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Abstract

The rapid rate of influenza virus mutation drives the emergence of new strains that inflict serious
seasonal epidemics and less frequent, but more deadly, pandemics. While vaccination provides the
best protection against influenza, its utility is often diminished by the unpredictability of new
pathogenic strains. Consequently, efforts are underway to identify new antiviral drugs and
monoclonal antibodies that can be used to treat recently infected individuals and prevent disease in
vulnerable populations. Next Generation Sequencing (NGS) and the analysis of antibody gene
repertoires is a valuable tool for Ab discovery. Here, we describe a technology platform for
isolating therapeutic monoclonal antibodies (MADs) by analyzing the IgVVH repertoires of mice
immunized with recombinant H5N1 hemagglutinin (rH5). As an initial proof of concept, 35 IgVH
genes selected using a CDRH3 search algorithm, co-expressed in a murine IgG2a expression
vector with a panel of germline murine kappa genes, and culture supernatants screened for antigen
binding. Seventeen of the 35 IgVH MAbs (49%) bound rH5VN1203 in preliminary screens and 8
of 9 purified MAbs inhibited 3 heterosubtypic strains of H5SN1 virus when assayed by HI, and 2
MAbs demonstrated prophylactic and therapeutic activity in virus-challenged mice. This is the
first example in which an NGS discovery platform has been used to isolate anti-influenza MAbs
with relevant therapeutic activity.
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1. Introduction

The rapid rate of influenza virus mutation drives the emergence of new strains that inflict
serious seasonal epidemics and less frequent, but more deadly, pandemics (Brandenburg et
al., 2013). Influenza A viruses fall into discrete lineages based on their expression of 17
divergent hemagglutinin (HA) proteins, each of which combines with one of 10 different
subtypes of neuraminidase protein. Vaccination provides the best protection against
influenza, although its utility is diminished by the unpredictability of new pathogenic strains,
limitations in manufacturing, and their ineffectiveness for the young, the elderly, and the
immunecompromised. Another important first-line defense against influenza includes
antiviral drugs that treat the recently infected and prevent disease in exposed family
members, health caregivers, and vulnerable populations. Unfortunately, these small
molecules suffer from limited virus strain specificity, rate-limiting toxicities, and induction
of antiviral resistance (de Jong and Hien, 2006). Consequently, there is a need for alternative
therapeutics such as monoclonal antibodies (MADbs) that can broadly neutralize most, if not
all, strains of influenza (Council, 2006).

The primary target for antibody (Ab) immunotherapy is HA, and an important class of
neutralizing MAbs have been identified that binds the HA2 stem region comprising the
membrane anchoring domain and fusion peptide, which are conserved across multiple viral
subtypes (Corti et al., 2011; Ekiert et al., 2009; Ekiert et al., 2011; Friesen et al., 2010; Sui et
al., 2009). Examples of these HA2 binding MADbs include CR6261, which neutralizes 10
strains of virus that belong to the Group 1 HA family [9]; CR8020, which neutralizes the six
viruses comprising the Group 2 HA family (Ekiert et al., 2011); and ~/6v.3, which binds 16
Group 1 and Group 2 HAs (Corti et al., 2011). However, even with F/6v3, significant
variability in potency was observed in neutralization assays and only a limited panel of
viruses was tested. While encouraging, it seems unlikely that a single MAb will protect
against every new isolate at equivalent doses or with the same kinetics and durability.
Consequently, it may be necessary to develop a panel of broadly neutralizing MAbs that can
provide better coverage to an emerging new virus and protect against subsequent viral
escape (Geeraedts and Huckriede, 2011).

