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ABSTRACT The hemagglutinin (HA) surface protein is the primary immune target for
most influenza vaccines. The neuraminidase (NA) surface protein is often a secondary tar-
get for vaccine designs. In this study, computationally optimized broadly reactive antigen
(COBRA) methodology was used to generate the N1-I NA vaccine antigen that was
designed to cross-react with avian, swine, and human influenza viruses of the N1 NA
subtype. The elicited antibodies bound to NA proteins derived from A/California/07/2009
(H1N1)pdm09, A/Brisbane/59/2007 (H1N1), A/Swine/North Carolina/154074/2015 (H1N1),
and A/Viet Nam/1203/2004 (H5N1) influenza viruses, with NA-neutralizing activity against
a broad panel of HXN1 influenza strains. Mice vaccinated with the N1-I COBRA NA vac-
cine were protected from mortality and viral lung titers were lower when challenged
with four different viral challenges (A/California/07/2009, A/Brisbane/59/2007, A/Swine/
North Carolina/154074/2015, and A/Viet Nam/1203/2004). Vaccinated mice had little to
no weight loss against both homologous, but also cross-NA, genetic clade challenges.
Lung viral titers were lower than the mock-vaccinated mice and, at times, equivalent to
the homologous control. Thus, the N1-I COBRA NA antigen has the potential to be a
complementary component in a multiantigen universal influenza virus vaccine formula-
tion that also contains HA antigens.

IMPORTANCE The development and distribution of a universal influenza vaccine would al-
leviate global economic and public health stress from annual influenza virus outbreaks.
The influenza virus NA vaccine antigen allows for protection from multiple HA subtypes
and virus host origins, but it has not been the focus of vaccine development. The N1-I
NA antigen described here protected mice from direct challenge of four distinct influenza
viruses and inhibited the enzymatic activity of an N1 influenza virus panel. The use of
the NA antigen in combination with the HA antigen widens the breadth of protection
against various virus strains. Therefore, this research opens the door to the development
of a longer-lasting vaccine with increased protective breadth.
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Influenza remains in the forefront of communicable diseases due to reoccurring global
seasonal epidemics with pandemic potential. This negative-sense, single-stranded RNA

virus contains an eight-segmented genome with the virion surface studded with viral he-
magglutinin (HA) and neuraminidase (NA) glycoproteins. The sialic acid binding activity of
the HA controls receptor binding specificity and thus host-cell fusion. Comparatively, the
sialidase enzymatic activity of the NA contributes to cleavage of mucins, motility, release
of progeny virions, and prevention of self-aggregation (1). During infection, virions can be
neutralized by antibodies targeting one of these two proteins (1, 2). Viral isolates are classi-
fied by the HA and NA subtypes that are independently characterized based upon serolog-
ical cross-reactivity (e.g., H1N1, H5N1, H3N2).
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The N1 NA subtype can be matched with different HA subtypes and three distinct
genetic NA clades are defined by phylogenetic analysis based on the NA nucleic acid
sequences: the N1.1, N1.2, and N1.3 genetic clades which correspond to avian-like,
human-like, and classical swine-like, respectively (3, 4). The N1.1 clade is the most
diverse, and the N1.2 and N1.3 clades follow more closely a temporal evolution pat-
tern. Prior to the pandemic in 2009, the N1 that dominated the human infections
belonged to the human-like N1.2 clade. Further, the Eurasian swine viruses commonly
contain the avian-like N1.1 clade NA protein. Thus, the 2009 pandemic NA originated
from the Eurasian swine lineage with protein sequences more similar to the NA protein
from highly pathogenic avian H5N1 viruses (N1.1) than to either the seasonal human
(N1.2) or classical swine NA (N1.3). The classical swine NA proteins continue to circulate
throughout the North American swine populations. Furthermore, through reassort-
ment, some isolated swine-origin influenza viruses contain human-seasonal NA, which
were introduced to the swine population through human interactions. Each of the
three clades, i.e., N1.1 (highly pathogenic avian H5N1 influenza, 2009 pandemic H1N1
influenza), N1.2 (seasonal H1N1 influenza; e.g., A/Brisbane/59/2007), and N1.3 (H1N1
variant influenza), has been isolated from virus-infected humans. NA proteins from the
three clades have been isolated from humans, indicating a potential for human adapt-
ability and designating NA as a promising vaccine target (5, 6).

Indeed, vaccination remains the main method for prevention of influenza virus-
induced disease. One of the most commonly used seasonal influenza virus vaccines for
humans is a split-inactivated virus vaccine without removal of components of the vi-
rion. Although all of the components are present, the immunological response to the
NA protein is limited. The structural integrity of the protein, the relative ratio of HA to
NA, and immunodominance between antigens contribute to a minimal NA-specific
immune response after vaccination (7, 8), even though influenza virus infection elicits
NA antibodies (9). Split-virion vaccination increases antibody titers against the HA pro-
tein, but not against the NA protein (10). This differential antigenicity may be due to
the vaccine preparation, but is difficult to determine due to the lack of methods for
quantifying and standardizing NA protein content in vaccine doses. Despite the NA
not being a standardized vaccine antigen, the clinical use of NA-inhibiting antivirals
has led the reduction of influenza disease severity, duration, mortality, and hospitaliza-
tion (11–14), and the anti-NA antibody titers are virus neutralizing (15–17) and mean-
ingful serological correlates of protection in humans (18–20).

