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Abstract

Avian influenza vaccines exhibit poor immunogenicity in humans. We hypothesized that one
factor underlying weak B cell responses was sequence divergence between avian and seasonal
influenza hemagglutinin proteins limiting availability of adequate CD4 T cell help. To test this, a
novel chimeric hemagglutinin protein (cH7/3) was derived, comprised of the stem domain from
seasonal H3 HA and the head domain from avian H7. Immunological memory to seasonal
influenza was established in mice, through strategies that included seasonal inactivated vaccines,
Flumist and synthetic peptides derived from the H3 stalk domain. After establishment of memory,
mice were vaccinated with H7 or cH7/3 protein. The cH7/3 antigen was able to recall H3-specific
CDA T cells, and this potentiated CD4 T cell response was associated with enhanced early
germinal center response and rapid elicitation of antibodies H7, including antibodies specific for
the H7 head domain. These results suggest that in pandemic situations, inclusion of CD4 T cell
epitopes from seasonal viruses have the potential to overcome poor immunogenicity of avian
vaccines, conferring greater subtype-specific reactivity to the antibody response.
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Introduction

Avian-derived influenza A viruses pose a serious threat to human health, with increasing
reports of direct avian-to-human transmission (1, 2). Because of their pandemic potential,
there have been a number of efforts to assess responses to avian influenza vaccines (3, 4),
which have revealed poor vaccine efficacy. Multiple and/or high dose(s) or use of adjuvants
are typically required for seroprotection, suggesting that avian vaccines may be inherently
poorly immunogenic. There have been several proposed explanations for why primary
responses to avian influenza vaccines are so weak in humans. Because of the more highly
conserved nature of the HA stem domain between seasonal (e.g. H3N2 and HIN1) and avian
(e.g. H7N9, H5N1) viruses, it is possible that avian HA proteins preferentially boost stalk-
reactive memory B cells leading to a low magnitude of neutralizing antibodies (3, 5). An
alternative explanation for the poor antibody response to avian vaccines is a deficit in CD4 T
cell help. While humans do have circulating, cross-reactive CD4 T cells to H5 and H7 HA
(6-8), we have found that the abundance of these T cells is low relative to the abundance of
CDA4 T cell reactivity to circulating H3 and H1 epitopes (7). We found that in subjects
previously primed with a HSN1 vaccine and boosted with an HSN1 vaccine years later, H5-
specific antibodies were elicited (9). When the status of CD4 T cells in these subjects was
examined (10), we found that prior to the second vaccination, they had accumulated
circulating H5-specific memory CD4 T cells, which could be recruited into the subsequent
response to vaccination. This enhanced HA-specific CD4 T cell response was correlated
with H5-specific neutralizing antibody responses to the serologically distinct H5N1 vaccine.
These data are consistent with the view that inadequate CD4 T cell help is a limiting factor
in the production of high affinity neutralizing antibodies to novel avian vaccines, but that
recruitment of CD4 T cell help established by previous vaccinations can enable robust
antibody responses.

Here, based on the premise that suboptimal CD4 T cell memory for novel avian HA epitopes
may limit the B cell responses to novel influenza vaccines, we have explored a novel
approach to enhance antibody responses to avian HA. We have engineered and tested a
unique chimeric vaccine construct, which consists of an H7 globular head and an H3-stem
domain (“cH7/3”). We speculated that if CD4 T cell help is indeed a limiting factor in the
antibody responses to avian viruses, then in the setting of host memory to seasonal
influenza, drawing CD4 T cell help from the population of H3-specific, memory CD4 T
cells would enhance responses. In this study, we find that in animals with CD4 T cell
memory to seasonal influenza, cH7/3 vaccination elicits more influenza-specific helper CD4
T cells than elicited with full-length H7 vaccine, and that the enhanced CD4 T cell response
is associated with a greater early germinal center responses and early H7-specific antibody
response. These results suggest that in the case of an emerging pandemic, when time is
limited or there are concerns about the use of adjuvants, such chimeric avian/seasonal
vaccine constructs could be rapidly deployed in humans, allowing for more effective
antibody response to be elicited in at risk populations.
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Materials and Methods

