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FIG 4 Histopathology of infected lungs. Vaccinated BALB/c mice (15 mice/group) were infected with 5 X 10 PFU of the highly pathogenic clade 2.2 H5N1 virus
A/Whooper Swan/Mongolia/244/2005 (WS/05). Cohorts of mice (5 mice/group) were sacrificed at 1, 3, and 5 days postinfection. (A and B) IHC for influenza M1
(A) and hematoxylin and eosin staining (B) were performed on sections from paraffin-embedded lung tissue. Representative images are shown from 3 days
postinfection. (C) The severity of the influenza ISH foci was assessed in the bronchi at 1, 3, and 5 DPI. The scoring was done as follows: 0, no definitive signal; 1,
occasional focus; 2, focus in most fields; and 3, more than one focus per field. (D) The percentage of lung involvement was assessed in lung sections. The scoring

was done as follows: 0, <10%; 1, 10 to 24%; 2, 25 to 50%; and 3, >50%.

sponses were detectable above background in mock-vaccinated
animals at 6 DPIL.

Passive transfer of vaccine-induced immune seféhe con-
tribution of serum factors to protection from clade 1 challenge
was evaluated using a passive-transfer model. Nine-week-old re-
cipient mice were administered pooled sera via IP injection from
COBRA-, polyvalent-, and mock-vaccinated mice. Sera from
COBRA- and polyvalent-vaccinated mice were confirmed to have
equivalent levels of anti-clade 1 binding antibodies prior to trans-
fer (data not shown). The next day, recipient mice were challenged
with the clade 1 H5N1 virus. All recipient mice lost weight and had
visible signs of morbidity (Fig. 7A and B). Interestingly, recipient
mice receiving serum from COBRA VLP-vaccinated mice lost less
weight than recipient mice receiving serum from polyvalent
VLP-vaccinated mice. Recipient mice receiving COBRA VLP
serum had a maximum loss of 5.2% at 6 DPI, and mice receiv-
ing polyvalent VLP serum had an 11.8% loss in weight at 7 DPL.
Recipient mice that received serum from COBRA VLP-
vaccinated mice also began to resolve the clinical symptoms
more rapidly than mice receiving serum from polyvalent VLP-
vaccinated mice (P < 0.05 at 7 DPI). Although serum from
COBRA VLP-vaccinated mice prevented recipient mice from
developing illness more efficiently than did serum from poly-
valent VLP-vaccinated mice, both COBRA VLP- and polyva-
lent VLP-elicited sera protected all recipient mice from death.
Conversely, all mice receiving serum from mock-vaccinated
mice rapidly lost weight, had visible signs of morbidity, and
reached the experimental endpoint by 7 DPI.
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DISCUSSION

In this study, we compared the immunogenicities and efficacies of
two strategies proposed to increase breadth: computationally op-
timized broadly reactive antigen (COBRA) and a polyvalent mix-
ture of primary antigens. Polyvalent vaccines have been used as a
vaccine strategy to increase reactivity for many pathogens, includ-
ing, but not limited to, influenza (12, 14, 37), monkeypox (19),
HIV (2, 39), human papillomavirus (HPV) (15, 17), and pneumo-
coccal disease (45). Polyvalent vaccines consist of a mixture of
several antigens and are designed to elicit an immune response
that is broader than that elicited by any single component. Sea-
sonal influenza vaccines have traditionally been delivered as poly-
valent formulations to address the diversity of currently circulat-
ing strains of influenza A (HIN1 and H3N2) and influenza B.
Although polyvalent vaccine strategies are undoubtedly effective
at expanding breadth, several limitations exist. First, with any
polyvalent vaccine, production must be increased to include sev-
eral different antigens. In the context of H5N1 vaccination, doses
required for seroconversion are higher than those required for
seasonal vaccines (26, 49), and producing multiple vaccines at
higher doses could become a difficult hurdle for vaccine manufac-
turers. Second, strain selection remains critical to polyvalent vac-
cine efficacy, as best evidenced by seasonal influenza vaccine es-
cape and continual yearly epidemics. Despite these limitations, the
polyvalent strategy remains the standard approach for influenza
vaccine design. Therefore, in this study, the breadth of immune
responses elicited by COBRA HA antigens was compared to that
elicited by a polyvalent mixture of primary H5SN1 HA antigens.
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FIG 5 Clade 1 challenge. (A and B) Vaccinated BALB/c mice (4 mice/group)
were infected with 5 X 103 PFU of reassortant virus containing the HA and NA
genes from the clade 1 H5N1 virus A/Vietnam/1203/2004 (VN/04). Mice were
monitored daily for weight loss (A) and sickness (B). Values are the means and
standard deviations (SDs) for each group. (C) An additional cohort of vacci-
nated mice (3 mice/group) was infected, and lungs were harvested 3 days
postinfection for analysis of viral burden. Values are the mean viral titers and
the SEM for each group.
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Effectiveness of VLP Vaccines