Approaches toward the development of a universal or broadly reactive influenza vi-
rus vaccine have focused on eliciting antibodies targeting the HA surface protein with
less interest focused on the NA (21). However, with a broadly protective N1-based vac-
cine, both human seasonal and pandemic H1 epidemics can be managed, along with
decreasing the potential for zoonotic pandemics from avian H5N1 and another swine-
origin pandemic H1N1. The use of the NA as an immunogen crosses more HA subtypes
and species-of-origin than the use of one HA subtype immunogen. Specific monoclo-
nal antibodies (MAbs) bind conserved epitopes on human seasonal H1N1, human 2009
pandemic H1N1, and pandemic H5N1 NA proteins (22). Within the human host, the HA
has higher nucleic acid substitution rates than NA (23); therefore, HA-specific protec-
tive antibodies are not as effective over many seasons compared to antibodies against
NA. The use of an NA-based vaccine may potentially provide a longer-lasting vaccine
antigen than current vaccination methods that rely primarily on immune responses
against HA. The standardization of NA antigen in the influenza virus vaccine may con-
tribute to increased vaccine efficacy. Clinical symptoms, peak viral titers, and viral shed-
ding are inversely correlated with NA-inhibiting antibody titers (19).

In this report, the development and characterization of a computationally optimized
broadly (COBRA) reactive NA antigen is described. Previously, the COBRA methodology
was used to design broadly reactive HA-based vaccine candidates for H1, H2, H3, and H5
influenza A virus subtypes. These COBRA HA candidates are effective in mice, ferrets,
chickens, and nonhuman primates (24–29). The design of a COBRA antigen requires
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variability in the target antigen amino acid sequence to produce a unique immunogen
protein sequence after consecutive consensus layering. The diverse genetic clades of NA,
antigenic drift, and influenza virus antigen sequencing surveillance contributes to the
variability of the available wild-type NA sequences. N1 COBRA NA protein immunogens
were designed using wild-type NA sequences from human, avian, and swine influenza
isolates. The N1 COBRA and wild-type NA proteins are immunogenic as tetrameric solu-
ble protein vaccines. They elicit broadly reactive antibodies across a panel of N1 viruses.

RESULTS
Design of N1 COBRA NA sequences. The computationally optimized broadly reac-

tive NA antigen was designed from sequences obtained from the GISAID database
(30). The N1-I COBRA NA antigen was designed using human, avian, and swine origin
influenza virus NA sequences from 1990 to 2015 depending on host origin. The N1-I
COBRA NA was phylogenetically located close to the branch point of the human-like
NA clade N1.2 (Fig. 1A). When aligned to representative wild-type sequences, the N1-I
COBRA NA had between 31 to 44 amino acids differences. The Sw/IA/1931NA protein
was the most similar to N1-I COBRA NA and the Bris/18 and Sw/NE/13NA proteins
were the least similar, with 44 amino acids different from the N1-I COBRA NA.

Soluble recombinant tetrameric NA protein vaccines are immunogenic. Sera
was collected at week 12 (Fig. 1C) from mice (BALB/c) vaccinated at weeks 0, 4, and 8
with one of five tetrameric NA (tetNA) proteins (Fig. 1D). The adjuvanted tetNA soluble
protein vaccines elicited an NA-specific antibody response and were confirmed to be

FIG 1 Experimental groups and design used for influenza challenge. (A) Phylogenetic tree of truncated NA amino acid sequences (74 to 470). The N1-I
COBRA NA (black) branched closer to the root of the tree than all other wild-type NA proteins. Representative viruses for each N1 clade (N1.1, orange;
N1.2, blue; N1.3, green) were included. Scale bar = substitutions per site; total sites = 396 amino acids. (B) Cartoon schematic of soluble tetrameric NA
protein used for vaccinations. From the N-terminal to C-terminal ends of the protein sequence, the domains were CD5 signal sequence (CD5; cleaved
during protein processing), hexahistidine domain (6�His), thrombin cleavage domain (Thrombin), Staphylothermus marinus tetrabrachion domain
(Tetramerization Domain), the NA head region of the select antigen (NA Head), and a double stop codon (Stop). (C) Vaccination and challenge regimen
followed for each challenge. Female BALB/c mice (n= 10) were vaccinated with tetrameric soluble NA (tetNA) in a prime-boost-boost at 4-week intervals.
Sera were collected after vaccinations and prior to challenge for serological assays (enzyme-linked lectin assay [ELLA]; enzyme-linked immunosorbent assay
[ELISA] with virus-like particles [VLP]). Each of the four vaccine groups were challenged with one of the four challenge viruses. Over the course of infection,
weights were monitored for up to 14 days, and lungs (n= 3) were harvested on day 3. (D) The vaccine groups for each challenge. Vaccine group 1 for each
challenge varied and was the homologous control for the matched virus.
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immunogenic (Fig. 2). All NA vaccinations elicited IgG antibodies that bound to all four
wild-type NA antigens presented in a tetramer formation on the surface of a virus-like
particle. The N1-I COBRA NA group had endpoint titers of 1:1,000 or greater to each of
the challenge virus NA proteins (Fig. 2A). The greatest titers were to CA/09 and Viet/
04NA antigens, and the lowest endpoint titer was to the Sw/NC/15 antigen. However,
the binding of N1-I sera to Sw/NC/15 was comparable to how the wild-type Sw/NC/
15NA vaccination elicited endpoint titers of 1:890 and 1:5,620, respectively (Fig. 2E).
Mice vaccinated with the Viet/04NA had the highest anti-NA IgG titers when binding
to the homologous protein of 1:316,000 (Fig. 2D). CA/09 and Viet/04NA antigens eli-
cited the highest binding toward the N1.1 clade proteins (Fig. 2B and D), whereas Bris/
07 had higher titers to itself and Viet/04 (Fig. 2C). Sw/NC/15NA antigen elicited anti-
bodies bound at similar titers to Bris/07, Viet/04, and Sw/NC/15NA protein. All vaccine
antigens elicited antibodies that were able to bind to the Viet/04NA protein. The
mock-vaccinated group did not elicit detectable antibodies to the tested proteins
(data not shown).

