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Abstract

Influenza virus infection is a global public health threat. Current seasonal influenza vaccines
are efficacious only when vaccine strains are matched with circulating strains. There is a crit-
ical need for developing “universal” vaccines that protect against all influenza viruses. HA
stem is a promising target for developing broad-spectrum influenza vaccines due to its rela-
tively conserved feature. However, HA stem is weakly immunogenic when administered
alone in a soluble form. Several approaches have been employed to improve the immuno-
genicity of HA stem, including conjugation of HA stem with a highly immunogenic carrier pro-
tein or displaying HA stem on a nanoparticle scaffold. Converting a weakly immunologic
protein into a multimer through aggregation can significantly enhance its immunogenicity,
with some multimeric protein aggregates previously shown to be more immunogenic than
their soluble counterparts in animal models. Here, we show that a chemically coupling a
peptide derived from the head domain of PR8 HA (P35) with the poorly immunogenic HA
stem protein results in aggregation of the HA stem which significantly increases stem-spe-
cific B cell responses following vaccination. Importantly, vaccination with this conjugate in
the absence of adjuvant still induced robust B cell responses against stem in vivo. Improving
HA stem immunogenicity by aggregation provides an alternative avenue to conjugation with
exotic carrier proteins or nanoparticle formulation.

Introduction

Seasonal influenza viruses circulate in all geographical regions of the world and cause recur-
rent disease in humans. Worldwide, these annual epidemics are estimated to cause 1 billion
infections, with 3-5 million cases of severe illness and 290,000-650,000 deaths [1]. Influenza
viruses undergo continual antigenic evolution allowing mutant viruses to evade host immunity
acquired to previous virus strains. Current seasonal influenza vaccines are effective when vac-
cine strains are matched with circulating strains [2, 3]. However, there is little to no cross-pro-
tection against antigenic variants, emerging pandemic or zoonotic outbreak strains [4]. There
is therefore tremendous interest in the development of novel “universal” vaccines, that would
significantly expand protection to most or all influenza viruses.
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HA is the most important surface glycoprotein which mediates viral entry into host cells
[5, 6]. Influenza HA can be divided into two domains based on their functions [7]. The head
domain contains the receptor-binding site via which the virus binds sialic acid receptors of
the target cell, while the stem domain contains fusion peptide which mediates fusion
between the viral envelope and the endosomal membrane of the host cell [5]. Unlike the
head domain which is highly variable, the stem domain is relatively conserved among influ-
enza viruses [7]. Additionally, anti-stem antibodies have been shown to provide cross-pro-
tection against both heterologous and heterosubtypic strains in mice [8, 9]. All these factors
make the stem domain an attractive target for universal influenza vaccine. However, soluble
stem protein is a poor immunogen which elicits weak humoral and cellular immune
responses in vivo [10]. Antibodies are mainly generated against the immunodominant HA
head domain in the context of full-length HA [10, 11]. Tan et al. in our group demonstrated
that poor intrinsic immunogenicity was responsible for the weak antibody responses target-
ing HA stem [10].

Immunogen multimerization is an effective strategy for enhancing the immunogenicity of
protein antigens [12]. Multimeric antigens can be classified into two major types: highly
ordered nanoparticles and amorphous protein aggregates. The ability of nanoparticles to
enhance the immunogenicity of protein antigens has been well demonstrated [13]. To over-
come the poor immunogenicity of HA stem, Yassine et al. fused the gene encoding ferritin
from Helicobacter pylori bacteria to H1 HA stem and expressed nanoparticles of eight trimeric
HA stem molecules in their native confirmation around a spherical ferritin core [14]. This fer-
ritin-stem nanoparticle vaccine induced broadly cross-reactive antibody responses and con-
ferred full protection against heterosubtypic H5 virus challenge in mice after sequential
immunizations [14].

