.n. or a.e. route significantly
(P � 0.05) reduces the amount of antibody required for protec-
tion in a prophylactic setting and is superior to systemic adminis-
tration.

Local administration affords better protection against influ-
enza disease in a therapeutic regimen. After observing enhanced
efficacy of MAb 6F12 in a prophylactic setting through i.n. or a.e.
administration, a therapeutic regimen was tested to simulate a
clinical scenario observed during an influenza virus infection.
Mice were initially infected with 5 mLD50 of NL/09 virus and on
day 3, 4, or 5 postinfection received 15 mg/kg of MAb 6F12 via
either the i.p. or i.n. route. A control group received 15 mg/kg of
an IgG isotype via the i.n. route 3 days postinfection. All mice
treated 3 days postinfection exhibited similar transient weight
losses and survived regardless of administration route (Fig. 4A and
B). Mice treated 4 days postinfection exhibited similar transient

body weight loss in both groups (Fig. 4C). All mice that received
treatment via the i.p. route survived, while mice that received
treatment via the i.n. route had a 90% survival (Fig. 4D), a differ-
ence that is not statistically significant. Significant differences,
however, were observed when mice received treatment on day 5
postinfection where the i.n. route group had better body weight
recovery by day 14 postinfection than the i.p. group (P � 0.05 on
days 13 and 14 postinfection) (Fig. 4E). In addition, the group that
received treatment via the i.n. route had a 60% survival rate, while
only 20% of the mice treated via the i.p. route survived (Fig. 4F)
although these differences were not statistically significant (P �
0.1). These data demonstrate the enhanced efficacy of locally ad-
ministered MAb 6F12 when it is given therapeutically.

Local administration of MAb 6F12 significantly decreases
lung viral titers and pathology in the lungs. To determine if
weight loss and/or disease correlated with the viral burden and
lung pathology, mice were first administered MAb 6F12 via the
i.p., i.n., or a.e. route 2 h prior to infection or 24 h postinfection
(i.p. and i.n.) with 3 mLD50 of NL/09 virus. Mice were then eutha-
nized on day 3 or day 6 postinfection to determine lung viral titers.

FIG 3 Body weights and survival in mice treated with MAb 6F12 in a prophylactic experiment. Body weight and survival curves of mice treated with 3 mg/kg (A
and B), 1 mg/kg (C and D), or 0.3 mg/kg (E and F) of MAb 6F12 via the a.e., i.n., i.p., or i.v. route before infection with 5 mLD50 of influenza A/Netherlands/
604/2009 H1N1pdm virus. As a negative control, an isotype IgG was used at 3 mg/kg and administered via the i.n. route 2 h before infection (A and B). The same
controls as in Fig. 2C to F were included as references for comparison. Body weight curve values represent means 	 SEM (n � 5 mice per group). Significant
differences between the i.n. and i.p. routes are shown: *, P � 0.05.
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When MAb 6F12 was administered prophylactically, significant
reductions in lung viral titers (P � 0.05) were observed in the
groups of mice that received the treatment via local administra-
tion compared to the results in the groups that received the MAb
via the i.p. route (P � 0.05) (Fig. 5A) at both time points. The lung
viral titers in the group that received the antibody via the i.n. route
were below the limit of detection for the assay (Fig. 5A). For the
groups that received MAb 6F12 therapeutically (24 h postinfec-
tion), a significant reduction (P � 0.05) in lung viral titers was
observed on day 6 postinfection in the group that was treated via
the i.n. route (Fig. 5B). Overall, the results showed that adminis-
tration of MAb 6F12 prophylactically or therapeutically via local
routes significantly reduces lung viral titers compared to those
treated via systemic routes.

Histological analyses of lungs harvested 2 days postinfection
from mice that received treatment prophylactically demonstrated
either the absence of lesions or mild lesions (Table 1). Lungs from
mice treated 3 days postinfection were harvested 24 (4 days
postinfection) or 48 h (5 days postinfection) later. A higher degree

of microscopic lesions were observed in lungs obtained on day 5
postinfection (i.e., 2 days after antibody treatment). Intranasally
treated mice demonstrated moderate perivascular and mild alve-
olar inflammation, while i.p.-treated mice and the PBS-treated
control mice demonstrated a wider range of pathologies. These
included moderate perivascular inflammation and mild epithelial
degeneration with scattered cell necrosis in the less affected ani-
mals. Some mice demonstrated more severe lesions, including
marked epithelial degeneration with segmental necrosis, areas of
epithelial loss, and moderate alveolar inflammation with intersti-
tial damage. Overall, a significant reduction (P � 0.05) in pathol-
ogy was observed in lungs from mice treated via the i.n. route on
day 3 postinfection and harvested on day 5 postinfection com-
pared with that for the groups that received treatment via the i.p.
route or the control group.