Soluble recombinant tetrameric NA protein vaccines elicit NA-inhibiting antibodies.
Collected antiserum was examined for the ability to inhibit the NA enzymatic activity
through an enzyme-linked lectin assay (ELLA) (Fig. 3, Fig. S1 in the supplemental mate-
rial). The ELLA measures the ability of NA to cleave sialic acids from the terminal ends
of fetuin. Mice vaccinated with the COBRA N1-I NA vaccine had antibodies that inhib-
ited all tested HXN1 viruses in the N1.1, N1.2, and N1.3 genetic clades (Fig. 3A). Mice
vaccinated with CA/09NA protein had broad NA inhibition with cross-reactivity in the
N1.1 and swine-like N1.3 clades (Fig. 3B). Conversely, sera collected from mice vacci-
nated with the Bris/07NA had the narrowest response, only inhibiting the human-like
clade N1.2 H1N1 viruses (TX/91 and Bris/07) and no viruses from either clade N1.1 or
N1.3 (Fig. 3C). Mice vaccinated with Viet/04NA proteins had a NA inhibition activity

FIG 2 Total IgG antibody binding of vaccinated mouse sera to tetrameric NA expressed on the surface of a virus-like particle. The
homologous sera had the highest reciprocal endpoint titer for each challenge virus. The N1-I COBRA NA elicited binding to all four
challenge NAs, and the mock vaccinations produced no measurable binding (not shown). Reciprocal serum endpoint titers were
determined with raw serum starting from an initial dilution of 1:100 after a prime-boost-boost vaccination regimen with soluble
tetNA. The endpoint titer was the last serum titer that produced an absorbance greater than 5 standard deviations above the
background absorbance. Serum that did not produce an absorbance greater than the cutoff was defined as below the limit of
detection (LOD), depicted as 50 reciprocal endpoint titer. The serum was analyzed in triplicate and the geometric mean reciprocal
endpoint titer was calculated. Error bars represent the geometric standard deviation.
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pattern similar to CA/09-vaccinated mice (Fig. 3D). However, the CA/09NA-vaccinated
sera were able to inhibit Bris/18, and the Viet/04 sera had higher NA inhibition titers to
Viet/04, Hubei/10, and Sw/NE/13 viruses. The Sw/NC/15NA-elicited sera had a narrow
breadth and inhibited the swine origin viruses and Hubei/10 (Fig. 3E). In conclusion,
the COBRA N1-I NA protein elicited a broad inhibitory response mediated by antibody
binding.

Vaccinated mice challenged with human pandemic H1N1 influenza virus. To
determine if the antibody binding to an NA molecule correlates with inhibition of NA en-
zymatic activity and protection against infection, mice were challenged intranasally with
CA/09 virus (Fig. 4). During the course of infection, all of the mock-vaccinated mice
reached humane endpoints and were sacrificed by days 5 to 6 postinfection (Fig. 4A).
The COBRA N1-I NA- and CA/09NA-vaccinated mice survived challenge, but lost 14 to
17% of weight between days 3 to 5 postvaccination, but recovered almost all body
weight by day 12 (Fig. 4B). At day 6, the average weight of the CA/09-vaccinated mice
was not significantly different from the COBRA N1-I NA-vaccinated mice (Fig. 4C). The
CA/09NA-vaccinated mice had the lowest mean viral titer of 2.24 log10 PFU/ml on day 3
(Fig. 4D). The titer was significantly lower than the mean viral titer of 4.72 log10 PFU/ml
from mice vaccinated with COBRA N1-I NA. Although greater than the CA/09 homolo-
gous control, the N1-I COBRA NA also had a significantly lower titer than the mock nega-
tive control with mean viral titer of 6.41 log10 PFU/ml (Fig. 4D). Formalin-fixed lung tissue
stained with hemolysin and eosin (H&E) showed more inflammatory infiltration for the
mock-vaccinated group in the CA/09 challenge than either the CA/09- (homologous) or
the N1-I COBRA-vaccinated groups (Fig. 5A to C). Visually, the CA/09 and N1-I COBRA NA
were similar in the amount of inflammatory reaction.

Vaccinated mice challenged with human seasonal H1N1 influenza virus. In addi-
tion to enzymatic inhibition of the human pandemic virus CA/09NA, the COBRA N1-I NA

FIG 3 Reciprocal NA inhibition (NAI) titers across a panel of N1 influenza viruses. The N1-I COBRA vaccinated sera (A)
inhibited all representative viruses in the panel (B). The wild-type sera (B to E) elicited various levels of inhibition breadth
from very broad (D) to narrow (C and E), but was not as broad as the N1-I COBRA. The enzyme-linked lectin assays (ELLAs)
were performed with RDE-treated and heat-inactivated sera initially diluted to 1:100 followed by 2-fold dilutions. The limit of
detection was defined as 2.0 log10 NAI reciprocal titer. The mean log10 NAI reciprocal titer that inhibited 50% of the NA
activity with 95% confidence intervals was estimated with nonlinear regression of the ELLA dilution curves (Fig. S1 in the
supplemental material).
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also inhibited the human seasonal virus Bris/07NA enzymatic activity. All Bris/07-challenged
mouse groups did not reach humane endpoints, and all the mice survived challenge
(Fig. 6A), with a peak weight loss at day 3 postinfection followed by quick recovery (Fig. 6B
and C). However, there were significant differences in the lung viral titers on day 3 between
the vaccinated groups (Fig. 6D). Mice vaccinated with the N1-I COBRA NA had a mean viral
lung titer of 1.97 log10 PFU/ml that was not significantly different from the Bris/07NA-vacci-
nated control group of 1.00 log10 PFU/ml (Fig. 6D). Furthermore, the N1-I COBRA NA-vacci-
nated mice had significantly lower mean viral lung titers than the mock-vaccinated mice
with a mean titer of 4.39 log10 PFU/ml. In addition to the difference in viral lung titer, the
mock-vaccinated lung H&E visualization showed greater inflammatory infiltration compared
to the Bris/07- and N1-I COBRA NA-vaccinated mice (Fig. 5D to F). The Bris/07 and N1-I
COBRA NA stained lung tissues were similar to each other and to the unchallenged mouse
lung (Fig. 5M to O).