Various methodologies have been used to identify broadly neutralizing anti-HA influenza
MADbs including phage display (Ekiert et al., 2011; Sui et al., 2009), enriched memory B
cells (Throsby et al., 2008), and B cell screening (Beerli et al., 2009; Corti et al., 2011;
Whittle et al., 2011). Another promising approach that bypasses traditional high-throughput
screening technologies relies on next generation sequencing (NGS) and the analysis of
antibody gene repertoires (Friesen et al., 2010; Galson et al., 2015; Georgiou et al., 2014).
Here, we describe a technology platform for isolating therapeutic MAbs by analyzing the
IgVH repertoire of immunized mice using a CDRH3 search algorithm, whose diversity in
length, peptide sequence and IgVVH and IgHJ gene usage helps define IgVVH clonotype
(Galson et al., 2014; Galson et al., 2015). As an initial proof of concept, we produced 35
MADb candidates, 17 (49%) of which specifically bound rH5N1 HA. Further analysis
indicated that eight of nine purified MAbs could inhibit H5N1 substrains /n vitro using a
hemagglutinin inhibition assay (HI). Moreover, two of these MAbs showed strong
prophylactic and therapeutic activity in mice challenged with lethal doses of H5N1 virus.
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2. Materials and methods

2.1 Animals and viruses

Experiments using female C57BL/6 and CD1 mice (Jackson Laboratories, Bar Harbor, ME)
were conducted following approval by the Infectious Disease Research Institute and
Colorado State University Animal Care and Use Committees. Immunizations were
performed as previously described (Clegg et al., 2012) using 5 ug of recombinant
hemagglutinin derived from A/Vietnam/1203/2004 (H5N1) [VN1203] or A/California/07/09
(H1N1) [CAQ7] (Protein Sciences Corp., Meriden CT), which was adjuvanted with 5 g of
GLA-SE (Immune Design Corp., Seattle, WA). Mice were boosted 4 additional times every
two weeks and spleens, femurs, and sera were collected. Virus challenge experiments using
the highly pathogenic H5N1 virus, VN1203, were performed under the guidance of the U.S.
National Select Agent Program in negative pressure HEPA-filtered BSL-3 laboratories at
Colorado State University (Clegg et al, 2012). For the antibody protection assays, an
irrelevant mouse anti-FITC antibody control, MAb 2A3, was used (Santa Cruz
Biotechnology, Dallas, Tx). Following challenge, animals were monitored for weight loss
and general health using a 5 point clinical score and euthanized if body weight loss reached
20%. Comparisons of survival were performed using a nonparametric oneway ANOVA. P
values of <0.05 were considered significant. Analyses were performed using GraphPad
Prism version 5.00 for Windows.

2.2.IgVH database preparation and analysis

The strategy for barcoding, quantifying, and IgVVH amplification is based on previous studies
(Wiley et al., 2011) with modifications. The primers 1gG1 and 1gG2 were used to generate
the cDNA template from purified lymphocyte mRNA and are shown in Table 1a. The first
21 nucleotides (nt) of each primer include a reverse primer binding site (shown in italics)
followed by 12 nt which include a 6 nt fixed barcode (underlined interspersed with a
randomly generating 6 nt unique molecular identifier (UMI). The final 18-21 nt include an
18 base gene-specific region. The barcode allows for tagging of individual immunization
groups while the UMI allows for quantitating the number of total cDNA amplifications and
for calculating IgVH gene frequencies. A total of 32 barcodes (Table 2) were designed in
order to correlate specific IgVH sequences with various immunization groups. IgVH
amplification was performed using 7 pools of gene specific forward primers, with each pool
containing 1 to 5 primers, and a single reverse primer (introduced at the cDNA synthesis
step) as shown in Table 1. The reverse primer binding site was within the constant heavy |
(CH1) region of 1gG1-4 proximal to the junction of the J segment. PCR products were
pooled, gel purified, and sequenced using the Illumina MiSeq 2 x 250bp paired-end read
technology (SeqWright, Inc.; Houston, TX). Raw MPSS sequences were assembled into full
length IgVH sequences (Wiley et al., 2011) and then incorporated into a searchable database
within the VSeek bioinformatics software (Imdaptive, Seattle, WA). Total Ig\VVH sequences
were sorted into groups or clusters that shared identical CDR3 sequences, each of which
contained between 20 and >500 full-length IgVH genes, and the CDR3 cluster frequencies
were determined for each immunization group.
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2.3. MAb cloning and expression