Previous polyvalent vaccines for H5N1 have focused on inclusion
of antigens from different clades (12, 37). The COBRA HA antigen
used in these studies is designed specifically to address the diver-
sity present within clade 2 (16), and therefore, selected clade 2
antigens from primary H5N1 isolates were generated for the poly-
valent vaccine. Clade 2 is genetically diverse and is divided into
distinct subclades, including 2.1, 2.2, 2.3, 2.4, and 2.5, with some
subclades being further divided into sub-subclades (53). Further-
more, within clade 2, humans have been infected with isolates
representing clades 2.1, 2.2, and 2.3, with the most recent human
infections in Egypt identified as clade 2.2 (53). To generate a poly-
valent mixture covering the most prevalent subclades of clade 2,
representative isolates were selected from clade 2.1 (A/Indonesia/
5/2005), clade 2.2 (A/Whooper swan/Mongolia//244/2005), and
clade 2.3 (A/Anhui/1/2005).

COBRA and polyvalent VLP vaccines efficiently elicited equiv-
alent levels of broad binding antibodies in mice and ferrets (Fig.
1A and C), but the COBRA VLP vaccine elicited a broader profile
of receptor-blocking antibodies (Fig. 1B and D). COBRA-
vaccinated ferrets failed to achieve significantly higher levels of
receptor-blocking antibodies to test antigens other than those in
clade 2.1 (Fig. 1D). This could be due to the reduced number of
animals compared to that in the mouse studies or because of the
more rigorous nature of the ferret model. Although the ferret
receptor-blocking antibody titers did not achieve significance
(P> 0.05), the seroconversion frequency was increased compared
to that of the polyvalent-vaccinated ferrets (Table 1). The polyva-
lent VLP vaccine did elicit antibodies to each of the components,
confirming the validity of using a polyvalent strategy to increase
vaccine breadth (Fig. 1B). Importantly, when any of the polyva-
lent components were used as a monovalent formulation, the
receptor-blocking antibody profile was limited to the homologous
test antigen (data not shown). One reason for the decreased
receptor-blocking antibody titers in the polyvalent VLP-
vaccinated groups could be that each of the components was ad-
ministered at one-third of the total dose. While this is certainly a
possible explanation, the titers of individual components given at
a full dose are equivalent to those of the polyvalent vaccine for the
homologous test antigen and remain decreased compared to those
of the COBRA vaccine (data not shown). Furthermore, prior
studies indicated equivalent antibody responses and protection
profiles for the different HA doses used in these studies, both the
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FIG 6 Postchallenge cellular immune responses. Vaccinated BALB/c mice (3 mice/group) were infected with 5 X 103 PFU of reassortant virus containing the HA
and NA genes from the clade 1 H5N1 virus A/Vietnam/1203/2004 (VN/04). Mice were sacrificed 6 days postinfection, lungs were harvested, and the numbers of
antibody-secreting cells (A) and IFN-y-producing cells (B) were determined by ELISpot assay. Values are the mean number of spots and the SEM for each group.
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FIG 7 Passive-transfer clade 1 challenge. BALB/c mice (10 mice/group) were vaccinated at 0 and 3 weeks, with blood collected 14 to 21 days after each
vaccination. Sera collected after the second vaccination were pooled for each vaccine group and administered to naive recipient mice (5 mice/group). One day
after passive transfer, recipient mice were infected with 5 X 103 PFU of reassortant virus containing the HA and NA genes from the clade 1 H5N1 virus
A/Vietnam/1203/2004 (VN/04). Mice were monitored daily for weight loss (A) and sickness (B). Values are the means and SDs for each group. Significant
differences were determined by a two-way ANOVA with Bonferroni’s posttest to evaluate differences between the vaccines at each day. A P value of less than 0.05

was considered significant (indicated by an asterisk).

total HA dose and individual-component HA doses (16; unpub-
lished observations).