cH7/3 protein antigens

Two different constructs were examined, shown in Supplemental Figure 1. Both proved to be
comparable in efficacy. The first used a mammalian expression system (293 cells) with the
H7 head derived from A/Anhui/1/2013 (H7N9) and HA2 domain was completely from
derived from A/Perth/16/2009 (H3N2). The second construct, derived from A/Anhui/1/2013
(H7N9) with the stem from A/Hong Kong/2014 (H3N2). The head domain is exclusively
H7, but the stalk domain contains an N-terminal extension of 52 amino acids (1-52) from
H3 that extends into the stem domain of H3 when folded (see Supplemental Figure 1). A
baculovirus expression system (11) was used. Both constructs were made in soluble form by
eliminating the transmembrane and cytoplasmic domains and inserting foldon trimerization
domain (12), allowing multimeric assembly and contained 6x histidine tag used for nickel
affinity purification.

Animals, viruses, vaccinations and infections

Female A/JCr (H-22), were obtained from Charles River Laboratories and maintained in a
specific-pathogen-free facility at URMC, according to institutional guidelines (protocol #
2006-030), most recently approved Jan. 2018. Mice were anaesthetized with avertin (2,2,2-
Tribromoethanol) via intraperitoneal injection and infected intranasally with 15uL LAIV
(Flumist 2013-14) (13) or vaccinated subcutaneously in the footpad with licensed seasonal
inactivated influenza vaccine (11V) (Flulaval 2011) (14) or with synthetic peptides derived
from H3 HA. For peptide priming, mice were given 5nmol each H3 469 (469
KQLRENAEDMGNGCFKI 485) and H3 475 (475 AEDMGNGCFKIYHKCDN 491)
peptide, in the presence of IFA and 0.6ug/ml lipopolysaccharide (50% v/v). For 11V, mice
were administered 15ug total HA in the presence of alum (50% v/v). Control or previously
primed groups were vaccinated subcutaneously in base of the tail, otherwise noted in the
Figure legend, using 1.5ug recombinant protein (H7 or cH7/3) in the presence of alum (50%
v/v), diluted in PBS unless

ELISpot and ELISA assays

CDA T cell ELISpot assays and serum antibody ELISAs were performed as previously
described (15). For the ELISA assays, 0.5ug recombinant H7 protein (A/Anhui/1/2013)
(BEI Resources) or intact H7 or stabilized H7 head only construct, prepared in baculovirus
as described (11, 16), used as the source of coating antigen for the ELISA assays were gifts
from Florian Krammer.

Flow cytometry

Single cell suspensions from the draining lymph node were blocked with rat anti-mouse
CD16/32 Fc Block, (clone 2.4G2) for 10 min at 4°C. Next, antibodies comprised of CD19
(clone 1D3), CD138 (clone 281-1, Biolegend), Fas (clone Jo2), GL-7 (clone GL-7), B220
(clone RA3-6B2), CD4 (clone RAM4-5). All reagents were purchased from BD
Biosciences unless otherwise indicated. Multimerized H7 B cell probe (A/Anhui/1/13) (12)
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was also directly added to samples to resolve antigen-specific germinal center B cells. Data
was acquired as previously described (17).

Micro-neutralization

Results

For microneutralization assays (MN), 50ul of Receptor Destroying Enzyme (RDE) treated
mouse sera were serially diluted 2-fold in 1x MEM/BSA medium and each dilution is then
mixed with100 TCIDsgq of H7N9 virus. The mixture was incubated at 37°C for 1hr. For
positive control, virus was incubated with serum generated from H7N9 infection. Other
controls included only virus (no serum) or only serum (no virus). To calculate the MN titers,
infectivity of serum-virus mixture was determined by infecting the cells MDCK with
neutralized virus and measuring CPE. CPE was monitored by HA assay and MN titer was
determined by calculating the maximum dilution of mouse serum to inhibit CPE. The
controls of virus medium mixture showed 100% HA positive and all cells were killed. The
controls of serum-medium mixture showed no CPE and HA negative.