Enhanced efficacy of i.n. route of administration is not MAb
or virus specific. To determine if the improved efficacy observed
upon local administration of MAb 6F12 was specific for this par-
ticular HA stalk antibody-virus combination, we tested various

FIG 4 Body weight and survival curves of mice treated with MAb 6F12 in a therapeutic experiment. Mice received 15 mg/kg of MAb 6F12 via the i.n. or i.p. route
on day 3 (A and B), 4 (C and D), or 5(E and F) postinfection with 5 mLD50 of the influenza virus A/Netherlands/604/2009 H1N1pdm. As a negative control, an
isotype IgG was used at 15 mg/kg and administered via the i.n. route on day 3 postinfection (A and B). Body weight curve values represent means 	 SEM (n �
10 mice per group). Significant differences between the i.n. and i.p. routes are shown: *, P � 0.05.
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MAbs and influenza virus strains to demonstrate broader appli-
cability of the monoclonal antibody therapy approach. For these
experiments, mice received 3 or 0.3 mg/kg of antibody intraperi-
toneally (systemic administration) or intranasally (local adminis-
tration) 1 day postinfection. First, we tested protection of mice
treated with MAb 6F12 against infection with PR/8 (H1N1) virus.
Mice that received treatment with 3 mg/kg of the MAb via the i.n.
route survived influenza PR/8 infection and demonstrated mini-
mal transient weight loss, while all mice that received treatment
i.p. succumbed to infection (Fig. 6A and B). These trends contin-
ued in the groups that received 0.3 mg/kg of the MAb, in which we
observed significant survival (P � 0.05) of the mice treated via the
i.n. route compared to that of mice treated via the i.p. route (60%
versus 0% survival, respectively). This demonstrated that the en-
hanced efficacy observed after local administration of MAb 6F12
was not virus strain specific. In order to ensure that this enhanced
efficacy was not MAb specific, we tested MAb GG3, another HA
stalk-specific broadly neutralizing antibody, in mice infected with
5 mLD50 of NL/09 or PR/8 virus. All mice treated with 3 mg/kg of
GG3 survived against the NL/09 virus challenge, irrespective of the
route of administration; however, mice treated i.p. had more pro-
nounced weight loss (Fig. 6C and D). At a dose of 0.3 mg/kg, 40%
of mice that received the MAb via the i.n. route survived the in-
fection, while none of the mice that received treatment via the i.p.
route survived (Fig. 6C and D), underscoring once again en-
hanced efficacy upon local MAb administration. In the groups
that were infected with PR/8 virus, only mice that received 3
mg/kg of MAb GG3 via the i.n. route survived infection and dem-
onstrated minimal transient weight loss, while mice treated i.p. or
with the isotype IgG control succumbed to infection (Fig. 6E and
F). These results confirm that the advantages observed by locally
delivering MAb 6F12 also apply to other broadly neutralizing HA
stalk monoclonal antibodies and different virus strains.

Intranasal administration of monoclonal antibody therapy
showed enhanced efficacy against H5N1. Highly pathogenic
avian influenza viruses belonging to the H5N1 subtype can cause
severe disease when transmitted into humans. MAb KB2, another

FIG 5 Lung viral titers of mice infected with influenza A/Netherlands/604/
2009 H1N1pdm virus. Mice received 3 mg/kg of MAb 6F12 via the a.e., i.n., or
i.p. route 2 h before infection (prophylactically) (A) or 15 mg/kg via the i.n. or
i.p. route 24 h postinfection (therapeutically) (B). As a negative control an
isotype IgG was used at 3 mg/kg and administered via the i.n. route 2 h before
infection. Lungs were harvested from each group (n � 3) at 3 or 6 days postin-
fection, and lung viral titers were determined by a plaque assay (expressed in
PFU per milliliter). Values represent means 	 SEM. Significant differences are
shown: *, P � 0.05. LD, limit of detection.