Candidate IgVVH sequences were synthesized as GeneBlocks (Integrated DNA Technologies,
Inc., Coralville, 1A) and cloned into the linearized vector pTR2a (Invitrogen) using two
inverse PCR primers; SG101b-UB (5’-AGA GTG CAC CCT GCC GGC TGC GGC) and
VH5'FP (5°-GCC AAG ACC ACC GCT CCC TCC GTT TAC CCT). Cloning was
performed using the Gibson Assembly Kit (New England BioLabs, Ipswich, MA).
Separately, a panel of 20 germline IgVVk genes highly expressed in non-immunized mice
(Table 4) (Aoki-Ota et al., 2012) were synthesized as GeneBlocks and cloned into pKFM,
which is derived from the plasmid pCR2.0 topo (Invitrogen). Each candidate IgVVH plasmid
was transiently transfected (293-fectin; Invitrogen) in 96-well plates with each IgVk gene to
produce mature 1gG2a antibodies. Supernatants harvested 3 days later were tested for Ab
and antigen binding was measured by ELISA using goat anti-mouse H+L 1gG (GaM)
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). For large scale production,
MAbs were expressed in 1 L culture volume and purified using MabSelect™ Protein A resin
(GE Healthcare). Endotoxin was removed by standard methods.

2.4. Hemagglutinin binding and inhibition assays

The specificity of MAD binding was assayed by ELISA using plates coated with 100 ng/well
of recombinant HA (rHA) from VN1203, CA07, and Indo05 (A/Indonesia/05/2005 (H5N1);
Protein Sciences Corp.), as well as two group 2 rHA proteins, Aichi68 (A/Aichi/2/1968
(H3N2); Sino Biological, Inc. Beijing, China) and Shanghail3 (A/Shanghai/1/2013 (H7N9);
Sino Biological, Inc.). Hemagglutination inhibition (HI) activity specific to A/Vietnam/
1194/2004 (H5N1), A/Cambodia/RO405050/2007 (H5N1), A/turkey/Turkey/1/2005
(H5N1), and A/H5N1/Anhui/1/05 (H5N1) virus (NIBSC, Hertfordshire England) were
determined (Kendal et al., 1982). HI activity specific to A/California/07/09 (H1N1) virus
was measured using 1% turkey RBCs. The relative inhibitory activity for candidate 19G2a
MADbs was calculated by dividing the MAb concentration by the highest dilution which
completely inhibited the agglutination of RBCs.

3. Results

3.1. Induction of broadly-cross reactive Abs in immunized mice

We set out to discover therapeutic MADbs to influenza by analyzing vaccine-induced IgVH
repertoires. Normally, the frequency of broadly neutralizing Abs that recognize highly
conserved epitopes within the HA2 domain of the protein is very low and has been estimated
to occur in only one in 100,000 HA-specific plasma cells (Corti et al., 2011). However,
several studies have shown that these types of antibodies can be induced following
heterologous primeboost vaccination and by using vaccine adjuvants that broaden
heterosubtypic Ab responses (Buricchi et al., 2013; Chiu et al., 2013; Li et al., 2013). Thus,
to enrich for cross-reactive Abs, mice were immunized with rHA isolated from 2 Group 1
HA viruses, VN1203 and CAQ7 virus, in the presence of the TLR4 adjuvant GLA-SE, which
increases antibody repertoire diversity and enhances protection against heterosubtypic
strains of H5N1 virus in mice and ferrets (Clegg et al., 2014; Clegg et al., 2012; Wiley et al.,
2011). Antisera were then tested for their ability to bind to their cognate antigen as well as
for cross-binding to heterologous Group 1 and Group 2 rHA proteins. As indicated in Figure
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1, mice immunized with either antigen produced cross-reactive antibodies to CAQ7,
VN1203, and Indo05 (group 1), and to a lesser extent Aichi68 and Shanghail3 (Group 2)
proteins. To characterize these antisera further, we measured inhibitory antibodies as
measured by HI and determined that VN1203-immunized mice produced cross-inhibitory
Abs against 3 of 4 clades of H5N1 virus, but not against HIN1 virus (Figure 2). Similarly,
the Abs in CAO7-immunized mice were strain-specific and failed to inhibit
hemagglutination by H5N1 viruses (Figure 2). Collectively, these results suggest that Abs
induced in VN1203- and CAO7-immunized mice recognized conserved epitopes shared
between Group 1 and Group 2, which lie outside of the highly variable receptor binding site
(RBS). Additionally, VN1203 mice also produced heterosubtypic inhibitory Abs that bound
more restrictive epitopes within the RBS that are shared between different subclades of
H5N1 viruses.