Design of chimeric protein and identification of mouse vaccine model

The general strategy employed here was to create a hybrid HA protein, whose membrane
distal “head” domain, containing most of the neutralizing antibody epitopes in HA (reviewed
in (18)) was derived from H7, with the membrane proximal stalk domain derived from a
seasonal influenza virus, which would have the potential to recruit memory CD4 T cells
established by vaccination or infection. We chose H7 as the donor of the head domain and
used its closest group 2 seasonal “relative” H3 (19) as the donor of the membrane proximal
stalk domain, schematized in Supplemental Figure 1. We have found that many healthy
humans have readily detectable CD4 T cells specific for H3 HA-derived epitopes (20, 21),
which we speculated could be recruited into the response to vaccination with the chimeric
construct. Two slightly different constructs were used, as described in Supplemental Data,
both with the head domain derived from H7 and the stalk domain from H3. The main
difference between the first and second being the source of the NH2 terminal extension that
extends into the stem domain. However, the two constructs have behaved similarly in
immunological and biological assays employed thus far and we indicate in the legend of
each Figure which construct was used.

Mouse model of priming and vaccination

To test the hypothesis that recruitment of memory CD4 T cells would facilitate the H7-
specific B cell response, we first identified a strain of mice that had highly conserved H3
derived epitopes within the HA2 domain. These epitopes also needed to be sufficiently
divergent from the homologous segment of H7 to allow distinction of recruitment of
memory H3-specific CD4 T cells from the primary response to H7. Several strains of mice
were examined for CD4 T cell epitope specificity, using overlapping peptides, as we have
previously described (22) in order to identify strains with H3-derived epitopes in the HA-2
domain. We found that CD4 T cells from A/J mice, expressing I-AK and I-EX, recognized
several epitopes in H3, including major immunodominant epitopes in the stem region
(Figure 1A). Peptides (469-KQLRENAEDMGNGCFKI-485) and (475-
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AEDMGNGCFKIYHKCDN-491) contain the shared epitope (475-AEDMGNGCFKI-484).
The segment encoding this CD4 T cell epitope displayed no detectable cross reactive CD4 T
cell recognition from the homologous segment in H7 (Figure 1B) and was highly conserved
among many H3N2 viruses (Figure 1C) making this strain appropriate for the studies
planned.

cH7/3 vaccination elicits greater H7-specific B cell responses compared to full-length H7
protein when hosts have pre-existing CD4 T cell immunity to H3 MHC class Il epitopes

The key question we sought to address here is whether the cH7/3 protein was able to recruit
memory CD4 T cells established by contact with seasonal influenza A epitopes and if, by
doing so, would the primary H7-specific antibody responses to vaccination be enhanced. To
establish H3-specific CD4 T cell memory, three different priming regimens were used,
illustrated in Figure 1D. Two licensed vaccines, the intranasally administered cold adapted
vaccine Flumist and an inactivated influenza vaccine (11V) were used in separate cohorts to
establish complex immunological memory to seasonal influenza strains (HIN1, H3N2 and
influenza B), mimicking human subjects. Vaccination with live, attenuated Flumist allowed
recruitment of CD4 T cells from endogenously synthesized antigens, while vaccination with
H3-derived synthetic peptides was used to allow assessment of exclusive CD4 T cell
priming, with no concerns of priming the B cell repertoire. The synthetic peptides H3 (469-
460 and 475-491) and 11V were introduced in the footpad with IFA and LPS, while the
Flumist was introduced by intranasal vaccination. For all priming regimens, we were able to
detect H3 stem-specific memory CD4 T cells in spleen and LN prior to boost (not shown).