TABLE 1 Histopathology scores of lungs from mice treated with MAb 6F12 via intraperitoneal, intranasal, or aerosol administration and challenged
with influenza A/Netherlands/602/2009

Treatment regimena

Route of
administrationb

Lung pathology scorec

Amount of tissue
affected

Perivascular
inflammation

Epithelial
degeneration

Peribronchiolar
inflammation

Intraluminal
debris

Alveolar
inflammation

Prophylactic i.p. 0.3 0.6 0 0 0 0.3
i.n. 1 0.6 0 0 0 1.3
a.e. 0.6 1 0 0 0 1.3

Therapeutic D-4 i.p. 1 1.6 0 0 0 1
i.n. 0.6 0 0 0 0 0.6

Therapeutic D-5d i.p. A 1.7 2.3 3 2 2 2.3
i.n. AB 1.3 2 1.6 1 1.3 1.3
Control B 1.5 2.5 3 2 2.5 3

a Prophylactic, treatment 2 h before infection; therapeutic, treatment on day 3 postinfection; D-4 and D-5, days postinfection when samples were collected.
b i.p., intraperitoneal; i.n., intranasal; a.e., aerosol; control, mice received PBS via the i.n. route.
c Lung pathology was scored on a scale of 0 to 4: 0, no lesions; 1, mild changes with scattered cell necrosis/vacuolation and few/scattered inflammatory cells in the bronchiolar
epithelium with minimal perivascular inflammation; 2, moderate multifocal vacuolation with peribronchiolar inflammation (�5 cell layers thick); 3, marked, multifocal/segmental
necrosis, epithelial loss/effacement and peribronchiolar inflammation (�5 cell layers thick); and 4, severe, coalescing areas of necrosis, parenchymal effacement with confluent areas
of inflammation. Each score value represents the mean from 3 mice per group.
d Significant differences (P � 0.05) in the overall pathology score between the i.n. and i.p. groups (A) and i.n. and control groups (B) are shown.
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group 1 antistalk MAb, has neutralizing activity against the patho-
genic H5N1 virus (10). Therefore, we tested if local administration
improved the efficacy of this MAb for the treatment of H5N1 virus
infection in a murine model. Mice were initially infected with the
VN/04 (HALo) virus and then received 15 mg/kg of the MAb KB2
via i.n. or i.p. administration on day 1 or day 3 postinfection. As a
control, a group of mice were infected and then treated with 15
mg/kg of an irrelevant IgG MAb via the i.n. route on day 1 postin-
fection. Mice that received treatment via the i.n. route exhibited
only a transient weight loss of 3%, whereas mice that received
treatment via the i.p. route had a more pronounced weight loss
and lost almost 20% of their initial body weight (Fig. 7A). All mice
in the groups that received treatment via the i.n. or i.p. route on
day 1 postinfection survived (Fig. 7B). When the MAb was given
on day 3 postinfection, all mice that received it via the i.n. route
survived infection, while mice that were treated via the i.p. route
had only a 60% survival rate (Fig. 7B). These data demonstrate an

extension of our findings to one of the highly pathogenic avian
origin influenza viruses circulating in the human population.

DISCUSSION

We previously characterized several broadly neutralizing mono-
clonal antibodies that target the hemagglutinin stalk region and
demonstrated their ability to protect mice from developing overt
clinical disease and succumbing to influenza virus infection (9,
10). Since influenza virus infection is mainly restricted to the re-
spiratory tract in mammals, we tested previously characterized
MAbs via the intranasal or aerosolized delivery route to determine
if their efficacy can be improved when delivered locally rather than
systemically. While some studies have used the intranasal route of
administration to deliver anti-influenza antibodies (14–16), we
have not found published studies comparing the efficacies of anti-
influenza anti-HA stalk monoclonal antibodies via different
routes of administration. We first characterized the bioavailability