Protein aggregates are high molecular weight proteins composed of multimers of native
or denatured monomers [15]. Although the effect of protein aggregates on the immunoge-
nicity of protein antigens has been assessed in a limited number of studies, experiments
conducted in mice have demonstrated that multimeric protein aggregates are more immu-
nogenic than the monomeric forms [16-18]. Hermeling et al. generated recombinant
human interferon alpha2a/b (rhIFNo2) aggregates by metal-catalyzed oxidation and
showed that the aggregated form increased rhIFNa2-specific antibody responses in wild-
type FVB/N mice compared with the native form [17]. They also found that rhIFNo2-speci-
fic serum IgG titre is dependent on the level of aggregation [17]. Wei et al. showed that olig-
omeric aggregates of influenza HA expressed in mammalian cells induced significantly
higher levels of neutralizing antibodies in BALB/c mice than monomeric or trimeric HA
expressed in the same cell line [19]. Ilyinskii et al. fused a weakly immunogenic model anti-
gen GFP with long polyglutamine (polyQ) domain that triggers protein aggregation and
immunized BALB/c mice with plasmids encoding polyQ-GFP or GFP alone [18]. They
found that plasmids encoding polyQ-GFP elicited significant higher anti-GFP antibody
titre and anti-GFP CTL activity than plasmids encoding GFP alone [18]. Of note, the most
widely used aluminium adjuvants also form fibrous loose aggregates of aluminium nano-
crystals [20, 21]. Adsorption of antigens to aluminium aggregates enhances vaccine induced
immune response [22]. In the present study, we show that conjugation of HA stem with a
short HA head peptide rescues the poor immunogenicity of stem protein. We chose a
17-mer peptide from the HA head (termed P35) since we surmised that P35 might consti-
tute a T-helper epitope, although this subsequently was disproven (shown below). Instead
of being a T-helper epitope, P35 conjugation induces the formation of stem aggregates,
which significantly enhances stem-specific B cell responses in mice.
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Materials and methods
Mouse infection and immunization

Mouse studies and related experimental procedures in this study were approved by the University
of Melbourne Animal Ethics Committee (#1914874). Female C57BL/6 mice (6-8 weeks old) were
anesthetized by isoflurane inhalation prior to infection or immunization. For intranasal influenza
infections, mice were instilled with 50uL of 50 TCID50 of A/Puerto Rico/8/34 (PR8) as described
previously [10]. For intramuscular vaccinations, 5pg of PR8 HA stem protein [10], HIV gp120 pro-
tein (NIH AIDS Reagent Program), hen egg lysozyme (HEL) protein (Sigma), chicken egg ovalbu-
min (OVA) protein (InvivoGen) or their respective conjugates with peptides (refer to peptide and
protein conjugation) with or without Addavax (1:1 ratio; InvivoGen) were injected into both hind
quadriceps using a 29G needle. Fourteen days post infection or vaccination, draining lymph nodes
(mediastinal lymph nodes (mLN) for infected animals, inguinal lymph nodes (inLN) and iliac
lymph nodes (ilLN) for vaccinated animals) and blood were collected for FACS and ELISA analyses.

Antigen stimulations and cell culture

Draining lymph nodes from 5 PR8-infected mice were mashed into single cell suspensions,
pooled and cultured in RPMI 1640 supplemented with 10% fetal calf serum and penicillin/
streptomycin (RF10). To identify antigen-specific Tth cells using peptide stimulation [23], cell
suspensions were stimulated for 18 hours in RF10 with PR8 HA peptide 11 (P11,
LKGIAPLQLGKCNIAGW, 2ug/mL, BEI resources), PR8 HA peptide 35 which is located at
positions 192-208 (H3 numbering) (P35, QNLYQNENAYVSVVTSN, 2ug/mL, BEI
resources), Concanavalin A (Con A, 5ug/mL, Sigma) or a vehicle (DMSO) control. Cells were
cultured in a 48-well plate in 500pl RF10 at a concentration of 2 million cells/ml. At the time of
stimulation, anti-CD154 PE antibody (MR1; BioLegend) was added to all culture conditions.