To compare the responses to the alternate vaccines, 30—-35 days after priming, H7 WT or
cH7/3 recombinant vaccines, adjuvanted in alum, were used for subcutaneous priming at the
base of the tail. This mode of vaccination was chosen first, because in general, subcutaneous
administration of vaccines are more robust than intramuscular delivery and used a site distal
to the initial priming site so that the response would undergo a discreet immune response
relative to the original priming for establishment of memory. Control mice with no previous
exposure to influenza were vaccinated and compared in parallel. Six or 10 days after HA
protein vaccination, sera from vaccinated mice were sampled, and pooled sera were tested
for reactivity to a recombinant full-length H7 protein via ELISA assays, using titration
assays. Figure 2A and 2B shows the results of these assays, represented as the serum
dilution that achieves the same detectable reactivity on the linear portion of the antibody
titration curve. At day 6, in the absence of memory, there were no detectable antibody
responses to vaccination (“ND”). Strikingly, priming via all three modes to introduce H3-
specific memory led to enhanced production of H7-specific antibodies after administration
of the cH7/3 vaccine relative to that elicited by the full-length H7 vaccine. The enhanced
antibody responses were evident, remarkably, as early as day 6 post-vaccination for the
peptide-primed and 11V-primed mice. Serum antibody was most readily detected at day 10
post-vaccination in all three groups (Figure 2B). The degree of enhancement with
immunological memory varied with the mode of priming, with 11VV-primed host exhibiting
20-fold greater response than unprimed animals vaccinated with the cH7/3 vaccine, H3-
derived peptide priming showing almost a 30-fold enhanced response to the cH7/3, while the
Flumist primed mice exhibiting a 2-fold enhanced H7-specific antibody responses,
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comparing the titer elicited in the presence vs. absence of memory. These results,
particularly compelling those involving peptide priming, indicate that elicitation of an
antibody responses to avian HA from the naive B cell repertoire can be dramatically
enhanced by engaging CD4 T cells specific for seasonal HA epitopes.

We next sought to examine the patterns among individually vaccinated mice, allowing
statistical treatment of data. We also asked whether the serum antibodies elicited by the
vaccines were reactive to the head domain of H7, containing the sites of HA that control
binding and infection of susceptible cells. Single mouse serum samples were tested for
reactivity with recombinant full-length H7 or an H7 head domain construct (23), using
antibody titration and ELISA assays. Mice previously primed with H3 HA-2 derived
peptides, Flumist or the 11V were sampled at day 10 post-vaccination. The results of these
assays are shown in Figure 2C and 2D, where the dotted lines with open symbols represent
the H7-specific antibodies elicited without memory, and the solid lines and symbols indicate
the H7-specific antibodies elicited in the presence of memory. These experiments showed
good agreement among individual mice with established CD4 T cell memory to H3 epitopes,
via 11V, Flumist or with the H3-derived peptides. Relative to the response elicited by the full-
length H7 protein vaccine in the presence seasonal memory the cH7/3 vaccine to promote
greatly enhanced levels of circulating antibody to H7. Most importantly, in the mice
vaccinated with the cH7/3 vaccine, there were readily detectable antibodies reactive with the
head domain of the H7 HA (Figure 2D) indicating that these antibodies would likely provide
protective immunity to infection. Interestingly, the serum antibodies elicited by the chimeric
H7/H3 vaccine that was enhanced by CD4 memory to the H3 stalk appeared to be
preferentially focused on the H7 head domain, indicating that enhanced CD4 T cell help can
potentiate B cell reactivity to novel HA protein epitopes.

Early B cell responses to vaccination

We next examined if the antibody response to vaccination was associated with a boost of
CDA T cells specific for H3 epitopes and an early germinal center (GC) B cell response. We
also examined the specificity of the early B cell response, using an H7 protein probe to
detect antigen-specific GC B cells. In this assay, a recombinant H7 protein that acts as a
ligand for the B cell receptor (BcR) of virus antigen-specific B cells is coupled to a
fluorochrome (12) and multimerized with streptavidin, allowing direct detection of H7-
specific B cells. We first established the specificity of the H7 probe. In this study, shown in
Figure 3, mice were vaccinated in parallel with either H7 protein or NP protein in alum. At
day 14 post-vaccination, draining lymph node cells were examined for total germinal center
responses and germinal center B cells that express immunoglobulin receptors specific for
H7. As can be seen in Figure 3A, the H7 protein fluorescent probe has negligible reactivity
with GC B cells from influenza nucleoprotein (NP) vaccinated mice (middle panel), but
readily detects GC cells isolated from H7-protein vaccinated mice (right panel). Figure 3B
also shows that GC B cells from H7-vaccinated mice do not react with an H1-derived probe,
prepared in the same way as the H7 probe. Collectively, these controls verify the selectivity
of these HA probe constructs in detecting B cells with immunoglobulin receptors specific
for H7. In Figure 4, we show the results obtained from Flumist primed mice vaccinated with
either H7 or the cH7/H3 vaccine. Controls for the detection of H7-specific B cells after
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priming memory-containing mice with the HA vaccines are shown in Figure 4A. The left-
most single panels show the FMO controls. Lack of reactivity in B cells from lymph node
cells from naive mice is shown in the next panel. The two right-most panels are examples of
the GC cells elicited in the mice vaccinated with H7 vaccine, and from mice receiving the
cH7/3, respectively, as indicated above each panel. These data revealed a greatly enhanced
GC response in lymph node cells isolated from the H7/H3-vaccinated mice, relative to the
mice vaccinated with the full length H7 protein. The cH7/H3 vaccinated mice also showed
readily detectable B cells bearing B¢R for H7. A compilation of the results of this
experiment is shown in Figure 4B, where both the total number (top) and percentage
(bottom) of H7-specific B cells are shown. The values for individual mice are shown as
small symbols within each panel. We found that 5/5 mice primed with Flumist mounted a
detectable H7-specific GCB cell response after vaccination with cH7/3. Importantly, these
H7-specific GC responses were much greater in frequency and number compared to the H7
vaccinated animals. All of these results suggest the importance of recruitment of memory
CDA T cells in enhancing the early B cell response to avian influenza vaccines. Figure 4C,
representing the results of 1L-2 cytokine EliSpot assays, confirms that the early GC response
and enhanced serum antibody responses in the presence of seasonal CD4 T cell memory are
associated with a boost in CD4 T cells reactive with the peptide epitopes derived from the
stem of H3.