3.2. IgVH repertoire analysis

To explore changes in IgVH gene expression between these three groups of immunized
mice, splenocyte and bone marrow RNA were prepared and cDNA synthesized using a
barcoding strategy (Tables 1a and 2) to allow for correlation of specific sequences to their
respective antigen groups. IgVH genes were PCR-amplified using pools of degenerate
forward primers (Table 1b) corresponding to >300 murine IgVVH gene family members
(Wiley et al., 2011) and a single universal reverse primer (LP4) homologous to the 5’ end of
the gene specific DNA primer as shown in Table 1c. The final PCR-products were pooled,
normalized, and subjected to 2 x 250bp MiSeq paired-end sequencing (Table 3). A total of
5.4M paired end reads were obtained, of which ~60% (~3.2M) passed quality control and
were able to be included in the IgVVH assemblies. Approximately 40% of these assemblies
corresponded to additional immunization groups not discussed herein. A total of 1.07M
cDNA transcripts were identified as determined by the UMI counts. The final sequence
count reports the number of unique IgVH genes expressed in each immunization group plus
a subset of genes that were amplified in spleens as much as 2000-fold as a result of clonal
expansion.

Standard Chothia numbering was used to assign framework regions, complementarity
determining regions (CDR1-3), and IgH isotypes (Abhinandan and Martin, 2008; Alamyar
etal., 2012). Gene families were determined by alignment with germline genes, which also
identified the likely VDJ recombination events and somatic mutations. We then determined
the total number of complete IgVVH sequences represented more than once in mice
immunized with PBS (126,556), or with VN1203 (143,359) or CA07 (77,167). It has been
shown that the 1gVVH sequences with the highest frequency CDR3 following immunization
are likely to encode antigen-specific Abs (Reddy et al., 2010). Consequently, we sorted
IgVH genes from each immunization group into clusters on the basis of sharing an identical
CDRa. The frequencies of these clusters, each containing roughly 20-500 different IgVH
genes, were then plotted (Figure 3). As indicated, the vast majority of CDR3 sequences were
specific to each immunization group, although a low frequency of shared CDR3 clusters
were detected. Presumably, these clusters contain related 1gVVH lineages that were selected
by highly conserved epitopes in distant HA proteins. Similar convergent IgVH
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rearrangements have previously been reported (Jackson et al., 2014; Parameswaran et al.,
2013).

3.3. MADb screening and in vitro analysis

As an initial proof for isolating HA-specific MADs, we selected the most highly expressed
IgVH gene within the 35 most frequent CDRS3 clusters within the VN1203 data set. Thirty-
five candidate IgVVH genes were synthesized as GeneBlocks (Integrated DNA Technologies,
Inc., Coralville, lowa) and cloned by Gibson assembly (Gibson et al., 2009) into a murine
IgG2a expression vector (pTR2a). Each candidate IgVH plasmid was co-transfected into
293F cells with a panel of 20 different germline murine kappa genes (Table 4);, and day 3
culture supernatants were assayed for IgG production by SDS-PAGE and for VN1203 HA
binding by ELISA. All 35 IgVH candidates in a preliminary screen produced mature 1gG2a,
17 of which bound VN1203 protein. Overall, the IgVVH candidates bound antigen when
paired with six of the panel of 20 IgVKs. The 17 HA-binding IgVVH genes were then co-
transfected in large scale with their preferred Vk partner, purified by Protein A
chromatography, and tested for binding to an expanded panel of HA antigens. Nine of these
17 MADbs were further characterized (Table 5). Interestingly, the heavy chains for 8 of the 9
MADbs were derived from the VH1-39%01 gene family and bound antigen most effectively
using the KZ-135light chain, the outlier being MAb 632G which was derived from
VH1-82*01 and paired most effectively with GETA light chain. Three of the 9 MADbs paired
effectively with two additional light chains resulting in specific, albeit lower levels, binding
to HA. All 9 heavy chains completed class switching and contained multiple CDR and
framework mutations.