FIG 6 Therapeutic administration of other broadly neutralizing anti-HA stalk monoclonal antibodies. Body weight loss (A) and survival (B) curves of mice
treated with 3 mg/kg or 0.3 mg/kg of MAb 6F12 intranasally (i.n.) or intraperitoneally (i.p.) on day 1 postinfection with influenza A/Puerto Rico/08/1934 H1N1
virus (PR/8). Body weight loss (C) and survival (D) curves of mice treated with 3 mg/kg or 0.3 mg/kg of MAb GG3 via the i.n. or i.p. route on day 1 postinfection
with influenza A/Netherlands/602/2009 H1N1pdm virus (NL/09). Body weight loss (E) and survival (F) curves of mice treated with 3 mg/kg or 0.3 mg/kg of MAb
GG3 on day 1 postinfection with PR/8. As a negative control, an isotype IgG was used at 3 mg/kg and administered i.n. 1 day postinfection (B, D, and F). Body
weight curve values represent means 	 SEM (n � 5 mice per group). Significant differences between the i.n. and i.p. routes (within the same dose) are shown:
*, P � 0.05.
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and distribution of MAb 6F12. The half-life of MAb 6F12 was 5.5
days, which is similar to that in previous reports for IgG mouse
immunoglobulins in their natural host (17). Our bioavailability
imaging studies revealed poor penetration into tissues, as has been
observed for other monoclonal antibodies in mice (18). There-
fore, we tested different systemic and local routes of delivery to
quantify the amount of MAb that reached the respiratory epithe-
lium. After systemic administration, higher levels of the antibody
were observed in the serum, but low levels were present in the
bronchoalveolar lavage fluid, demonstrating low penetration of
the MAb in the lungs. Typically, a high concentration of IgGs
(about 61 �g/ml) is necessary in the circulating plasma to enable
transudation into the respiratory mucosa. The opposite is ob-
served after local administration of a MAb via intranasal droplets,
where the antibody maintains a higher concentration in the BAL
fluid with low penetration into the bloodstream (19). The in vivo
imaging of fluorescently labeled MAb 6F12 showed that after i.p.
injection the MAb is primarily distributed in the bloodstream,
while after i.n. delivery the MAb was distributed in the upper and
lower respiratory tracts. Of note, aerosolization of MAbs resulted
in distribution only in the upper respiratory tract, which we ob-
served in our in vivo experiments. Therefore, it is not surprising
that we did not detected aerosolized MAb in the BAL fluid and in
sera by ELISAs, which reflect the lower respiratory tract and blood
compartments of the mouse, respectively. The amount of MAb
that goes to the lower respiratory tract, if any, may be too low to

be detected with our approach. Ultimately, it should be noted
that aerosolized MAb given prophylactically protects mice
from disease, so although there is no detectable antibody in the
lungs or in the BAL fluid of nebulized mice, this route of MAb
administration is still effective. Similar distribution patterns
have been observed in previous studies using fluorescently la-
beled anticancer monoclonal antibodies that compared sys-
temic administration (i.v.) versus local administration via en-
dotracheal aerosolization (20, 21).

Larger amounts of the MAb in the BAL fluid of mice that re-
ceived the antibody intranasally may explain the extended protec-
tion observed in mice infected up to 5 days after antibody admin-
istration. This result has great clinical relevance in the event of a
pandemic and suggests that a prolonged prophylactic treatment
strategy may prevent infection in people at high risk, such as
health care workers, the elderly, or immunocompromised pa-
tients.

In a prophylaxis regimen with the use of an escalating dose
approach, we observed a 10-fold reduction (0.3 mg/kg local versus
3 mg/kg systemic) in the amount of antibody required for protec-
tion when the MAb was administered locally compared to that
with systemic administration. Immunoglobulins are not secreted
in the respiratory mucosa after influenza virus infection but reach
the mucosa using a passive transudation process from serum sub-
ject to the prevailing concentration gradient (22). The amount of
serum IgG needed to transude into the respiratory mucosa to
confer protection in mice has been shown to be approximately 7
times the amount of serum IgG observed in a convalescent mouse
(1, 19). This may explain why the efficacy of MAb 6F12 is lower
when it is administered via systemic routes. In contrast, local ad-
ministration provides the MAb direct access to the site of infec-
tion, which may facilitate virus neutralization, resulting in a dose-
sparing effect.