We have sought to test the ability of the day 10 sera from primed and vaccinated mice to
neutralize H7N9 viruses, (Figure 5), but found these to be inadequate for neutralization for
both 11V primed (left panel) and H3-peptide primed (right panel) groups after subsequent
vaccination with either the full length H7 vaccine or the cH7H3 vaccine. We speculate that
the difficulty in demonstrating the in vivo protective efficacy of the vaccine is due to the
early days sera was sampled here (day 6 and day 10). At these time points, the primary B
cell response to the H7 head, affinity maturation is still evolving in the host and secreted
antibodies are still accumulating in sera. Typical assays testing for neutralization or /n vivo
protection is typically done after a prime/boost vaccination regimens and extended times
post-vaccination prior to serum sampling (24-27). We cannot implement the prime boost
strategy for the studies here, because most rigorous experimental design in this study relies
on exclusive CD4 T cell priming in the host, which was provided by synthetic peptides
derived from H3. Boosting with the cH7/H3 chimera would allow priming both the B cell
repertoire and the CD4 T cell repertoire, thus confounding the interpretation of experiments
to test this strategy. Nonetheless, the robust recognition of the avian head domain by the
cH7H3 vaccine when tested by ELISA assays demonstrates that chimeric strategies
enhances B cell targeting to the head, while allowing recruitment of CD4 T cells specific to
highly conserved stalk domain that are established by seasonal vaccines and viruses.

Discussion

These studies revealed that selective recruitment of memory CD4 T cells specific for
epitopes in the HA protein can potentiate humoral immunity to what is considered to be
weakly immunogenic avian HA proteins. These memory CD4 T cells can be engaged
through incorporation of CD4 T cell peptide epitopes from seasonal influenza HA-derived
proteins into avian HA construct. Using several priming regimens to generate *“seasonal”
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CDA4 T cell immunity to influenza, we found that the presence of circulating H3-specific
CDA4 T cells prior to vaccination was associated with greatly enhanced early antibody
responses to the chimeric cH7/3 vaccines, relative to that elicited by WT H7 protein
vaccines. Importantly, the antibodies elicited by the cH7/3 vaccine were highly reactive with
the H7 head domain, suggesting that most of these will be able to mediate sterilizing
protection. Recent studies in both human and mouse vaccine recipients have provided
evidence that ELISA assays and in particular those with HA “head-only” reagents often
correlate better with protection from H7N9 than do conventional HAI or microneutalization
assays (16, 24). The potentiated B cell response induced by the cH7/3 vaccine was
associated with very early (day 6) serum antibody production and H7-specific GC cells and
a boost in CD4 T cell reactivity for the epitopes derived from the H3 stem. Collectively,
these results suggest that chimeric vaccines consisting of head domains from avian strains
and stalk domains from seasonal strains of influenza will be able to recruit memory
circulating and abundant CD4 T cells established by seasonal influenza (6-8). Overall,
however, we are confident from the data presented here that in the context of normal
memory established by seasonal influenza viruses or vaccines, early B cell and antibody
responses directed to the head domain of the H7 will be enhanced after vaccination with the
chimeric vaccine relative to a wild type H7 vaccine. Therefore, in the case of an emerging
pandemic, this type of chimeric vaccine would be expected to provide better early protection
from infection and seed the host with B cells specific for H7 HA