Consistent with the bioinformatic analysis, all 9 MAbs derived from VN1203 CDR3 clusters
bound VN1203, but not CAQ7 (Table 6a). In addition, all bound a truncated VN1203 protein
encompassing the HA1 head domain, which is the most antigenic region of the protein
(Dormitzer et al., 2011). To determine function, each MAb was assessed for its ability to
inhibit hemagglutination mediated by four different strains of HSN1 virus. As indicated in
Table 6b, 8 of 9 MADbs inhibited A/Vietnam/1194/2004 (H5N1) (clade 1.0) and A/
Cambodia/RO405050/2007 (H5N1) (clade 1.1) antigen; 6 of 9 also inhibited A/Turkey/
Turkey/1/2005 (H5N1) (clade 2.2), whereas no MAbs inhibited A/Anhui/1/05 (H5N1)
(clade 2.3.4). To define the nature of the bound epitope, we compared MAb binding to
native and denatured (boiled and reduced) VN1203 by ELISA (Table 6c). Five MAbs
appeared to bind a linear epitope whereas four recognized a conformational epitope.

3.4. Antiviral protection in mice

To assess MAb activity /n vivo, CD-1 mice (6 / grp) were injected with MAb 808K or
24415K (5 mg kg~1) and were then challenged 12 hours later with a lethal dose (10 LD50)
of A/Vietnam/1203/04 (H5N1) virus (Figure 4a). As indicated, all mice pretreated with
either MAb continued to gain weight and survived viral challenge, while all PBS injected
mice died (Figure 4b).

To test for therapeutic activity, mice were inoculated with a lethal dose of virus (10 LD50)
and then injected after 4h, 24h, or 48h with either MAb 24415k or 808k, or with an
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irrelevant control mouse MAb, 2A3 (5 mg kg™1). As shown in Figure 5, all mice injected
with PBS or the control MAb lost weight within 3 days, developed severe disease within 9
days, and were euthanized to minimize suffering. By contrast, treatment with MAbs 24415K
or 808K 4 hrs after virus inoculation prevented substantial weight loss and protected all the
animals from virus. Even when treatment was delayed 24h (Figs. 5b and 5e) or 48h (Figs. 5¢
and 5f), these two MADbs protected, collectively, 8 of 12 mice (67%) from viral challenge.
This is a convincing demonstration that protective anti-H5SN1 MAbs can be selected using an
IgVH discovery platform.

4. Discussion

The high rate of influenza virus mutation is responsible for seasonal epidemics with a
worldwide prevalence of 5-15%, and rare but more deadly pandemics that have caused the
death of millions of people. Avian influenza viruses are normally species-specific, but five
strains (H5N1, H7N3, H7N7, H7N9, and HIN2) have repeatedly infected humans, and two
(H5N1 and H7N9) cause fatality rates of roughly 50% (Keitel and Atmar, 2007; Poland et al.
2007; Stephenson, 2006). H5N1 viruses are evolving rapidly and there is great concern that
they will eventually acquire the ability to transmit between humans (World Health
Organization/World Organisation for Animal and Agriculture Organization, 2014). This
worry is compounded by the fact that a relatively small number of mutations permit aerosol
H5N1 transmission between ferrets without causing a significant change in virulence (Herfst
et al., 2012; Imai et al., 2012). While vaccination is the most effective tool for preventing
influenza, health organizations worldwide have advocated for the development of MAbs that
could be deployed in the early stages of an outbreak and used to prevent or treat infections in
recently exposed individuals.

