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Influenza A virus is a leading cause of death worldwide. Viruses of the H5 subtype have the potential to
induce high mortality, and no vaccines are currently available to protect against H5 influenza viruses in
the event of an outbreak. Experimental vaccination with one clade 2 virus does not protect against other
subclades. The computationally optimized broadly reactive (COBRA) methodology was previously used to
generate a H5 hemagglutinin (HA) antigen (COBRA2) that elicited increased serological breadth against
multiple clade 2 H5N1 influenza viruses. In this report, we structurally and antigenically characterized
the COBRA2 HA antigen. We examined the biochemical characteristics of the COBRA2 protein and deter-
mined the protein is correctly cleaved, properly folded into a trimeric structure, and antigenically correct
by probing with HA head- and stem-specific monoclonal antibodies (mAbs). We further probed the anti-
genicity by examining binding of a panel of H5 mouse mAbs to the COBRA2 antigen, as well as several
other HA antigens. We determined the X-ray crystal structure of the COBRA2 HA antigen to 2.8 Å and
the protein was observed to be in the expected trimeric form. The COBRA2 HA was structurally similar
to the naturally occurring H5 HA antigens and suggests the protein folds similar to known HA structures.
Overall, our data allow us to formulate a hypothesis on the mechanism of increased breadth due to vac-
cination with the COBRA2 HA antigen, which is that the protein incorporates antigenic sites from numer-
ous HA antigens, and elicits mAbs with limited breadth, but with diversity in targeted antigenic sites.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction and chicken industry in the midwestern United States [6]. During
Influenza virus is a leading global pathogen with the potential
to cause large-scale pandemics in human and animal populations
[1]. The 1918 [2] and 2009 [3] H1N1 influenza viruses, which
exhibited wide-spread infections across the world, are prime
examples of the ability of influenza virus to quickly spread world-
wide, and, in the case of the 1918 pandemic, to cause tens of mil-
lions of deaths across the globe. Another subtype of influenza with
the potential to cause a pandemic are those viruses containing H5
hemagglutinin (HA) antigens. In particular, H5N1 is a highly patho-
genic subtype of influenza A that originated from birds, and has
caused over 50% mortality in cases of human infection [4].
Although the virus has remained dormant in recent years, H5N1
still poses a potential threat to the world [5]. A H5N2 outbreak in
the United States in 2015 caused an enormous impact to the turkey
the 2016–2017 time period, H5N6 and H5N8 cases were frequently
reported from east Asia and Europe [7–9]. These highly pathogenic
avian influenza viruses still pose a great threat to the world. Cur-
rently, there is no report of efficient inter-human transmission of
H5N1 influenza viruses, but a H5N1 variant strain serially-
passaged in ferrets acquired amino acid mutations in the HA sur-
face protein that enabled the virus to spread between ferrets via
aerosol transmission [10]. In addition, H5N1 influenza viruses are
genetically compatible with human pandemic strains including
H1N1 and H3N2 [11]. Wild birds are a natural reservoir for influ-
enza viruses, and with frequent mutations and viral reassortment
events, there is the potential for a recurrence of more virulent
and transmissible H5 influenza strains [12].

Vaccination is the best approach to prevent influenza virus
infection. However, there is currently no commercial vaccine for
H5N1 available for humans. For influenza virus, the grand chal-
lenge for the scientific community is to develop effective vaccines
that overcome the antigenic diversity of these viruses. Based on the
phylogenetic distance of HA genes, ten different H5 HA clades have
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been identified [12]. Among them, clade 2 covers a large percent-
age of strains that circulate and have been isolated from birds
and humans in >60 countries [13]. Although the HA sequences
within branches of clade 2 are over 90% similar, the receptor-
blocking antibody cross-reactivity elicited by these strains is poor
[14]. Current seasonal influenza vaccines utilize a polyvalent for-
mulation to cover the most prevalent circulating strains. However,
in some seasons, the prevalent strains circulating several months
later are antigenically different from the vaccine selected strains
[15]. In order to develop an improved seasonal influenza vaccine,
a new strategy termed computationally optimized broadly reactive
antigen (COBRA) was used to generate HA antigens that elicit anti-
bodies with neutralizing activity against a broad number of co-
circulating viruses per subtype [16–18]. The Human COBRA 2 HA
(COBRA2) antigen, was derived from layering 129 unique H5 HA
sequences [16]. The sequences represent clade 2 H5N1 viruses iso-
lated from human infections between 2004 and 2006. Vaccine can-
didates were generated from human H5N1 clade 2 HA sequences
by several rounds of consensus building, and the most representa-
tive amino acid at each position was incorporated to form the final
sequence [16]. This vaccine candidate successfully broadened pro-
tection against numerous influenza strains in mice, ferrets, and
non-human primates [17,19–21].