Peptide and protein conjugation

Peptide 11-cysteine (P11C, LKGIAPLQLGKCNIAGWC, GenScript) or peptide 35-cysteine
(P35C, QNLYQNENAYVSVVTSNC, GenScript or LifeTein) were conjugated with PR8 HA stem
protein [10], HIV gp120 protein (NIH AIDS Reagent Program), HEL protein (Sigma) or OVA
protein (InvivoGen) using a commercial cross-linker, sulfosuccinimidyl 4-[N-maleimidomethyl]
cyclohexane-1-carboxylate (Sulfo-SMCC, Thermo), according to the manufacturer’s instructions.
Briefly, proteins were diluted with PBS to 1mg/ml and Sulfo-SMCC were dissolved in distilled
water to 5mg/ml immediately before use. 20-fold molar excess of Sulfo-SMCC solution were then
added to protein solution and reaction mixture were incubated for 30 minutes at room tempera-
ture. Excess Sulfo-SMCC was then removed using desalting columns (Thermo). Peptides were
dissolved in DMSO to the desired concentration immediately before use and equal amounts of
peptides (peptide: protein = 1:1, m/m) were then added to maleimide-activated proteins and the
reaction mixtures were incubated for 30 minutes at room temperature. Excess peptides were then
removed using Amicon Ultra Centrifugal Filter (Millipore, 10KD). For some experiments, P35C-
stem conjugates were further filtered through Costar Spin-X Centrifuge Tube Filters (Corning,
0.22 um) and purified by gel filtration using Superose 6 column (GE Life Sciences). The concen-
tration of all peptide-protein conjugates was measured using Qubit 2.0 Fluorometer (Thermo).

Flow cytometry

For detection of antigen-specific GC B cells, freshly isolated LN cell suspensions from individual
mice were stained with Aqua Viability Dye (Thermo) and Fc blocked with an anti-CD16/32 anti-
body (clone 93; BioLegend). Cells were then surface stained with the relevant probes (APC or PE
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labelled stem, HEL, OV A or gp120 proteins for baiting antigen-specific GC B cells) [10] and the
following antibodies: CD45 APC-Cy7 (30-F11; BD), CD3 BV785 (145-2C11; BioLegend), F4/80
BV785 (BMS; BioLegend), Streptavidin BV785 (BD), B220 BUV737 (RA3-6B2; BD), IgD
BUV395 (11-26¢.2a; BD), CD38 PE-Cy7 (90; BioLegend), GL7 AF488 (GL7; BioLegend). For
detection of Tth cells ex vivo, freshly isolated LN cell suspensions from individual mice were
stained with the following panel: Live/dead Red (Thermo), B220 BV605 (RA3-6B2; BD Biosci-
ences), CD3 BV510 (145-2C11; BioLegend), CD4 BUV737 (RM4-5; BD Biosciences), CXCR5
BV421 (L138D7; BioLegend), PD-1 BV786 (29F.1A12; BioLegend). For Ag-specific Tth identifi-
cation [23], cells were cultured as described above and then stained with the following panel:
Live/dead Red (Thermo), B220 BV605 (RA3-6B2; BD), CD3 BV510 (145-2C11; BioLegend), CD4
BUV737 (RM4-5; BD), CD25 BB515 (PC61; BD), OX40 PeCy7 (OX-86; BioLegend). All samples
were acquired on a BD LSR Fortessa using BD FACS Diva and data was analyzed in Flow]Jo v10.