Vaccinated mice challenged with avian H5N1 reassortant influenza virus. The
reassortant H5N1 avian virus, Viet/04 challenge virus, contains the HA and NA gene seg-
ments originating from the highly pathogenic Viet/04 wild-type virus, but the multi-basic
cleavage site of the HA is mutated to infer a low pathogenic phenotype. Mice vaccinated
with Viet/04NA and challenged with the Viet/04 virus containing the homologous NA
protein all survived viral challenge (Fig. 7A) with little weight loss (Fig. 7B). In contrast,
mock-vaccinated mice all reached humane endpoint by day 4 (Fig. 7A). Ninety percent
of mice vaccinated with N1-I COBRA NA survived challenge (Fig. 7A), but these mice did
lose between 10 and 15% of their body weight between days 4 to 6 postchallenge and
then returned to full body weight by day 14 (Fig. 7B). At the peak of weight loss on day
5 postinfection, mice vaccinated with the N1-I COBRA NA had significantly more weight

FIG 4 A/California/07/2009 (H1N1)pdm09 challenge results after vaccination with NA antigens. (A and B)
Survival (A) and weight loss (B) curves of mice postinfection are shown. (C) The day 5 peak weight loss of the
CA/09-vaccinated mice was significantly different than the mock vaccinated. The variation of the CA/09NA-
vaccinated group was greater than the N1-I-vaccinated group. (D) The viral lung titers determined through
plaque assay from lung tissue on day 3 postinfection. All error bars depict standard deviations, and the
statistical analysis was conducted using a one-way ANOVA with Tukey’s multiple comparison. Not significant
(ns); P value, 0.05 (*); P value , 0.01 (**); P value, 0.001 (***); P value , 0.0001 (****).
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loss than mice vaccinated with the homologous Viet/04NA, but had statistically less
weight loss than mock-vaccinated mice (Fig. 7C). At day 3, mice vaccinated with the N1-I
COBRA NA vaccine had 3.67 log10 PFU/ml mean lung viral titers that were significantly
lower than viral titers in mock-vaccinated mice (Fig. 7D). The mock vaccinated mean
lung titer was 4.77 log10 PFU/ml. The mock-vaccinated group challenged with Viet/04
had the greatest amount of infiltration of all groups of mice across all challenge viruses
(Fig. 5). As such, the Viet/04- and N1-I COBRA NA-vaccinated groups had comparatively
less infiltration (Fig. 5G to I).

Vaccinated mice challenged with swine-isolate H1N1 influenza virus. While all
mice in the N1-I COBRA NA-, Sw/NC/15NA-, and mock-vaccinated groups had significant
weight loss following infection with Sw/NC/15 (Fig. 8B), few mice reached humane end-
point and were sacrificed (Fig. 8A). At day 6, the weight of the N1-I COBRA NA-vacci-
nated mice was not significantly different from the Sw/NC/15NA-vaccinated mice, but
was significantly higher than the mock-vaccinated mice (Fig. 8C). The weight at day 6 of
the Sw/NC/15NA-vaccinated mice was not statistically greater than the mock-vaccinated
animals. Furthermore, mice vaccinated with the N1-I COBRA NA had lower lung titers on
day 3 postinfection (mean viral titer of 3.25 log10 PFU/ml) compared to the mock-vacci-
nated mice (5.88 log10 PFU/ml) (Fig. 8D). There was no significant difference between the

FIG 5 Vaccine-specific inhibition of influenza inflammatory lung infiltration. Day 3 postinfection lungs were
perfused and fixed with 10% buffered formalin. Representative images from hematoxylin and eosin (H&E)-
stained sections are depicted. The vaccine groups along the horizontal axis include the homologous control
vaccine groups in the first column with the appropriate vaccine per challenge virus listed in the vertical axis:
CA/09 challenge (A to C), Bris/07 challenge (D to F), Viet/04 challenge (G to I), and Sw/NC/15 challenge (J to L).
The unchallenged controls were age-matched unvaccinated, unchallenged mouse lungs (M to O). Each image
represents separate individual mice. The magnification for all images was 4�, and the scale bar represents
0.6mm.

COBRA NA Vaccines Elicit Protective Immunity Journal of Virology

September 2021 Volume 95 Issue 17 e00759-21 jvi.asm.org 7

https://jvi.asm.org


mean viral lung titer in N1-I COBRA NA-vaccinated mice and mice vaccinated with the
Sw/NC/15NA (4.64 log10 PFU/ml). The mice vaccinated with N1-I COBRA NA had less
inflammatory infiltration than either the Sw/NC/15- or mock-vaccinated groups (Fig. 5J
to L), and was more similar to the unchallenged controls (Fig. 5M to O).

DISCUSSION

Following influenza virus infection, the HA surface glycoprotein binds to sialic acids
on the surface of ciliated epithelial cells lining the respiratory tract (31, 32). Following
entry, genome replication, and viral protein production, nascent virions assemble and
bud from the infected cell surfaces (33). The influenza virus NA is expressed on the sur-
face of viral particles and infected cells and the protein assists in the budding and
release of nascent virions from the cell surface (34–36). The NA sialidase enzymatic ac-
tivity cleaves the host sialic acid receptors, allowing newly formed virions to efficiently
bud from the cells surface, and also increases viral penetration through mucus (37, 38).

Both influenza virus HA and NA proteins are targets for the immune system to pro-
tect the host against infection and disease. Antibodies directed against HA bind to the
protein and block receptor binding, viral fusion with and release from host cells, and
NA activity (39–44). Several mechanism(s) may inhibit NA responses following antibody
binding. In addition to steric hindrance from the anti-HA antibodies, anti-NA antibodies
can bind multiple epitopes on the NA protein on the cell surface during budding and
sterically hinder NA activity (18, 39). Bris/07NA-specific elicited antibodies bound to
the NA protein of Viet/04 (Fig. 2C), but they did not inhibit the NA enzymatic activity of
the Viet/04 (H5N1) virus (Fig. 3C). Antibody binding to NA can inhibit the enzymatic ac-
tivity of the molecule in cleaving sialic acid residues, thereby reducing virus release
from infected cells. In this study, NA protein vaccinations were immunogenic and anti-
genic. The elicited anti-NA antibodies successfully bound NA proteins, as observed
through enzyme-linked immunosorbent assay (ELISA) (Fig. 2), and blocked the NA