The mechanism by which the COBRA2 HA antigen elicits a
broadly-reactive antibody response compared to H5 HA antigens
derived from wild-type H5N1 strains is unknown. The overall con-
formation and fine-structural details of the COBRA2 HA antigen
need to be determined to identify the structural homology to
naturally-occurring H5 sequences, and to inform the mechanism
of increased serological breadth. Therefore, in this study, the crys-
tal structure of the H5 COBRA2 HA antigen was determined, and
antigenic characteristics were probed using a panel of H5-specific
monoclonal antibodies (mAbs). Overall, the crystal structure of
COBRA2 HA revealed structural insights into the COBRA2 HA vac-
cine mechanism of serological breadth.
2. Materials and methods

2.1. Expression of H5 HA influenza proteins.

The COBRA2 HA gene was derived using computationally opti-
mized broadly reactive antigen methodology as previously
described [16]. The full HA open reading frame encoding for the
COBRA2 gene was modified using site directed mutagenesis to
alter the tyrosine at amino acid residue 91 to a phenylalanine
(Y91F). The final gene cassette consisted of the extracellular
domain of the H5 HA that was C-terminally fused to the trimeric
FoldOn domain of T4 fibritin, an AviTag sequence, and a hexahis-
tidine affinity tag [22,23], and subcloned into the mammalian
expression vector pcDNA3.1/Zeo(+) (Thermo Fisher Scientific).
The protein was recombinantly expressed in Expi293F cells follow-
ing the manufacturer’s protocol. Collected supernatants containing
the H5 COBRA2 HA antigen were purified on a HisTrapExcel col-
umn and washed and eluted using the AKTA Pure System following
the manufacturer’s recommended protocol. Eluted fractions were
pooled and purified proteins were verified for integrity by probing
with an anti-HIS tag antibody (Biolegend, San Diego, CA, USA) via
SDS-PAGE and Western blot. Influenza HA-specific mAbs were
obtained from BEI Resources and the International Reagent
Resource. Influenza A/Vietnam/1203/04 HA1, A/Anhui/1/05, and
A/Indonesia/5/05 HA proteins were obtained from the Interna-
tional Reagent Resource.

Biochemical characterization of the COBRA-2 HA protein. To
determine if the COBRA2 protein was properly cleaved, SDS-PAGE
was utilized. 25 mg of protein per well was loaded onto a 4–12%
Bis-Tris protein gel (Thermo Fisher Scientific) in NuPage MES run-
ning buffer (Thermo Fisher Scientific). Samples were analyzed in
the absence and presence of 1x NuPAGE sample reducing agent
(Thermo Fisher Scientific). To determine the oligomeric status of
the COBRA-2 protein, 200 mg of protein was analyzed by size exclu-
sion chromatography on a HiLoad Superdex S200 16/600 column
(GE Healthcare Life Sciences) in 50 mM Tris pH 7.5, 50 mM NaCl.
The column was characterized using the HMW Gel filtration cali-
bration kit (GE Healthcare Life Sciences).

Negative-stain electron microscopy analysis. Trimeric
COBRA2 protein isolated following size exclusion chromatography
as described above was utilized for analysis by negative-strain
electron microscopy. Carbon-coated copper grids were overlaid
with the protein at 5 lg/mL for 3 min. The grid was washed in
water twice and then stained with 0.75% uranyl formate for
1 min. Negative-stain electron micrographs were acquired using
a JEOL JEM1011 TEM microscope equipped with a high contrast
2 k � 2 k AMT mid-mount digital camera using 40,000�
magnification.