ELISA

Stem-specific IgG titre of serum from PR8 HA stem or peptide-stem conjugates immunized
mice were detected using sandwich ELISA as previously described [24]. Briefly, 0.1ug/ml rab-
bit anti-His pAb (Genscript) was coated onto MaxiSorp plates (Thermo) overnight at 4°C.
Plates were blocked with 5% skim milk powder in PBS before adding His-tagged PR8 HA stem
protein [10]. Serially diluted mouse sera were then added to plates and incubated for 2 h at
room temperature. Plates were washed prior to incubation with 1:5,000 dilution of HRP-con-
jugated goat anti-mouse IgG (Sera-Care) for 1 h at room temperature. Plates were washed and
developed using TMB substrate (Sigma), reaction was stopped with 0.16M H,SO, and read at
450nm. Endpoint titers were calculated as the reciprocal serum dilution giving signal 2x back-
ground using a fitted curve (4-parameter log regression).

The antigenicity of PR8 HA stem and P35C-stem conjugate was assessed with a panel of
anti-HA stem monoclonal antibodies (CR9114, TN1F11, TN1G09, produced in-house) and a
negative control antibody VRCO1 (produced in-house) as preciously described [24]. Briefly,
96-well MaxiSorp plates (Thermo) were coated with PR8 HA stem and P35C-stem conjugate
(2 ug/ml x 100 pl/well) overnight at 4°C. After blocking with 2.5% BSA in PBS, a panel of anti-
HA stem monoclonal antibodies and a negative control antibody at different dilutions (start-
ing at 1 pg/ml, four-fold serial dilutions) were added and incubated for two hours at room
temperature. Plates were washed with 0.05% Tween 20 in PBS prior to incubation with
1:10,000 dilution of HRP-conjugated rabbit anti-human IgG (Dako) for 1 h at room tempera-
ture. Plates were washed again, developed using 3,3’,5,5-Tetramethylbenzidine (TMB) sub-
strate (Sigma), stopped with 0.16M H,SO, and read at 450 nm.

Dynamic light scattering and zeta potential

Dynamic light scattering and zeta potential measurements were performed on a Zetasizer
Nano ZS (Malvern) instrument and analysed with Zetasizer software. Samples kept on ice
were allowed to equilibrate to room temperature prior to analysis, with all measurements tak-
ing place at 25°C. Concentration of all samples was 0.38 mg/mL in PBS for light scattering
experiments, and in Milli-Q water (pH 7) for zeta potential experiments to limit salt interfer-
ence with measurements. Data represent mean values plus/minus standard deviation of three
measurements each consisting of 12 runs.

Statistical analysis

Data is presented as mean + SEM. Statistical significance was assessed by one-way ANOVA
and performed using GraphPad Prism version 7 (GraphPad Software). P values less than 0.05
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were considered statistically significant and marked with one asterisk, P values less than 0.01
were marked with two asterisks, P values less than 0.001 were marked with three asterisks.

Results
P35-cysteine conjugation improves the immunogenicity of stem

The HA stem is relatively conserved and an attractive target for improved influenza vaccines.
However, the HA stem is relatively poorly immunogenic. To study whether the immunogenic-
ity of the HA stem could be improved, we conjugated peptides (P35 and P11) from HA head
domain with HA stem proteins and evaluated the immune responses induced by various pep-
tide-stem conjugates in mice. The P35 or P11 peptides and HA stem proteins were coupled
with a crosslinker, Sulfo-SMCC. Sulfo-SMCC is a heterobifunctional crosslinker that contains
N-hydroxysuccinimide (NHS) ester and maleimide group. The NHS ester reacts with primary
amine from N-termimal or lysine of the protein and maleimide group reacts with sulthydryl
from cysteine of the peptide. Therefore, we added a cysteine at the C-terminal of the peptide
during peptide synthesis (to produce P11C or P35C peptides). Antigenicity of the stem on pep-
tide-stem conjugate is not altered, which is demonstrated by the similar binding activity of HA
stem and P35C-stem with anti-HA stem monoclonal antibodies (CR9114, TN1F11 and
TN1GO09, S1 Fig). Next, we intramuscularly immunized mice with 5ug stem, or P11C-stem
conjugate or P35C-stem conjugate or mixture of 5ug stem plus 5ug free P35C on day 0. Drain-
ing lymph nodes (dLNs) and blood were collected on day 14 post immunization.