FIG 6 A/Brisbane/59/2007 (H1N1)�PR8 challenge results after vaccination with NA antigens. (A and B) Survival
(A) and weight loss (B) curves of mice postinfection. (C) The day 3 peak weight loss was not significantly
different between any of the groups. (D) The viral lung titers were determined through plaque assay from lung
tissue on day 3 postinfection. All error bars depict standard deviations, and the statistical analysis was
conducted using a one-way ANOVA with Tukey’s multiple comparison. Not significant (ns); P value, 0.05 (*); P
value, 0.01 (**).
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activity of several N1 viral NA genetic clades, as observed through the ELLA assay (Fig.
3). NA antibodies can also target infected cells for destruction via the bound antibody
Fc receptor to attract macrophages and other cells for antibody-dependent cellular cy-
totoxicity (ADCC) (45, 46), but those functions were not measured here.

Overall, influenza NA proteins are attractive targets in the development of a universal
influenza virus vaccine (7, 47, 48). As outlined by the U.S. National Institutes of Allergy and
Infectious Diseases, a next-generation influenza virus vaccine should be 75% effective
against symptomatic influenza and virus-induced disease and elicit protective immunity
that lasts for a minimum of 1 year (49). A broadly reactive NA antigen was generated from
N1 NA amino acid sequences using COBRA algorithms (24) and termed N1-I. The N1-I
COBRA NA elicited protective antibodies against four different HXN1 influenza viruses.
These elicited antibodies inhibited sialidase enzymatic activity and inhibited virus replica-
tion of N1.1, N1.2, and N1.3 HXN1 influenza viruses (Fig. 3). In addition, these vaccines miti-
gated clinical signs of disease in vaccinated mice following challenge with four diverse
influenza virus strains (Fig. 4 and 8). The ELLA assay quantifies the serological titers neces-
sary to inhibit the influenza virus NA from cleaving 2,3- or 2,6-alpha sialic acids presented
on fetuin, the host receptors utilized during infection (50). In humans and animal models,
polyclonal NA inhibition titers have been correlated positively with increased influenza vi-
rus protection, similar to hemagglutination inhibition titers (20, 51, 52). Anti-NA antibodies
are not able to inhibit the initial entry of the virus into the host cells, but they limit the viral
spread during infection and contribute to immunity (15, 16, 19, 53).

Conserved epitopes on NA proteins that are responsible for eliciting broadly reac-
tive antibodies have been identified using monoclonal antibodies (MAbs) (22, 54, 55).
For example, there was a single conserved epitope on the H1N1 and H5N1 NA proteins
that elicited cross-reactive antibodies against both H1N1 seasonal, H1N1pdm, and

FIG 7 A/Viet Nam/1203/2004 (H5N1)�PR8 challenge results after vaccination with NA antigens. (A and B)
Survival (A) and weight loss (B) curves of mice postinfection. (C) The day 5 peak weight loss was significantly
different between all vaccination groups. The weights that reached humane endpoint before day 5 were
analyzed at the limit of detection (75% body weight). (D) The viral lung titers determined through plaque assay
from lung tissue on day 3 postinfection. All error bars depict standard deviations, and the statistical analysis
was conducted using a one-way ANOVA with Tukey’s multiple comparison. P value, 0.05 (*); P value , 0.01
(**); P value, 0.001 (***); P value , 0.0001 (****).
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H5N1 NA proteins (22). Prophylactic treatment of mice with MAbs that bound these
conserved epitopes resulted in less weight loss and mortality in virally challenged mice
compared to nontreated mice. The N1-I COBRA NA immunogen retains this conserved
epitope (amino acid residues 273, 338, and 339) and mice vaccinated with N1-I COBRA
NA elicited antibodies that reduced the overall viral titer (Fig. 5D) as a result of poten-
tially eliciting antibodies specific to this conserved NA epitope. However, this does not
rule out that neutralization and protection against viral challenge are a result of bind-
ing to multiple NA epitopes on each NA protein. Total antibody binding may not
always be associated with sialidase activity, since Viet/04NA and Sw/NC/15NA elicited
sera bound to Bris/07, but did not inhibit Bris/07NA enzymatic activity (Fig. 3E and F).
The similar antibody binding and NA inhibition profiles of CA/09 and Viet/04 are a
combined contribution of conserved epitope regions and originating from the same
N1.1c2 clade (56).

There may be a direct correlation between antibody binding and severity of dis-
ease. Mice vaccinated with the Viet/04NA and then challenged with the Viet/04 virus
had little weight loss and undetectable lung virus titers (Fig. 6B to D). These mice had
high anti-NA antibody titers (Fig. 2D). Mice vaccinated with NA derived from CA/09 or
Sw/NC/15 had more weight loss and higher viral titers when challenged with their re-
spective homologous viruses (Fig. 4 and 5), but had lower titer of antibodies that
bound to each NA protein. Soluble tetramerized NA proteins were used to provide
appropriate NA protein conformation to elicit protective antibodies, as previously
described (57). However, differences in protein integrity and chemistry could have
played a role in the variation in the magnitude of antibodies elicited (58, 59). It is
unlikely that glycans shielded differential epitopes between NA proteins, since all NA
proteins were predicted to express the same N-linked glycans (NetNGlyc 1.0) (60).
Other factors, such as protein stability, folding, or hydrophobicity, may have

FIG 8 A/Swine/North Carolina/154074/2015 (H1N1) challenge results after vaccination with NA antigens. (A and
B) Survival (A) and weight loss (B) curves of mice postinfection. (C) The day 6 peak weight loss was significantly
different between the N1-I COBRA and mock groups. The weights that reached humane endpoint before day 6
were analyzed at the limit of detection (75% body weight). (D) Viral lung titers were determined through
plaque assay from lung tissue on day 3 postinfection. All error bars depict standard deviations, and the
statistical analysis was conducted using a one-way ANOVA with Tukey’s multiple comparison. Not significant
(ns); P value , 0.01 (**).
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contributed to the protein’s ability to elicit the immune responses. To further elucidate
whether the lack of protection was due to protein integrity, different vaccine platforms
can be used to deliver the NA antigen. Attenuated live reassortant viruses or virus-like
particles that express NA antigens may be used in future studies to determine the con-
tribution of the soluble protein format to these titer differences.