The encouraging results presented in this paper provide a proof of concept for derivation for
influenza vaccines that can be rapidly deployed in the case of an emerging avian virus. Also
here, in mice, there was only a single epitope in H3 from which memory CD4 T cells could
be recruited. We have found in humans that the abundance of CD4 T cell reactivity to H3 is
variable (28), and includes reactivity to the highly conserved stalk domain which more
abundant than the cross-reactive memory to H7 (7). Therefore, the efficacy of this chimeric
vaccine would likely depend on the specific characteristics of the human CD4 T cell
repertoire. In general, we speculate that if used for human vaccination, chimeric HA
vaccines described here will likely recruit many more memory CD4 T cells than that elicited
by conventional avian vaccines, providing the needed CD4 T cell help for production of
protective antibody responses to avian HA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points:
Human CD4 T cells have limited cross-reactive memory to avian H7 proteins.

CD4 T cell help can be provided to B cells with novel H7/H3 chimeric vaccines
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Figure 1. Definition and characterization of CD4 epitopes for study and experimental design
A) IL-2 ELISpot assay used to identify the immunodominant CD4 T cell epitopes elicited to

H3 stem domain. Initial screening revealed 7 candidate H3-derived peptides, which were
used to stimulate antigen-specific CD4 T cells. B) IL-2 ELISpot to test any cross reactivity
of H3 stem-specific CD4 T cells to the homologous H7 stem region. Results represent mean
of two independent experiments with the range indicated. C) Sequence alignment shows
homologous sequence in the H3 epitope regions from diverse H3N2 virus strains and lack of
homology to the segment of H7. D) Schematic representation of the immunization protocol:
Cold adapted vaccine Flumist and a trivalent inactivated influenza protein based vaccine, 11V
(Flulaval) or H3-derived synthetic peptides were used to establish “seasonal CD4 T cell
memory”. 4-5 weeks later, mice were vaccinated with the candidate H7 or cH7/3 vaccines. 6
or 10 days post-vaccination, sera from vaccinated mice were sampled to analyze H7-specific
antibody responses. Draining LNs were sampled to analyze H3-specific CD4 T cells by
ELISpot assay and for the identification of H7-specific GC B cells by flow-cytometry. Mice
with no memory to seasonal H3 vaccinated with H7 or cH7/3 in parallel, served as controls.
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Figure 2. H7-specific 1gG serum antibodies are enhanced in cH7/3 vaccinated mice armed with
immunological memory to H3.
Mice that had established CD4 T cell memory to seasonal H3 with one of 3 different vaccine

formulations were vaccinated with full-length H7 or cH7/3a. At day 6 or 10 post-
vaccination, sera were sampled and ELISA assays were performed to detect H7-reactive
antibodies on pooled serum samples. Shown are IgG responses to full-length H7 (BEI
resource, NR-45118) at A) D6 and B) D10 post-vaccination with full-length H7 (Blue bar)
or chimera cH7/3 (Red bar) proteins. Data was plotted as arbitrary unit (AU) by converting
the serum dilution within the treatment groups that achieved the same detectable reactivity
on the linear portion of the antibody titration curve. Individual serum samples were also
tested for reactivity to recombinant full-length H7 or H7-head proteins by ELISA assay at 10
days post-vaccination. Shown are 1gG responses to C) full-length H7 and D) H7-head.
Antibody responses from mice primed by Flumist-Upper panel, 11V- middle panel and H3
peptide-lower panel. Data represents the mean + error for individual mice. Reactivity of sera
from naive mice are shown in orange lines and were never above background when tested.
Note: Responses shown for IV and H3 peptide are from mice receiving the cH7/3 chimera
containing derived from the complete domain switch between H7 and H3, while responses
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shown for Flumist are from mice receiving the cH7/3b chimera. Student T-test (unpaired,
non-parametric, two-tailed) was performed to calculate the significance among the groups
(*p<0.05, **p < 0.01), using GraphPad Prism v5.0a.
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Figure 3. Fluorescent H7-probe specifically detects H7-speciic GC B cells, which are not detected
by an H1 specific probe.