Deglycosylation of the COBRA2 protein. Recombinant PNGase
F was obtained from New England Biolabs. 10 mg of COBRA2 pro-
tein was used for both the denaturing and nondenaturing proto-
cols. For the denaturing protocol, the protein was deglycosylated
following the manufacturer’s protocol. For the nondenaturing pro-
tocol, the COBRA2 protein was incubated with 1000 units of
PNGase F for 24 h at 37 �C. In the SDS-PAGE mobility shift assay,
2.5 mg of protein was loaded into the untreated lane, while 10 mg
of protein was loaded into the deglycosylated denatured and non-
denatured gel lanes.

Assays for mAb binding and competition. To perform biolayer
interferometry to assess mAb binding and to perform competition
assays, we utilized the OctetRED384 system incorporating anti-
penta-HIS biosensors. The biosensors were first preincubated for
at least 10 min in kinetics buffer (ForteBio, diluted 1:10 in PBS)
before obtaining a baseline reading in kinetics buffer. Following
this, biosensors were immersed in kinetics buffer containing
10 mg/mL of the COBRA2Y91F protein for 120 s. The baseline signal
was measured again in kinetics buffer for 60 s before biosensor tips
were immersed into wells containing 100 mg/mL primary antibody
for 300 s. For dissociation, the biosensors were returned to kinetics
buffer, and for competition the biosensors were moved to a solu-
tion of the competing mAb at 100 mg/mL in kinetics buffer. For
analysis of competition data, the percent binding of the second
mAb in the presence of the first mAb was determined by compar-
ing the maximal signal of the second mAb after the first mAb was
added to the maximum signal of the second mAb alone. mAbs were
considered non-competing if maximum binding of the second mAb
was �66% of its un-competed binding. A level between 33% and
66% of its un-competed binding was considered intermediate com-
petition, and �33% was considered competing.

Enzyme-linked immunosorbent assay (ELISA) measurement.
For recombinant protein capture ELISA, 384-well plates (Greiner)
were treated with 2 mg/mL of antigen overnight at 4 �C. The plates
were blocked for one hour with 2% nonfat milk (Biorad) supple-
mented with 2% goat serum (ThermoFisher) in PBS with 0.05%
Tween-20 (PBS-T). Plates were washed three times with water,
and 25 mL of primary mAbs were applied to wells for one hour.
Plates were washed with water three times before applying 25 mL
of the secondary antibody (goat anti-mouse IgG-AP, Southern Bio-
tech #1030-04) at a dilution of 1:4,000 in blocking solution. Bind-
ing of CR6261 was analyzed using a goat anti-human IgG Fc-AP
antibody (Meridian Life Science, #W99008A). After a one-hour
incubation, the plates were washed five times with PBS-T, and
25 mL of phosphatase substrate solution (1 mg/mL phosphatase
substrate in 1 M Tris base) was added to each well. The plates were
incubated at room temperature for 60 min before reading the opti-



Table 1
Data collection and refinement statistics.

Data collection

6024 Y. Bar-Peled et al. / Vaccine 37 (2019) 6022–6029
cal density at 405 nm on a Biotek xs plate reader. Data were ana-
lyzed in GraphPad prism using a nonlinear regression curve fit
(agonist).
Beamline SER-CAT 22-ID-D
Number of crystals 1
Space group R 3 2 :H
Cell dimensions
a, b, c (Å) 101.5 101.5 450.1
a, b, g (�) 90 90 120
Resolution (Å) 48.08–2.8 (2.9–2.8)
R-merge 0.1277 (1.534)
CC1/2 0.996 (0.961)
CC* 0.999 (0.990)
I/rI 14.73 (1.54)
Completeness (%) 99.10 (98.83)
Redundancy 11.1 (11.7)
Refinement
Resolution 48.08–2.8
No. unique reflections 22,588 (2211)
Rwork/Rfree 0.2352/0.2735
No. atoms
Protein 3927
Ligand 129

B-factors
Protein 90.42
Ligand 124.62

R.m.s. deviations
Bond lengths (Å) 0.011
Bond angles (�) 1.35

Ramachandran statistics
Favored regions (%) 91.99
Allowed regions (%) 8.01
Outliers (%) 0