The addition of a standardized NA antigen component to a multiantigen influenza
vaccine provides advantages and disadvantages. The inclusion of the NA protein may
slow the overall antigenic drift of the vaccine, since the HA and NA antigens evolve in-
dependently of each other (61), and the NA protection is not dependent on the HA
subtype of the infecting virus. However, with the addition, immunodominance
between proteins may occur, and studies to determine the optimal ratios of protein
will be necessary to overcome this, similar to previous vaccine optimization (62). Lastly,
in a live-attenuated virus vaccine platform, the computationally derived NA protein
will need to maintain stability and functionality to allow viral infection to be immuno-
genic. Before inclusion into a multivalent vaccine platform, the NA antigen should be
confirmed to elicit NA inhibition titers and mitigate clinical signs independently of the
other antigens.

The COBRA methodology was previously used to design broadly protective influ-
enza HA antigens (26, 27, 63, 64) as well as other viral antigens, such as the E protein
of dengue viruses (65). In this study, the COBRA methodology was applied to NA to
design an antigen that elicited broadly reactive antibodies against N1 proteins from
different subtypes. The COBRA N1-I antigen has the possibility of eliciting protective
immune responses against both current human influenza viruses and also zoonotic
and pre-pandemic viruses from multiple subtypes, which moves us a step closer to a
universal vaccine antigen.

MATERIALS ANDMETHODS
COBRA NA antigen construction and synthesis. Full-length N1 NA amino acid sequences for avian

(2000 to 2015; 4,891 sequences), swine (1990 to 2015; 3,515 sequences), and human (2001 to 2014;
9,976 sequences) influenza A viruses were downloaded from the GISAID database (www.gisaid.org) (30).
Full-length sequences were aligned using Geneious alignment (global alignment with free end gaps;
Blosum62 cost matrix: open gap penalty 12, gap extension penalty 3; 2 refinement iterations) (Geneious
v11.1.5). After alignment, the most common amino acid at each position was determined and resulted
in primary consensus sequences. The resulting primary sequences from each clade were then realigned
to generate a secondary consensus. This process was continued until a single final consensus was
obtained. Finally, the ultimate amino acid sequence was reverse translated and optimized for expression
in mammalian cells, including codon usage and RNA optimization (Genewiz, Washington, DC, USA). The
resulting sequences were termed computationally optimized broadly reactive antigens (COBRA). The
N1-I NA COBRA gene was synthesized and inserted into the pcDNA3.3 vector for soluble tetrameric
recombinant NA protein production of protein containing the tetramerization domain in replace of the
stem region (replaced amino acid residues 1 to 74).

Viruses and wild-type NA antigens. N1 viruses were obtained through the Influenza Reagents
Resource (IRR), BEI Resources, the Centers for Disease Control (CDC), or a generous gift from the Mark
Tompkins laboratory at the University of Georgia. Viruses were passaged once in the same growth con-
ditions as they were received or as per the instructions provided by the WHO, in either embryonated
chicken eggs or Madin-Darby canine kidney (MDCK) cell culture (66). Virus lots were aliquoted for single-
use applications and stored at 280°C. Hemagglutination titer of the frozen aliquots was determined
with turkey red blood cells (RBCs). Viruses with NA protein GenBank accession numbers and NA genetic
clade distinctions were as follows: A/California/07/2009 (H1N1)pdm09 (ACQ63272.1; CA/09; N1.1c2b1),
recombinant virus containing HA and NA from A/Brisbane/59/2007 (H1N1) and all internal genes from
A/Puerto Rico/8/1934 (H1N1) (PR8) virus (AHG96686.1; Bris/07; N1.2d), A/swine/North Carolina/154074/
2015 (H1N1) (amino acid sequence available upon request; Sw/NC/15; N1.3b), and BSL-2 recombinant vi-
rus containing HA and NA from A/Viet Nam/1203/2004 (H5N1) and all internal genes from A/Puerto
Rico/8/1934 (H1N1) virus (AAW80723.1; Viet/04; N1.1c2a). Viruses included in the enzyme-linked lectin
assay panel included: A/Texas/36/1991 (H1N1) (TX/91; N1.2d), A/Brisbane/02/2018 (H1N1)pdm09 (Bris/
18; N1.1c2b1), A/Hubei/1/2010 (H5N1) (Hub/10; N1.1c2a), A/Swine/Iowa/1931 (H1N1) (Sw/IA/1931;
N1.3a), and A/Swine/Nebraska/A0144614/2013 (H1N1) (Sw/NE/13; N1.3b). The NA genetic clade distinc-
tions were classified with widely utilized designations used previously through rigorous phylogenetic
analysis (3, 4, 67–69). Viruses were chosen from each genetic clade to account for the breadth of the N1
protein diversity and to provide a range of antigenic diversity.

Phylogenetic comparison of avian, swine, human, and COBRA NA sequences. NA amino acid
sequences were visualized on a phylogenetic tree (Fig. 1A). Briefly, the truncated NA sequences were
aligned and the Geneious Tree Builder, which observed the same alignment characteristics as Geneious
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alignment, was used to obtain a neighbor-joining Jukes-Cantor phylogenic tree with no indicated out-
group. The scale bar represents 0.02 amino acid substitutions per site of the region between the amino
acid residues 74 through 470 (70).