As influenza virus infection progresses, the inflammatory re-
sponse recruits immune effector cells to the site of infection and
also increases permeability for higher-molecular-weight mole-
cules such as immunoglobulins. We previously demonstrated that
mice receiving 30 mg/kg of MAb 6F12 via the i.p. route were
protected, even when treated as late as 5 days postinfection (9).
Therefore, we also examined if local administration of MAb 6F12
can improve the therapeutic efficacy of these antibodies. When
treatment was administered 5 days postinfection, we observed a
significant improvement in body weight recovery and better sur-
vival, although the improvement in survival was not statistically
significant in the group that received treatment intranasally com-
pared with that in the group that received treatment intraperito-
neally. On day 5 postinfection, immunopathology development is
still in progress; however, we observed significantly less histopa-
thology in mice treated via the i.n. route than in mice treated via
the i.p. route or the control group.

We hypothesize that to control infection at this advanced stage
(5 days postinfection) a higher concentration of the protective
MAb at the site of infection is required; therefore, only the i.n.
administration of 15 mg/kg provided the amount of MAb neces-
sary to improve protection. During an influenza virus infection in
mice, the amount of virus replicating in the upper respiratory tract
peaks on 1 day postinfection and then gradually declines over time
and can be detected up to 5 days postinfection (23). This may
explain why aerosolization of MAb 6F12 protected mice treated
prophylactically despite its localization only to the upper respira-

FIG 7 Therapeutic administration of broadly neutralizing anti-HA stalk an-
tibody KB2. Body weight (A) and survival (B) curves of mice treated with 15
mg/kg of MAb KB2 via the i.n. or i.p. route at 24 h or 72 h postinfection with
influenza A/Vietnam/1203/2004 H5N1 virus (VN/04). As a negative control,
an isotype IgG was used at 15 mg/kg and administered via the i.n. route at 24 h
postinfection. Body weight curve values represent means 	 SEM (n � 5 mice
per group). Significant differences between the i.n. and i.p. routes are shown: *,
P � 0.05.
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tory tract, suggesting that the aerosolized MAb is able to neutralize
the virus at the site of entry. In addition, the earliest point used to
evaluate the distribution and concentration of the MAb was at 24
h after treatment, which may indicate that the concentration of
the MAb delivered via aerosolization declines faster than when
delivered intranasally but still maintained protective concentra-
tions at the time when the challenge with the virus was done (2 h
after treatment).

Increased efficacy upon local administration of the MAbs was
observed with different virus strains. Previous studies using poly-
clonal or monoclonal anti-HA antibodies have shown some pro-
tection in mice treated intranasally against challenges with H1N1
viruses such as PR/8 and A/California/04/2009 H1N1pdm (14,
16). In these experiments, a prophylactic dose of 12.5 mg/kg (14)
or 6.5 mg/kg (16) was required to protect mice from influenza.
Studies previously published also investigated anti-head-specific
MAbs or polyclonal serum being administered intranasally, but to
date, anti-stalk-specific MAbs have not been tested for local ad-
ministration. Broadly neutralizing anti-HA stalk antibodies con-
fer heterosubtypic protection against highly divergent subtypes
within group 1, which is the potential gold standard for broad-
spectrum anti-influenza virus prophylactic and therapeutic regi-
mens (24). These results demonstrated a potential broader appli-
cability of our local administration treatment approach.

One of the main disadvantages of antibody therapy is the
amount required for protection. For example, the recom-
mended dose of palivizumab, a commercially available mono-
clonal antibody against respiratory syncytial virus infection in
infants and young children, is 15 mg/kg once a month for 5
months (25). This means that 375 mg of the MAb is necessary
to treat one 5-kg child. Currently, no monoclonal antibody
therapy has been approved for the treatment of influenza;
however, some monoclonal antibodies tested for protective ef-
ficacy in clinical trials have used 15 to 30 mg/kg of the antibody
via the i.v. route (https://clinicaltrials.gov/ct2/results?term
�influenza�monoclonal�antibody&Search�Search). Con-
sidering that production of large amounts of antibody is still a
very expensive process, approaches that allow dose sparing are
highly desirable. Here we demonstrate that treatment with a
broadly neutralizing MAb via the intranasal or aerosol route
can significantly decrease the amount of MAb required for pro-
tection by 1 log compared with administration via the intraper-
itoneal or intravenous route. The use of aerosol as a route of
administration is also of interest because aerosols are routinely
used to deliver drugs to treat both inflammatory and infectious
conditions of the lung (20). Overall, our results demonstrate
that local administration of broadly neutralizing antibodies,
particularly anti-HA stalk antibodies, is a viable alternative in
the prevention and treatment of influenza virus infections.
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