Mice were immunized subcutaneously in the footpad either with H7 protein or influenza
nucleoprotein (NP) in alum. 14 days post-immunization, popliteal lymph nodes (pLN) were
harvested and single cells analyzed by flow to detect H7-specific GC B cells. A) An APC-
labeled H7- probe was used to identify H7-specific GC B cells. Representative staining is
shown to illustrate the expression pattern of H7-specific GC B cells
(CD4~CD19*B220M"CD138~GL"7*Fas*) in naive mice, H7- immunized or NP-immunized
mice as indicated in the top of the figures. H7 reactivity was only detected in the pLN from
the H7 vaccinated mice. B) An APC-labeled H1-probe (A/California/04/09) was used in a
separate aliquot of cells from the same cohorts of mice, showing the selectivity of binding.
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Figure 4. Enhanced H7-specific GC B cell response correlates with the boost and mobilization of
H3 memory CD4 T cells.

Mice were primed with Flumist by the intranasal route and were boosted 30 days later with
the full length or cH7H3 vaccine subcutaneously in the footpad. Lymph node cells were
isolated from the draining popliteal lymph node. A) Flow-cytometry for the identification of
H7-specific GC B cells. An APC-labeled H7-probe was used to identify the HA-specific GC
B cells, as described in Materials and Methods. Representative staining is shown to illustrate
the expression pattern of H7-specific GC B cells (CD4"CD19*B220MCD138~GL-7*Fas*) in
H7 or cH7/3b immunized mice: Left panel: Control to establish gating for H7-specific GC B
cells in the respective channel. From left to right on the remaining panels are examples of
the analyses of GC and H7 reactivity are shown from lymph node cells isolated from naive,
H7-immunized and cH7/3b-immunized mice, respectively, as indicated above each panel. B)
The top panel shows the number and the bottom panel shows the frequency of H7-reactive
GC B cells 6 days post-immunization in mice vaccinated with H7 or cH7/3 chimera proteins
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in the presence or absence of memory to H3. Each symbol represents responses from a
single animal. C) H3-specific memory CD4 T cells are boosted following cH7/3
vaccination. Mice were injected with Flumist to establish CD4 T cell memory to seasonal
influenza and 4-5 weeks later were vaccinated subcutaneously with the candidate full-length
or cH7/3 recombinant proteins. Unprimed mice with no prior memory to seasonal H3
influenza vaccinated in parallel were used as controls. Draining LNs (n = 4 per group) were
sampled and pooled at 6 days post-immunization and IL-2 CD4 T cell ELISpot assays were
performed. The peptides used for re-stimulation are indicated in the Figure. Data are
represented as spots per million CD4 T cells. Student T-test (unpaired, non-parametric, two-
tailed) was performed to calculate the significance among the groups (*p < 0.05, **p <
0.01), using GraphPad Prism v5.0a.
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Figure 5. MN titers for H7N9
Cohorts of mice (10-12 in each group) that had CD4 T cell memory to seasonal H3 CD4 T

cells, established with one of 2 different vaccine formulations (H3-peptide and 11V), were
vaccinated with H7 or cH7/3 protein. 10 days post-vaccination, sera from vaccinated mice
were sampled and micro-neutralization (MN) assay was performed to detect H7N9
neutralizing antibody titers. Shown here are MN titers to H7N9 at D10 post-vaccination with
full-length H7 (Solid blue bar) or chimera cH7/H3 (solid red bar) proteins in the mice with
memory to seasonal H3 established either by 11V (Left panel) or H3 peptide (right panel).
Controls include MN titers with baseline serum (black solid bars), serum from mice
vaccinated with H7 alone (open blue bar) or cH7/3 alone (open red bar). Serum from H7N9
infected mice was used as positive control. Data represents the mean = range for individual
mice.
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