NGS permits analysis of millions of B cell receptor sequences in a single experiment. This
technology has been used to characterize the Ab repertoires in disease states and following
vaccination, and is a valuable tool for Ab discovery (Galson et al., 2014; Galson et al., 2015;
Georgiou et al., 2014; Herfst et al., 2012; Imai et al., 2012; Reddy et al., 2010; Saggy et al.,
2012). Here, we explored the feasibility of building an NGS-based antibody discovery
platform with the ultimate goal of isolating MAbs that can broadly cross-neutralize multiple
strains of virus. Since the frequency of these types of antibodies are normally very low in
humans (Corti and Lanzavecchia, 2013), we reasoned that functionally relevant MAbs could
be enriched in immunized mice, which could then be adapted for the clinic using standard
antibody technologies.

Evidence supporting the induction of broadly cross-reactive antibodies was presented in
Figure 1, where immunization with two different group 1 rHA proteins (CA07 and VN1203)
resulted in the production of antisera that could cross-bind each other, recognize rHA from a
second strain of H5N1 (Indo05), and even bound two group 2 rHA proteins (Aichi68 and
Shanghail3). Most likely these broadly conserved epitopes reside in the HA2 domain of the
protein (Corti and Lanzavecchia, 2013). This experiment also highlighted the induction of
heterosubtypic inhibitory Abs that bound conserved epitopes within the RBS domain of
Clade 1 and Clade 2 H5N1 viruses (Fig 2). IgVH repertoires were sequenced by MiSeq
paired-end technology, and approximately 1.07M full length IgVVH genes were assembled /in
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silcointo the IgVH database. To identify HA-specific IgVH sequences, we adopted search
criteria based on previous observations that the IgVVH and IgVVL genes containing the most
frequently expressed CDR3 regions following immunization encoded antigen-specific Abs
(Reddy et al., 2010, Fig 3). We demonstrated that 17 of 35 candidate IgVVH proteins bound
VN1203 protein when expressed as mature MADb, 8 out of 9 MAbs exhibited HI activity
with 3 heterosubtypic strains of H5N1 virus, and 2 MAbs demonstrated prophylactic and
therapeutic activity /77 vivo in virus-challenged mice. This is the first example in which an
NGS discovery platform has been used to isolate anti-influenza MAbs with a relevant
therapeutic activity.

Not unexpectedly, a search criteria that focuses on high frequency IgVH genes biases the
selection of antibodies that recognize the most immunogenic region of the protein, which
includes the HA1 head domain and RBS domain (Dormitzer et al., 2011). Consequently,
alternative search criteria will be required for identifying broadly cross-reactive Abs, which
appear in much lower frequencies. Based on a variety of sequence signatures identified in
broadly neutralizing anti-influenza and anti-HIV MAbs (Avnir et al., 2014; Zhu et al.,
2013b), these bioinformatics tools would search for strong biases in germline IgVVH gene
family usage, test for substantial changes in CDR sequences with particular emphasis on
increased CDR3 length, and look for genes with unusually high rates of somatic mutation
post-immunization. Collectively, these molecular signatures have been used to build IgVH
lineages and phylogenetic trees (Wu et al., 2011; Zhu et al., 2013a). Another powerful tool
that our approach can exploit is based on the convergent IgVH rearrangements that occur
between individuals that target the same epitopes following vaccination or infection
(Jackson et al., 2014; Parameswaran et al., 2013). Thus, it should be possible to identify
broadly cross-reactive Abs by immunizing mice with distantly related HA proteins and then
searching for IgVVH sequences that share these common signatures. Another important
innovation is the assemblage of paired heavy- and light-chain Ab repertoires by VH-VL
amplicon sequencing of single B cells (DeKosky et al., 2015). Light chains have a much
lower sequence diversity than heavy chains and, as demonstrated in our analysis, germline
light chains can functionally pair with a variety of heavy chains. However, the light chain
rearrangements associated with broadly neutralizing Abs also fall into distinct phylogenetic
trees that can be used in concert with IgVVH analyses (Wu et al., 2011; Zhu et al., 2013a). In
conclusion, we have described a technology platform for the discovery of novel MAbs that
relies on the manipulation and interrogation of mouse IgVVH gene repertoires. With further
refinement this approach should prove useful in the identification of important therapeutic
MADbs for influenza and other infectious diseases.
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Highlights

The IgVH repertoires of mice immunized with influenza antigen were
assembled following next generation sequencing.