Soluble tetrameric recombinant NA (tetNA). The full NA codon-optimized sequences were origi-
nally commercially sourced in the pTR600 vector for virus-like particle (VLP) production (Genewiz,
Washington, DC, USA). The wild-type NA amino acid sequences were aligned to CA/09NA and truncated
between residues 74 and 75. Truncated NA coding regions were subcloned into pcDNA3.3 vector con-
taining a soluble tetramerization sequence for tetNA production. Starting from the N-terminal end of
the protein, the tetramerization region is composed of a CD5 signal sequence (for efficient secretion of
protein), a hexahistidine affinity tag (used for protein purification), a thrombin cleavage domain (may be
used to remove the hexahistidine tag), the tetrabrachion domain from Staphylothermus marinus (forms
and stabilizes the tetramer), and followed by the NA coding sequence (Fig. 1B). The NA sequences of the
H1N1 influenza viruses included the amino acid residues 74 to 470 and NA sequences from H5N1 influ-
enza viruses included the residues 55 to 449. All sequences ended with a dual stop codon (nucleic acid
sequence TGATGA, TAATGA or TGATAG). N-terminal truncation of the original NA sequence was neces-
sary to replace the transmembrane and stem domain with the soluble tetramerization region. After suc-
cessful cloning, plasmids were sequence verified.

Soluble tetrameric NA proteins were expressed through individual transient plasmid DNA transfec-
tions of EXPI293F cells (Thermo Fisher Scientific) following the ExpiFectamine 293 transfection kit proto-
col. Cell supernatants from transiently transfected cells were collected, centrifuged to remove cellular
debris, and filtered through a 0.22-mm pore membrane. Proteins were purified through a HisTrapExcel
column and washed and eluted using the AKTA Pure System following the manufacture’s protocol (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden). Eluted protein fractions were concentrated in phos-
phate-buffered saline (PBS)1 0.1% wt/vol sodium azide (PBSA) using an Amicon Ultra-15 centrifugal fil-
ter unit (MilliporeSigma, Burlington, MA, USA). Total protein content was determined with the Micro
BCA protein assay reagent kit (Pierce Biotechnology, Rockford, IL, USA). Single use aliquots were stored
at280°C until use.

Mouse vaccination and challenge studies. BALB/c mice (Mus musculus, females, 6 to 8weeks old)
were purchased from Jackson Laboratory (Bar Harbor, ME, USA) and housed in microisolator units and
allowed free access to food and water. Mice (10 mice per group) were vaccinated with a 1:1 mixture of
soluble tetNA in PBS (1.0mg tetNA/mouse) and AddaVax squalene-based oil-in-water adjuvant
(InvivoGen, San Diego, CA, USA) in a total volume of 100ml. Mice were vaccinated via intramuscular
injection at week 0 and boosted with the same vaccine formulation at the same dose at weeks 4 and 8.
PBS mixed 1:1 by volume with adjuvant served as a mock vaccination. Blood samples were collected
from mice via cheek bleeds at 28 days after final vaccination in 1.5-ml microcentrifuge tubes. The sam-
ples were incubated at RT for 30min and then centrifuged at 10,000 rpm for 10min. Serum samples
were removed and stored at 220°C.

At 4 weeks after final vaccination, mice were challenged intranasally with one of four challenge
viruses. Mice were challenged with 5� 104 PFU of CA/09; 1� 107 PFU of Sw/NC/15; 4.375� 105 PFU of
Bris/07; or 1� 106 PFU of Viet/04. Infectious doses were determined to be 10 times the 50% lethal dose,
except for Bris/07 which was a nonlethal dose. The viral inocula were delivered in a volume of 50ml.
Mice were monitored, at minimum, daily for weight loss, disease signs, and death for 14 days postinfec-
tion. Individual body weights were recorded daily postinfection for each group during weight loss until
stable recovery. Any animal exceeding 25% weight loss or a humane-endpoint score greater than two
was humanely euthanized. Surviving mice were confirmed for successful infection indicated by HA titer
seroconversion to the challenge virus.

Lung samples were harvested at 3 days postinfection. Mice (n= 3) were anesthetized using tribro-
moethanol (Avertin; Sigma-Aldrich, Darmstadt, Germany). The right lung was clamped and excised, and
the tissue was snap-frozen on dry ice in a 2.0ml cryogenic vial for storage at280°C. After right lung exci-
sion, the trachea was intubated and the remaining lung lobes were perfused with 10% buffered forma-
lin. After the perfusion, the lung was excised and placed in a 15-ml conical tube with minimum 10ml of
10% buffered formalin. The fixed lung tissues were embedded in paraffin wax, sectioned, and stained
with hematoxylin and eosin (H&E). All procedures were performed in accordance with the Guide for the
Care and Use of Laboratory Animals, Animal Welfare Act, and Biosafety in Microbiological and
Biomedical Laboratories (AUP: A2018 06–018-Y3-A13).