We first analysed GC B cells for the proportion that were HA stem-specific using fluorescent
stem probes [10]. The gating strategy for GC B cells is shown in Fig 1A. As expected, we found
that stem was a poor immunogen which elicited negligible stem-specific GC B cell responses
(Fig 1B and 1C). The P11C-stem conjugate, or a mixture of stem and free P35C, displayed simi-
larly poor immunogenicity as the HA stem alone. In contrast, a striking proportion of GC B
cells were specific for HA stem in the P35C-stem immunized mice (mean 12.9%, range 3.94%-
22.9%). We next studied whether the enhanced generation of stem-specific GC B cells translated
into the generation of enhanced stem specific antibodies. We found that stem-specific serum
IgG was higher in the P35C-stem mice than that of other 3 stem immunized groups (Fig 1D).

We hypothesised that the enhanced stem B cell and antibody response could be due to
enhanced total GC B cells or the induction of high levels of Tth. We therefore analysed the fre-
quency of bulk GC B cells and Tth cells. We found that the frequency of bulk GC B cells and
Tth cells of P35C-stem immunized mice were similar to those of stem or P11C-stem or stem
+P35C immunized mice (Fig 2), suggesting that P35C-stem conjugates did not drive enhanced
GC activity. To investigate this further, we assessed whether P11 or P35 were CD4 T cell epi-
topes in influenza-infected c57BL/6 mice using our recently developed activation-induced
marker (AIM) assay [23]. We found that neither P35 nor P11 peptides activated the expression
of CD154 or CD25/0X40 markers above that of control in influenza-immune mice, showing
they were not significant T-helper epitopes (S2 Fig). Taken together, these data demonstrated
that P35C conjugation improves the immunogenicity of stem protein without increasing the
frequency of total GC B cells or CD4 T-helper cells or inducing T cell help.

P35C improves the immunogenicity of stem in the absence of adjuvants

The above mouse P35C-stem immunization was done in the presence of a commercial adju-
vant, AddaVax. The very high stem-specific GC B cells induced by the conjugated P35C sug-
gested it may be effective in the absence of an adjuvant. To address this question, we
immunized four groups of mice with P11C-stem without AddaVax (P11C-stem Ad-), P11C-
stem with AddaVax (P11C-stem Ad+), P35C-stem without AddaVax (P35C-stem Ad-) and
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Fig 1. Stem-specific B cell and serological responses in immunized mice. (A) Gating strategy for GC B cells. Lymphocytes
were identified by forward scatter area (FSC-A) and side-scatter area (SSC-A). Doublets were excluded by gating on single
cells as determined by FSC-A versus FSC-H, and live cells were identified by viability dye exclusion. B cells were identified by
B220+ and naive B cells were excluded by IgD+. GC B cells were identified by GL7+CD38lo. For each step, the parental
population is indicated above the plot. (B—C) Representative flow cytometric plots (B) and frequency (C) of GC B cells (B220
+IgD- CD38lo GL7+) from mice (n = 5) immunized with adjuvanted (Addavax) immunogens double stained with PR8 HA
stem probes. (D) Serum endpoint total IgG titres of mice (n = 5) immunized with adjuvanted (Addavax) immunogens. Data
indicate the mean + SEM. Statistical significance was assessed by one-way ANOVA.