Both COBRA and polyvalent vaccines protected mice and fer-
rets from highly pathogenic clade 2 H5N1 viral challenge (Fig. 2).
All vaccinated animals were protected from significant weight loss
and did not develop overt signs of disease. These findings were
consistent with our prior results and confirmed the observation
that the COBRA vaccine protects as efficiently as vaccines homol-
ogous to the challenge virus (16). Although protection from se-
vere illness and death is certainly critical for pandemic vaccines,
decreasing viral replication is also important to limit the potential
for both transmission and complications from secondary infec-
tions. Efficient human-to-human transmission is an essential fac-
tor in pandemic influenza emergence, and to date, H5N1 does not
easily spread between people (30, 36, 50). However, if H5N1 were
to acquire an efficient human transmission phenotype, the ability
of avaccine to reduce viral titers and thereby limit potential spread
in addition to preventing severe disease is an important factor.
Animals receiving the COBRA VLP vaccine had decreased levels of
replicating virus and returned to baseline more rapidly than
polyvalent-vaccinated animals (Fig. 3). Receptor-blocking anti-
bodies are not required to protect experimental animals against
severe disease and death induced by highly pathogenic H5N1 in-
fluenza infection (18, 28, 29, 34, 42). The findings reported here
are consistent with those reports, but higher receptor-blocking
antibody titers against the challenge virus did correlate with a
reduction in the duration of viral replication (Fig. 1 and 3). There-
fore, although high-titer receptor-blocking antibodies are not re-
quired for protection from severe disease, the presence of these
antibodies may be predictive of a reduced viral burden. Receptor-
blocking antibodies may be more effective at preventing nascent
virions from infecting new cells and thereby limiting viral replica-
tion within the host. Viral replication could provide a more sen-
sitive output for evaluating H5N1 vaccine efficacy.

The goal of these studies was to compare the breadths of two
independent broadening strategies: COBRA and polyvalent. Al-
though clade 2 is the most diverse and is spreading westward into
the Middle East and Africa, clade 1 is still circulating and causing
human disease in Southeast Asia (53). Clade 1 is not represented
as a component of our polyvalent mixture and was not part of the
COBRA design, and as such, it represents a stringent test to eval-
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uate vaccine efficacy for both broadening strategies. Vaccinated
animals had anti-clade 1 binding antibodies at levels equivalent to
those of clade 2 test antigens (Fig. 1A and C). Despite these high-
titer binding antibodies, both vaccines elicited low to undetectable
levels of anti-clade 1 receptor-blocking antibodies (Fig. 1B and D).
Consistent with the findings that receptor-blocking antibodies are
not predictive of protection from severe disease, all vaccinated
animals were protected from weight loss and development of vis-
ible illness after challenge with a reassortant virus containing the
HA and NA antigens derived from a clade 1 virus (Fig. 5). Further-
more, COBRA-vaccinated animals did not have detectable virus
after 3 days postinfection, while polyvalent-vaccinated animals
had low levels of virus present. Although the differences were not
significant, the viral replication in COBRA-vaccinated animals
was below the limit of detection of the assay and animals receiving
the polyvalent vaccine had recoverable virus 3 days after clade 1
challenge. One explanation for this finding is the low level of anti-
clade 1 receptor-binding antibodies in the COBRA-vaccinated an-
imals (Fig. 1B). These results indicate that even though clade 1
sequences were not included in the design of COBRA, the syn-
thetic antigen serves as an effective vaccine against a divergent
virus, even one that is antigenically distinct from the original input
sequences. Therefore, we propose that the centralized nature and
layered design of the COBRA HA sequence prevent the accumu-
lation of clade-specific, immunodominant, antigenic characteris-
tics present in primary HA sequences. This hypothesis is sup-
ported by the phylogenetic location of this COBRA HA sequence
and by antigenic modeling that suggests that the COBRA HA re-
tains the most common structure at predicted antigenic regions
while primary isolates have clade-specific divergences (16).

In the absence of receptor-blocking antibodies, it is possible
that cellular immune responses contribute to the protection from
severe disease and death (7, 33, 44). Both COBRA and polyvalent
vaccines elicited similar cellular recall responses at 6 days postin-
fection (Fig. 6). Both IgG and IgA antibody-secreting cells (ASC)
specific for the clade 1 HA were recruited to the lungs of vacci-
nated animals, and this is likely a recall response, as unvaccinated
controls did not have any ASC above background at 6 days postin-
fection (Fig. 6A). ASC in either the spleen or bone marrow were
not detectable above the background of the assay in any group
before or after challenge (data not shown). Interestingly, the ma-
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jority of ASC were specific for HA rather than NA. Although the
NA content of the vaccines was not standardized, all vaccinated
animals had high anti-NA serum IgG prior to challenge (data not
shown). It is possible that NA-mediated immunity contributes to
protection from challenge in the absence of receptor-blocking an-
tibodies, but the preferential recruitment of anti-HA ASC implies
amore critical role for anti-HA binding antibodies. An additional
implication for the equivalent numbers of ASC for both vaccine
groups is that increased receptor-blocking antibody titers are not
directly correlated with increased numbers of ASC (Fig. 1B and 6).
This is not a surprising finding, since the titers of binding antibod-
ies were equivalent between the two vaccine groups (Fig. 1A).
Importantly, both strategies resulted in recruitment of equivalent
numbers of ASC in response to a completely heterologous infec-
tion.