* Values in parentheses are for highest-resolution shell.
3. Crystallization and structure determination of the COBRA2
HA protein

To crystallize the COBRA2Y91F protein, the sample was sub-
jected to size exclusion chromatography (S200, 16/600, GE Health-
care Life Sciences) in 50 mM Tris pH 7.5, 50 mMNaCl. The fractions
corresponding to a trimeric protein were concentrated to 10 mg/
mL and crystallization trials were prepared on a TTPLabTech Mos-
quito Robot in sitting-drop MRC-2 plates (Hampton Research) in
0.3 mL drops mixed 1:1 with the precipitant. Several commercially
available crystallization screens were used in the crystallization
trials. Crystals were obtained in the Molecular Dimensions SG1
HT-96 screen in conditions E3, B12, D10, F10 and E10. The best
diffracting crystals were obtained in 30% PEG 400, 200 mM MgCl2-
�6H2O, and 100 mM HEPES pH 7.5. Crystals were harvested and
cryo-protected with 20% glycerol in the mother liquor before being
flash frozen in liquid nitrogen. X-ray diffraction data were collected
at the Advanced Photon Source SER-CAT beamline 22-ID-D. Data
were indexed and scaled using XDS [24]. Aimless [25] was then
used to merge and truncate the data, and generate a 5% fraction
for Rfree calculations. A molecular replacement solution was
obtained in Phaser [26] using the H5 Vietnam/04 crystal structure
(PDB 2FK0). The crystal structure of the complex was completed by
manually building in COOT [27] onto a truncated polyalanine
model of 2FK0, followed by subsequent rounds of deletions, man-
ual rebuilding, and refinement in Phenix [26]. The data collection
and refinement statistics are shown in Table 1.
4. Results

COBRA2 biochemical characterization. Current seasonal influ-
enza vaccines rely on live or split, inactivated virus using naturally-
occurring HA sequences. As progress is made toward a universal
influenza vaccine using designer-antigens, the conformational
quality of these antigens must be confirmed to ensure their effec-
tiveness. The COBRA2 antigen was the first published antigen using
the COBRA methodology [16]. Of the H5 influenza HA proteins, the
most well-studied are those closely related to the A/Viet-
nam/1203/04 virus. As amino acid combinations are present in
the H5 COBRA2 HA protein that are not naturally occurring, we
sought to biochemically analyze the COBRA2 HA protein to deter-
mine the overall fold and conformation. Analysis of purified pro-
tein by SDS-PAGE indicated the protein migrates as a monomer
due to disruption of the trimer structure from denaturing running
conditions (Fig. 1A). No major differences were observed between
the COBRA2 HA protein and the COBRA2Y91F mutant proteins
used in crystallization trials. Upon addition of reducing agent,
two bands were observed for the HA1 and HA2 protein fragments
as expected, indicative of disruption of the disulfide bond tethering
the two fragments together, and of proper cleavage of the HA pro-
tein. As native HA on the surface of influenza viruses are trimeric,
the COBRA2 HA protein contains a foldon trimerization domain to
encourage trimerization of cleaved H5 monomers. We performed
size exclusion chromatography on the COBRA2 HA protein to con-
firm the foldon domain was correctly functioning to stabilize the
COBRA2 HA trimer. As compared to a molecular weight standard,
the protein eluted at an apparent molecular weight of 379 kDa,
as compared to the 189 kDa size expected of a HA trimer
(Fig. 1B). The larger size for HA was previously reported for HA tri-
mers analyzed by size exclusion chromatography and multi-angle
light scattering, consistent with our results [28]. Higher molecular
weight oligomeric protein was also obtained depending on the
protein batch. The trimeric protein was analyzed by negative-
stain electron microscopy and was observed to be primarily single
particles consistent with the shape of a HA trimer (Fig. 1C). To
determine the general antigenic characteristics of the COBRA2 pro-
tein, we examined the binding properties of several mouse mAbs,
although only two showed significant binding on the Octet system,
a mouse-derived head-binding mAb, AT159.134.119, and a human-
derived broadly-neutralizing stem-binding mAb CR6261 [29]. Both
mAbs rapidly bound to the COBRA2 protein and had limited off
rates, suggesting their high affinity for the COBRA2 protein
(Fig. 1C). Furthermore, we performed competition of these two
mAbs to ensure the head and stem of the COBRA2 HA protein were
antigenically intact, and as expected, no competition was observed
amongst the two mAbs for COBRA2 HA protein binding. Overall,
these data suggest the COBRA2 HA antigen is properly cleaved, tri-
meric, and has structurally correct head and stem regions. As the
COBRA2 HA protein was expressed in HEK293F cells, substantial
glycosylation was expected. We monitored the glycosylation by
utilizing the deglycosylating enzyme PNGase F. Upon addition of
PNGase F, a mobility shift in the SDS-PAGE was observed in both
the denatured and nondenatured deglycosylation protocols. The
denaturing protocol incorporates DTT, thus breakup of the HA
molecule into two fragments was also observed.