https://doi.org/10.1371/journal.pone.0241649.g001

P35C-stem with AddaVax (P35C-stem Ad+) on day 0. Draining lymph nodes (dLNs) and
blood were collected on day 14 post immunization for FACS and ELISA analyses. As expected,
P11C-stem elicited little stem-specific B cell responses regardless of the presence of AddaVax
(Fig 3). In contrast, P35C-stem induced significantly higher frequency of stem-specific GC B
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Fig 2. Bulk GC B and Tfh cell responses in immunized mice. (A) Frequency of bulk GC B cells (B220
+IgD-CD38loGL7+) from mice (n = 5) immunized with adjuvanted (Addavax) immunogens. Data indicate the

mean + SEM. (B) Gating strategy for Tth cells. Lymphocytes were identified by forward scatter area (FSC-A) and side-
scatter area (SSC-A). Doublets were excluded by gating on single cells as determined by FSC-A versus FSC-H, and live
cells were identified by viability dye exclusion. T cells were identified as CD3+B220- and CD4 T cells were identified as
CD3+CD4+. Tth cells were identified as CXCR5++PD-1++. For each step, the parental population is indicated above
the plot. (C) Frequency of bulk Tth cells (CD4+CXCR5++PD-1++) from mice (n = 5) immunized with adjuvanted
(Addavax) immunogens. Data indicate the mean + SEM.

https://doi.org/10.1371/journal.pone.0241649.9002
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Fig 3. P35C improves the immunogenicity of stem in the absence of adjuvants. (A—B) Representative flow cytometric
plots (A) and frequency (B) of stem-specific GC B cells from mice (n = 5) immunized with P11C-stem without Addavax
(P11C-stem Ad-) or with Addavax (P11C-stem Ad+) and P35C-stem without Addavax (P35C-stem Ad-) or with Addavax
(P35C-stem Ad+). (C) Serum endpoint total IgG titres of mice (n = 5) immunized with P11C-stem without Addavax (P11C-
stem Ad-) or with Addavax (P11C-stem Ad+) and P35C-stem without Addavax (P35C-stem Ad-) or with Addavax (P35C-
stem Ad+). Data indicate the mean + SEM. Statistical significance was assessed by one-way ANOVA.

https://doi.org/10.1371/journal.pone.0241649.g003

cells either with or without AddaVax. Stem-specific serum IgG titer of P35C-stem (either with
or without AddaVax) immunized mice were higher than that of P11C-stem (either with or
without AddaVax) immunized mice. Therefore, P35C-stem enhances stem-specific B cell

responses in the absence of adjuvant.

P35C improves the immunogenicity of stem by an aggregation mechanism

We found that P35 is not a CD4 T cell epitope (S2 Fig), and thus the enhanced stem-specific
antibody responses is unlikely to be due to Tth cell help. We therefore assessed whether the
P35C-stem conjugates formed protein aggregates, which could provide T cell-independent
help to B cells [15]. We filtered P35C-stem through a 0.22um filter and purified it by gel filtra-
tion after conjugation. We then immunized mice with gel-filtrated P35C-stem (P35C-stem
GF) and unfiltered P35C-stem (P35C-stem). We found that the immunogenicity of gel fil-
trated P35C-stem significantly decreased compared with normal protocol produced P35C-
stem (Fig 4). This suggests that the immunogenic components of P35C-stem were >0.22um
and were removed during filtration steps.

We next performed biophysical characterisations of gel-filtrated P35C-stem and unfiltered
P35C-stem through dynamic light scattering (DLS) and zeta potential experiments. The
hydrodynamic size of gel-filtrated P35C-stem, as determined by the most frequent particle
population in solution (hydrodynamic size by Number), was determined to be approximately
9.2 nm, similar to stem alone (10.2 nm); in contrast, the hydrodynamic size of unfiltered
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Fig 4. P35C improves the immunogenicity of stem by an aggregation mechanism. Representative flow cytometric
plots (A) and frequency (B) of stem-specific GC B cells from mice (n = 5) immunized with adjuvanted (Addavax) PR8
HA stem, P35C-stem or gel filtrated P35C-stem (P35C-stem GF). Data indicate the mean + SEM. Statistical
significance was assessed by one-way ANOVA.