Candidate IgVVH sequences were selected using a CDRH3 search algorithm
and expressed in cells to produce mature IgG.

These MAbs demonstrated anti-H5N1 antigen binding and neutralization
activity in vitro.

Selected MAbs protected virus-challenged mice successfully following
prophylactic and therapeutic delivery.
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Figure 1. Induction of cross-reactive antibodies to group 1 and group 2 HA proteins
Mice (5/grp) were immunized with either PBS, or 2 different strains of rHA derived from

H1CA A/California/07/09 (HIN1) [CAQ7] or A/VietNam/1203/2004 (H5N1) [VN1203] and
adjuvanted with GLA-SE. Sera were assayed by ELISA for binding to rHA proteins derived
from (a) CAO07, (b) VN1203, (c) A/Indonesia/05/2005 (H5N1) [Indo05]), (d) A/Aichi/
2/1968 (H3N2) [Aichi68], and (e) A/Shanghai/1/2013 (H7N9) [Shanghail3]. As indicated,
sera from the CAO7-immunized mice bound both rH5 proteins and to a lesser extent rHA
from Aichi68 or Shanghail3. Similarly, sera from VN1203-immunized mice effectively
bound rHA from Indo05 and CAQ7, and reduced binding to Aichi68 or Shanghail3.
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Figure 2. Induction of heterosubtypic inhibitory antibodies
Mice (5/grp) were immunized with either PBS, rH1CA + GLA-SE, or rH5VN + GLA-SE,

and serum collected on day 42 was assayed for cross-inhibitory Abs by HAI. The viruses
tested included clade 1 viruses A/Vietnam/1194/2004 (H5N1) (panel a) and A/Cambodia/
R0O405050/2007 (H5N1) (panel b), clade 2.2 virus A/turkey/Turkey/1/2005 (H5N1) (panel
c), clade 2.3.4 virus A/H5N1/Anhui/1/05 (H5N1) (panel d), or the HIN1 virus A/California/
07/09 (HIN1) (panel e).
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Figure 3. CDR3 sequences shared between immunization groups
Panel A: The frequencies of specific CDR3 sequences, unique or shared, between PBS ()~

axis) and H5VN (x-axis) immunization groups. Each circle contains between 20 and 500
IgVH genes that share an identical CDR3, although sequence identity was variable outside
this region. Panel B: Frequency plot comparing unique and shared CDR3s between H1ICA
HA ()y~axis) and H5VN HA (x-axis) immunization groups following subtraction of CDR3s
from PBS treated mice.
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Figure 4. MAb-mediated protection against a lethal challenge of H5N1 virus in mice
CD1 mice (6/grp) were injected with either PBS (black line) or 5 mg kg-1 of MAb 808k

(blue line, open diamonds) or MAb 24415k (red line,

open circles). Animals were

challenged 12 hours later with 10 LD50 A/Vietnam/1194/2004 (H5N1) virus and then
monitored for the next 14 days. Panel A: average weight gain. Panel B: Survival kinetics.
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Figure 5. Therapeutic protection of MAbs in mice challenged with H5N1 virus
CD1 mice (6/grp) received a lethal dose (10LD50) of A/Vietnam/1194/2004 (H5N1) virus

and were then injected after 4h (A & D), 24h (B & E), or 48h (C & F) with either PBS
(black line, closed black circles) or 5 mg kg-1 808k MADb (blue line, open diamonds),
24415k MAD (red line, open circles) or the irrelevant control MAb 2A3 (black line,

asterisk).
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