Antibody characterization. As the COBRA2 HA protein has sub-
stantial amino acids alterations compared to naturally-occurring
H5 HA sequences, the antigenic characteristics of the H5 protein
were probed using a previously discovered panel of mouse mAbs
generated to the H5 Vietnam virus (Fig. 2A and B). Each mAb
was tested for binding to the COBRA2, COBRA2Y91F mutant, A/
Indonesia/5/05, A/Vietnam/1203/04 HA1, A/Anhui/1/05, and A/
Whooper Swan/Mongolia/05 HA proteins. All mAbs bound with a
similar EC50 to the A/Vietnam/1203/04 and A/Whooper Swan/
Mongolia/05 proteins. mAbs 1C10 and DPJY02 did not bind to



Fig. 1. Biochemical characterization of the COBRA2 antigen. (A) SDS-PAGE of COBRA2 and COBRA2Y91F. Each sample was examined in the presence and absence of b-
mercaptoethanol. Each protein runs as a monomer, with the reduced samples showing two bands corresponding to HA1 and HA2 fragments. (B) Size exclusion
chromatography of the COBRA2Y91F protein. The protein migrates as a trimer on the HiLoad S200 16/600 column. (C) Negative-strain electron microscopy image of the
COBRA2 protein. The protein consists primarily of single particles resembling a trimeric HA molecule. (D) Biolayer interferometry analysis showing two mAbs, AT159.134.119
and CR6261 binding to the COBRA2Y91F protein with limited dissociation. Dashed lines indicate each step in the experiment, BL (baseline), L (loading). (E) Competition
analysis between AT159.134.119 and CR6261 on the COBRA2Y91F protein. mAbs were considered non-competing if maximum binding of the second mAb was �66% of its
uncompeted binding (white boxes). A level between 33% and 66% of its un-competed binding was considered intermediate competition (none observed), and �33% was
considered competing (black boxes). (F) Mobility shift assay by SDS-PAGE showing a shift in the molecular weight of the COBRA2 protein after treatment with PNGase F. The
denatured protocol incorporated DTT, which causes dissociation of the HA protein due to disruption of disulfide bonds. The nondenatured protocol utilized reducing agent-
free buffer over 24 h. PNGase F is visible in the gel and the size is based on the manufacturer’s protocols.
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any other construct, suggesting the epitope for these mAbs is only
found on the A/Vietnam/1203/04 and A/Whooper Swan/Mongo-
lia/06 HA protein. mAbs 464E11 was found to bind to all constructs
except A/Anhui/1/05, suggesting the epitope for 464E11 is altered
in this strain. mAbs AT159.257.173 and AT159.134.119 bound to
all constructs tested, likely to a conserved epitope on the head of
the HA protein. The binding patterns of the COBRA2 and
COBRA2Y91F proteins are identical to the A/Indonesia/5/05 HA
protein. These data suggest the COBRA2 protein is antigenically
similar to H5 HA proteins from which the COBRA2 sequence was
formulated. In addition, we examined the binding of a HA stem-
specific human antibody, CR6261, which was observed to bind to
all full-length HA constructs as expected due to sequence conser-
vation at the stem region of HA molecules. No binding was
observed to the A/Vietnam/1203/04 HA1 construct, as this protein
lacks a full stem region.