https://doi.org/10.1371/journal.pone.0241649.9004

P35C-stem was >10,000 nm, outside the limit of distribution analysis, and so population
peaks could not be resolved (S1 Table). Both samples were polydisperse, but the Z-average
hydrodynamic size of the unfiltered P35C-stem (30,290 nm) was determined to be over
750-fold larger than that of the filtered conjugate (39.4 nm). Stem and PC35-stem conjugates
were determined to have net negative surface charges by zeta potential analysis (S1 Table).
Interestingly, the zeta potential of gel-filtrated P35C-stem was close to neutral at -2.01 mV,
while the zeta potential of unfiltered P35C-stem was 10-fold larger at -20.17 mV;; this indicates
a larger degree of electrostatic repulsion between the unfiltered P35C-stem populations and
suggests superior colloidal stability comparative to both the filtrate and stem protein itself
(-3.45mV).

This characterization suggests P35C self-aggregates after conjugation with the HA stem
protein to form larger multimers which elicited superior immunity compared to soluble stem
proteins.

Generalisability of the enhanced immunogenicity of P35C conjugations to
other proteins

The unfiltered P35C-stem was highly immunogenic and we hypothesised that this phenome-
non might also be true when other immunogens were conjugated to P35. To assess the gener-
alizability of the application of P35C, we tested another immunogen, hen egg lysozyme (HEL),
for conjugation with P35C and mouse immunization. Three groups of C57BL/6 mice were
immunized: with HEL protein alone, with the P11C-HEL conjugate or with the P35C-HEL
conjugate. Similar to results obtained with the HA stem protein alone, HEL alone elicited little
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Fig 5. HEL/OVA/gp120-specific B cell responses in immunized mice. (A—B) Representative flow cytometric plots (A) and
frequency (B) of GC B cells (B220+IgD-CD38loGL7+) from mice (n = 5) immunized with adjuvanted (Addavax) immunogens
double stained with HEL probes. (C—D) Representative flow cytometric plots (C) and frequency (D) of GC B cells (B220+IgD-
CD38loGL7+) from mice (n = 5) immunized with adjuvanted (Addavax) immunogens double stained with OVA probes. (E—F)
Representative flow cytometric plots (E) and frequency (F) of GC B cells (B220+IgD-CD38loGL7+) from mice (n = 5) immunized
with adjuvanted (Addavax) immunogens double stained with gp120 probes. Data indicate the mean + SEM.

https://doi.org/10.1371/journal.pone.0241649.g005

or no HEL-specific B cell responses (Fig 5A and 5B). The P35C-HEL immunogen, but not the
P11C-HEL immunogen, increased the frequency of HEL-specific GC B cells, although it was
not statistically significant.

To further probe the ability of P35C conjugation to improve humoral immunity, we
selected another well-studied and immunogenic model antigen, OVA, for conjugation with
P35C and mouse immunization. C57BL/6 mice were immunized with OVA protein alone or
P11C-OVA conjugate or P35C-OVA conjugate. Compared with the HA stem and HEL pro-
teins, OVA was more immunogenic and elicited a strong OV A-specific B cell responses in the
absence of peptide conjugation (Fig 5C and 5D). After conjugation with either P35C or the
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control P11C peptide, the new immunogens did not significantly increase frequency of OVA-
specific GC B cells over their already high levels.

Next, we selected another immunogen, the HIV-1 Env monomer gp120, for conjugation
with P35C and mouse immunization. C57BL/6 mice were immunized with gp120 protein
alone or P11C-gp120 conjugate or P35C-gp120 conjugate. gp120 alone elicited reasonable
gp120-specific B cell responses (Fig 5E and 5F). Surprisingly, gp120-specific GC B cells of
P11C-gp120 or P35C-gp120 immunized mice were significantly lower than gp120 alone
immunized mice. Since peptide and protein conjugation using Sulfo-SMCC is not site-specific,
we surmise that P11C and P35C might block part of the original B cell epitopes of gp120 itself
and damage gp120-specific B cell responses.