ELISA for elicited antibody quantification. A high-affinity, 96-well flat-bottom enzyme-linked im-
munosorbent assay (ELISA; Immulon 4HBX) plate was coated with 50ml of 10mg/ml of virus-like particles
with NA expressed on the surface in ELISA carbonate buffer (50mM carbonate buffer [pH 9.5] with 5mg/
ml bovine serum albumin [BSA]), and the plate was incubated overnight at 4°C. The next morning, non-
specific epitopes were blocked with 1% BSA in PBS with 0.05% Tween 20 (PBST1BSA) solution for 1 h at
RT or overnight at 4°C. Buffer was removed and 3-fold serial dilutions of raw sera were added to the
plate with an initial dilution of 1:100. Plates were incubated at 37°C for 90min. The plates were washed
in PBS, and goat anti-mouse IgG-HRP (horseradish peroxidase) was added at 1:4,000 in PBST1BSA (cat.
no. 1030-05, Southern Biotech, Birmingham, AL, USA). Plates were incubated at 37°C for 1 h. After wash-
ing, 2,29-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) substrate in McIlvain’s buffer (pH 5)
was added to each well, and incubated at 37°C for 15min. The colorimetric reaction was stopped with
the addition of 1% SDS in dH2O, and the absorbance was measured at 414 nm using a spectrophotome-
ter (PowerWave XS; BioTek, Winooski, VT, USA). Endpoint titers were determined as the last dilution
above five standard deviations of the negative-control wells after subtracting the background
absorbance.
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Enzyme-linked lectin assay for NA inhibition. For the enzyme-linked lectin assay (ELLA) to assess
NA inhibition, high-affinity Immunoblot 4HBX 96-well flat-bottom plates (Thermo Fisher Scientific,
Waltham, MA, USA) were coated overnight with 100ml of 25mg/ml fetuin (Sigma-Aldrich, St. Louis, MO)
in commercial KPL coating buffer (Seracare Life Sciences Inc, Milford, MA, USA) and stored at 4°C until
use. Influenza virus was diluted in sample diluent (Dulbecco’s phosphate-buffered saline containing
0.133 g/liter CaCl2 and 0.1 g/liter MgCl2 [DPBS], 1% BSA, 0.5% Tween 20) to an initial dilution of 1:10.
Before virus addition, fetuin plates were washed three times in PBS-T (PBS1 0.05% Tween 20), after
which 50ml of 2-fold serial dilutions of virus were added to the fetuin-coated plate containing 50ml of
sample diluent in duplicate. A negative-control column was included containing 100ml of only sample
diluent. Plates were sealed and incubated for 18 h at 37°C and 5% CO2. After incubation, plates were
washed six times in PBS-T, and 100ml of peanut agglutinin-HRPO (Sigma-Aldrich, St. Louis, MO) diluted
1,000-fold in conjugate diluent (DPBS, 1% BSA) was added. Plates were incubated at RT for 2 h. Plates
were washed three times in PBS-T, and 100ml (500mg/ml) of o-phenylenediamine dihydrochloride
(OPD; Sigma-Aldrich, St. Louis, MO) in 0.05 M phosphate-citrate buffer with 0.03% sodium perborate pH
5.0 (Sigma-Aldrich, St. Louis, MO) was added to the plates. Plates were immediately incubated in the
dark for 10 min at RT. The reaction was stopped with 100ml of 1 N sulfuric acid. The absorbance was
read at 490 nm using a spectrophotometer (PowerWave XS; BioTek, Winooski, VT, USA). NA activity was
determined after subtracting the mean background absorbance of the negative-control wells. Linear
regression analysis was used to determine the dilution of the influenza viruses used in the assay neces-
sary to achieve 90 to 95% NA activity and was used for subsequent NA inhibition enzyme-linked lectin
assays (ELLAs).

Mouse serum was treated with 3 parts receptor destroying enzyme (RDE, Seneka, Japan), incubated
at 37°C for 16 to 18 h and heat inactivated at 55°C for 6 h to completely inactivate the NA activity from
the Vibrio cholerae NA; this inactivation procedure has previously been shown to be efficient (71). From
an initial dilution of 1:100, NI ELLA titers were determined by 2-fold serially diluting treated sera in sam-
ple diluent. Duplicate dilutions were added to fetuin plates in 50ml aliquots. The virus diluted to 90 to
95% NA activity in sample diluent was added to the plate in 50ml aliquots. Controls were each a mini-
mum of 8 wells, and included a positive NA antigen control (50ml virus1 50ml sample diluent) and a
negative control (100ml of sample diluent) on each plate. Plates were incubated for 16 to 18 h at 37°C
and 5% CO2, after which they were processed as described above. NA percent activity was determined
by subtracting the mean background absorbance of the negative-control wells, and then dividing the
serum absorbance by the mean virus positive-control wells multiplied by 100. Nonlinear regression lines
were fit using Prism, and the log 50% NI titer was estimated.

Determination of viral lung titers. Frozen right lung samples were thawed on ice, weighed, and
per 0.1 g tissue a volume of 1ml of Dulbecco modified Eagle medium (DMEM) supplemented with peni-
cillin-streptomycin (P/S) was added. The tissue was macerated through a 0.70-mm nylon filter (Corning
Cell Strainer, Sigma-Aldrich, St. Louis, MO, USA) until thoroughly homogenized. Ten-fold serial dilutions
of lung homogenate were overlaid onto MDCK cells seeded at 1� 106 cells per well of a six-well plate
for enumeration of viral lung titers. Samples were incubated for 1 h at RT with intermittent shaking every
15min. Medium was removed, and the cells were washed twice with DMEM 1 P/S. Wash medium was
replaced with 4ml of L15 medium TPCK-trypsin plus 1.2% avicel (Cambrex, East Rutherford, NJ, USA)
and incubated at 37°C with 5% CO2 for 48 to 72 h. After incubation, the avicel was removed and dis-
carded. MDCK cells were washed with PBS and then fixed with 10% buffered formalin for 15min and
stained with 1% crystal violet for 15min. The human viruses were incubated with 1mg/ml of TPCK tryp-
sin and the Viet/04 and Sw/NC/15 were incubated with 2mg/ml. The plates were thoroughly washed in
distilled water to remove excess crystal violet, and the plaques were counted and recorded to determine
the PFU per ml lung homogenate.

Statistical analysis. Statistical significance was defined as a P value less than 0.05. The means of the
viral lung titers and day-6 weights were analyzed by an ordinary one-way ANOVA followed by Tukey’s
multiple-comparison test, with a single pooled variance. The viral lung titers were transformed by log10

and the mean calculated. The lowest limit of detection for viral lung titers was 1 log10 PFU/ml lung ho-
mogenate, and this value was used for the statistical analysis of samples below that. Comparisons of
peak weight loss were determined by dividing the measured weight on the peak of weight loss by the
prechallenge weight on day 0, multiplied by 100. The standard deviations for weight curves, viral lung
titers, and peak weight loss were determined. If an animal was sacrificed before the peak due to a
greater than 25% drop in original weight or a humane-endpoint score of greater than or equal to three,
a percent weight of 75 was used as the limit of detection for the statistical analysis. The mean log10 NA
50% inhibitory (NAI) titers were presented with the 95% confidence interval. Analyses were done using
GraphPad Prism software.

Data availability. The amino acid sequence for the COBRA NA is available in reference 72.
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