Overall structural features of the COBRA2Y91F protein. Crys-
tal structures of A/Vietnam/1203/04 strains have been determined
alone [30–32] and in complex with neutralizing mAbs [33–36]. In
addition, crystal structures of A/Indonesia/5/05 [37], and A/
Anhui/1/05 [30,38] have been determined. To identify the struc-
tural features of the COBRA2 HA antigen, we attempted to crystal-
lize the native COBRA2 antigen, but were unsuccessful. We were
successful in crystallizing the COBRA2Y91F HA protein, which con-
tains the Y91F mutation to abrogate sialic acid binding, and this
construct crystallized well in multiple conditions. The crystal
structure was solved to 2.8 Å with an Rwork/Rfree of 0.2352 /
0.2735 (Fig. 3A, Table 1). The COBRA2Y91F HA protein contained
a monomer in the asymmetric unit, and crystallized as a trimer
in the biological unit, similar to our observations from size exclu-
sion chromatography and negative-strain electron microscopy.
The overall crystal structure of the COBRA2 protein aligns well to
previously determined crystal structures A/Vietnam/1203/04, A/
Anhui/1/05, and A/Indonesia/5/05 with RMS from PyMOL align-
ments being 0.382 (3154 atoms aligned), 0.669 (3099 atoms
aligned), and 0.513 (3046 atoms aligned), respectively (Fig. 3B).
The A/Anhui/1/05 HA crystal structure is the most divergent from
the others due to slight changes in loop placement throughout the
HA molecule. These data indicate the recombinantly-expressed
COBRA2 protein derived from HEK293F cells is structurally similar
to recombinantly expressed HA antigens with naturally occurring
extracellular domain sequences.

Consensus residues. The amino acid residues that differ
between COBRA2 HA and the three H5 HA strains A/Viet-
nam/1203/04, A/Indonesia/5/05, and A/Anhui/1/05 are predomi-
nantly focused on the HA head domain, since this region is the
most variable among circulating influenza strains (Fig. 4A and B).
The COBRA2 HA protein contains residues from all three compar-
ing strains, with 1–2 differences among each position between
the four HA sequences (Fig. 4A and C). To identify if major struc-
tural changes at each amino acid position were present in the
COBRA2 HA protein, we compared the structural overlay of the
COBRA2Y91F HA crystal structure to that of the three correspond-
ing H5 HA strains (Fig. 4C). Overall, there were no major differ-
ences among amino acid side chains for HA strains containing
identical residues to the COBRA2Y91F HA protein. This structural
homology was observed across amino acid chemical groups,
including flexible proline residues, and charged and hydrophobic
amino acids. Slight differences were observed for Arg residues at
position 189 and 310, however, the difference at position 310 is
due to alternative confirmations being present in the electron den-
sity of the COBRA2Y91F crystal structure.

Glycosylation of the recombinant COBRA2 HA antigen. The
COBRA2 HA molecule has predicted N-linked glycosylation sites



Fig. 2. Antigenic characterization of the COBRA2 antigen. (A) ELISA curves of serially diluted mouse mAbs binding to COBRA2, COBRA2Y91F, A/Indonesia/5/05, A/Vietnam/
1203/04 HA1, A/Anhui/1/05, and A/WhooperSwan/Mongolia/2006 HA proteins. The A/canine/Illinois/11613/15NA protein was used as a negative binding control. Each data
point is the average of four replicates, and error bars indicate the standard deviation. (B) EC50 values calculated from the curves in (A). >indicates a signal greater than 1.0 was
not observed for the 20 lg/mL starting concentration.