One of the proposed advantages for utilizing centralized
antigens is expanding the breadth of T cell epitopes (23, 31, 55).
Indeed, a consensus-based H5N1 virus elicited IFN-y—produc-
ing cells in response to multiple peptide pools of HA (25). Both
the COBRA and polyvalent VLP vaccines elicited IFN-vy re-
sponses in the lungs of infected mice by 6 days postinfection,
and the numbers of responding cells in the vaccine groups were
equivalent, regardless of the stimulating antigen (Fig. 6B).
HAs;; is the immunodominant, HA-derived CD8" T cell
epitope in BALB/c mice and is conserved in all HA vaccine
antigens used in this study (11). The conservation of this
epitope in all vaccine strains used in these studies may be re-
sponsible for the equivalent responses in the two vaccine
groups. Additionally, the COBRA vaccine did not result in ex-
pansion of breadth of T cell reactivity across different regions
of HA, as measured by stimulation with overlapping peptide
pools (datanot shown). COBRA failed to expand the breadth of
T cell responses in these experiments, which may be a result of
the high levels of homology between HA antigens. H5N1 HA
protein antigens are >90% identical between strains, and the
majority of the diversity is focused on altering antibody bind-
ing sites that are usually nonlinear, conformational epitopes.
Therefore, any potential T cell epitopes are not changing due to
immune pressure and likely remain highly conserved between
strains. Indeed, the HA5;; BALB/c immunodominant epitope
is conserved not only throughout H5N1 strains but also in
HIN1 and HIN2.

The presence of B and T cell recall responses in the lungs of
vaccinated mice after challenge could be a potential mecha-
nism for protection instead of or in addition to serum antibod-
ies. To evaluate the role of serum factors in protecting mice
from a heterologous challenge, we passively transferred im-
mune serum to naive recipients and challenged with a clade 1
reassortant virus. Both COBRA and polyvalent immune sera
protected mice from severe disease and death (Fig. 7). Recipi-
ent mice that received immune serum from mice vaccinated
with COBRA VLPs lost less weight and recovered from illness
more rapidly than recipient mice receiving serum from mice
vaccinated with polyvalent VLPs. This result was most likely
due to the low levels of anti-clade 1 receptor-blocking antibod-
ies in the serum from COBRA VLP-vaccinated mice (Fig. 1B).
In comparison to mice vaccinated directly with VLPs, mice
receiving immune serum passively lost more weight and devel-
oped more clinical signs following virus challenge. One possi-
bility for this disparity is that for the transferred antibodies to
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gain access to the site of infection in the airway, there must first
be damage to the lung by the virus infection. Transferred anti-
bodies could then function in several ways: direct neutraliza-
tion of virus, opsonization of viral particles, complement fixa-
tion, and/or impairment of viral egress from infected cells.
These H5N1 VLP vaccines elicit a mixed antibody isotype pro-
file (IgG1, 1gG2a, and I1gG2b) that enables these diverse non-
neutralizing antibody functions (16). Initial lung damage
would then be associated with the observed mild weight loss
and development of visible sickness, and the speed of recovery
would be related to the quality and function of the transferred
antibody. Importantly, this is the first description of passive-
transfer-mediated protection by a centralized antigen for
H5N1, indicating that serum antibodies are indeed important
factors in heterologous protection.

This is the first report comparing the breadth of a centralized
H5NI1 antigen, COBRA, with the more traditional strategy of a
polyvalent mixture. The data presented here indicate that al-
though binding antibodies are sufficient for protection from se-
vere disease and death, receptor-blocking antibodies are essential
for reducing viral replication. This observation suggests that in the
context of pandemic preparedness, vaccines that elicit receptor-
blocking antibodies to a diverse set of viruses would be more ef-
fective at limiting viral replication, transmission, and disease im-
pact. Antigenic diversity is a challenge not only for H5N1
influenza but for all influenza subtypes. Polyvalent vaccines are
currently utilized to address multiple types and subtypes of influ-
enza simultaneously circulating in the human population. It re-
mains to be determined if COBRA-based vaccine design will be
able to overcome diversity between subtypes, as greater levels of
diversity and structural limitations are challenges for antigen de-
sign. Both COBRA and polyvalent strategies are effective at ex-
panding antibody breadth in the context of influenza vaccination.
These two strategies are not mutually exclusive, and an intriguing
possibility is a combination thereof: a polyvalent mixture of
COBRA antigens. Combining the intrasubtype broadening ability
of COBRA with the intersubtype advantages of polyvalent mix-
tures represents an interesting strategy for expanding breadth
within and between subtypes. COBRA-based vaccines are effective
atbroadening the antibody repertoire against H5N1, and applying
this design strategy to other subtypes of influenza warrants further
investigation.
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