Fig. 3. Crystal structure of the COBRA2Y91F protein. (A) Overall structure of the COBRA2Y91F protein. The protein crystallized as a trimer in the biological unit, and a single
monomer was in the asymmetric unit. Two monomers are shown in surface representation, and one monomer is shown in cartoon form. The protein is shown rotated 90�
looking from the top down. (B) Crystal structures of naturally occurring H5 influenza HA sequences are overlaid on the COBRA2Y91F structure. The COBRA2Y91F protein is
shown in orange, the A/Vietnam/1203/04 structure is shown in cyan, the A/Anhui/1/05 is shown in green, and the A/Indonesia/5/05 is shown in magenta. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Fine structural comparison of the COBRA2Y91F protein to naturally occurring sequences. (A) Sequence comparisons between the COBRA2 protein and A/Anhui/1/
05, A/Indonesia/5/05, and A/Vietnam/1203/04. (B) The crystal structure of the COBRA2Y91F protein with residues highlighted in blue spheres that differ among the four
sequences shown in (A). (C) Each residue highlighted in (B) is shown in stick form to compare amino acid differences among the four protein sequences. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Y. Bar-Peled et al. / Vaccine 37 (2019) 6022–6029 6027
at residues 10, 11, 23, 154, 165, 193, 286, and 484 based on the
NetNGlyc 1.0 Server, and overall protein glycosylation was
observed by treatment with PNGase F (Fig. 1F). Homologous resi-
dues are predicted to be glycosylated in the A/Vietnam/1203/04,
A/Indonesia/5/05, and A/Anhui/1/05 HA sequences. As we
expressed the protein in HEK293F cells, and did not modify the
protein glycosylation before crystallization, N-linked glycans were
visible throughout the electron density, including one residue at
Asn23, two residues at Asn165, one residue at Asn154, and two
residues at Asn484. As the COBRA2 HA sequence is derived from
naturally occurring influenza HA sequences, it is unlikely that N-
linked glycosylation positions would be affected. We observed gly-
cans at predicted positions in the COBRA2 HA crystal structure as
expected. Residues 154-155 consists of two adjacent Asn side
chains based on the predominant position of Asn at these positions
in 2004–2006 circulating strains derived from human infections.
HA proteins from A/Vietnam/1203/04 and A/Indonesia/5/05
H5N1 strains contain a Ser residue at position 155, which is differ-
ent than the Asn at this position in the COBRA2 and A/Anhui/1/05
HA sequences. Although there are two adjacent Asn residues, we
observed glycosylation in the electron density at only position 155.
5. Discussion

The development of a universal influenza vaccine is of high pri-
ority to the medical and scientific community [39]. Several candi-
dates are under investigation, including antigens derived via the
COBRA methodology. Our goal in this study was to structurally
characterize the COBRA2 HA antigen that was previously devel-
oped for H5 influenza infection to increase the breadth of
responses induced by vaccination [16]. The COBRA2 HA protein is
structurally homologous to crystal structures determined for H5
HA molecules from the similar time period, including A/Viet-
nam/1203/04, A/Indonesia/5/05, and A/Anhui/1/05 [30,31,37].
The COBRA2 HA protein contains no major structural changes
among consensus amino acid residues and appears glycosylated
based on a mobility shift assay and electron density surrounding
Asn residues in the electron density map, which correspond with
N-linked glycosylation prediction software. The mechanism by
which the COBRA methodology elicits a broadly neutralizing
response has yet to be definitively determined, although experi-
ments are being conducted using monoclonal antibody isolation
to assist in identifying the basis for the increased breadth. The data
presented here suggest the COBRA2 HA molecule displays anti-
genic sites of numerous HA sequences, based on the structural sim-
ilarity of the COBRA2 HA molecule to other structurally
determined HA sequences. For example, amino acid residue 129
may present Asp in the context of a complex epitope being recog-
nized by a B cell, which would generate antibodies against A/
Anhui/1/05 and A/Indonesia/5/05, but not A/Vietnam/1203/04.
Similarly, amino acid position 181 would generate antibodies to
A/Indonesia/5/05 and A/Vietnam/1203/04, but not A/Anhui/1/05,
due to differences in amino acids at this position. Based on this
idea, our hypothesis is that the COBRA2 HA antigen elicits strain-
specific mAbs to a broad number of epitopes. Although this is a
plausible hypothesis based on our data, we cannot rule out that
the COBRA2 HA antigen is eliciting broadly neutralizing mono-
clonal antibodies, as B cells likely recognize conformational epi-
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topes incorporating numerous amino acid residues present in the
COBRA HA sequence. Further investigation by monoclonal anti-
body isolation and characterization will address this question for
the COBRA2 HA antigen and for COBRA antigens we are currently
studying for additional influenza subgroups.
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