Discussion

Synthetic oligopeptides have displayed significant adjuvant potential in animal studies recent
years [25-28]. Here we showed that conjugation of a short peptide, P35C, improved the immu-
nogenicity of weakly immunogenic HA stem protein in C57BL/6 mice. P35 is 17-amino acid
peptide derived from the head domain of PR8 HA. Previous studies demonstrated that gluta-
mine/asparagine (Q/N)-rich domains have a high tendency to form aggregates [29, 30]. P35C
is also rich in Q/N-, including two Q and three N and we speculate that this is probably the
chemical basis for P35C forming aggregates.

Tan et al. from our group recently demonstrated that HA stem was a poor immunogen
which elicited little or no stem-specific antibody response in C57BL/6 mice [10]. In the present
study, we found that P35C-stem conjugates significantly enhanced stem-specific antibody
responses independent of Tth cell help. Although P35 is not a strong CD4 T cell epitope in
C57BL/6 mice (S2 Fig), we cannot rule out that a weak response below the threshold of detec-
tion could be present. To more definitively confirm that the enhanced immunogenicity is T
cell-independent, the immunogenicity of stem and P35C-stem could be compared in TCR-
deficient mice in future studies. The improved immunogenicity of stem is likely due to P35C
induced aggregation of stem proteins since filtration abrogated this improved immunogenic-
ity. Protein aggregates are known to be more efficient in eliciting immune responses than their
monomeric forms even in the absence of T-cell help [15, 31]. The enhanced stem-specific anti-
body responses is probably related to the ability of extensive cross-linking of B-cell receptor by
multiple stem proteins displayed on the surface of P35C-stem aggregates [15, 32]. Another
possible mechanism would resemble the depot effect of aluminium-containing adjuvants [33—
35]. Aggregated stem proteins are trapped within the site of injection and tend to be relatively
stabilized against degradation, which allows prolonged release of antigens [25, 27, 32]. The
slow release of antigens could provide continual stimulation to B cells directly and/or more
durable peptide substrate presented by APC to T cells [10, 27]. In addition, it is possible that
aggregated stem proteins promote phagocytosis of antigens by antigen-presenting cells since
particulate or aggregated forms of antigens are more efficiently taken up and presented by
APC than soluble proteins [18, 28, 36, 37]. Although we showed that P35C-stem improved
stem-specific B cell and serological responses, whether the enhanced antibody responses
induced by P35C-stem can neutralize the infectivity of live virus and confer protection of mice
against influenza virus infection remain to be investigated in future studies.

To investigate whether the enhanced immunogenicity of stem protein by P35C conjugation
is generalizable, we tested another immunogen, HEL, for conjugation with P35C and mouse
immunization. Our data in groups of 5 mice showed that P35C-HEL conjugates could increase
the frequency of HEL-specific GC B cells and HEL-specific serum IgG titre. We also conju-
gated P35C with HIV gp120 protein and OVA protein and elevated their immune
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immunogenicity in mice. We found that P35C-gp120 conjugates or P35C-OVA conjugates
did not increase gp120-specific or OVA-specific antibody responses compared with soluble
gp120 protein or OVA protein. Possible reasons are: 1) since peptide and protein conjugation
using Sulfo-SMCC is not site-specific, P35C might block some of the original B cell epitopes of
gp120 or OVA protein; 2) protein aggregation can cover some of the original B cell epitopes of
gp120 or OVA protein. Either scenario could limit gp120-specific or OV A-specific B cell
responses and offset the enhancement effect of P35C induced aggregation. This is consistent
with previous studies that, in some cases, aggregation of a protein antigen did not increase, or
even reduced, immunogenicity due to loss of immunogenic epitopes [16].

Conjugation of a highly immunogenic carrier protein with a poor immunogen is an effec-
tive strategy to rescue its immunogenicity [38]. However, because of the limited number of
potent carrier proteins, conjugate vaccines against various pathogens may be coupled with the
same carrier [39]. In addition, repeated immunization is commonly required to induce ade-
quate level of protective immune responses even for the same conjugate vaccine. Pre-existing
immunity to the carrier may suppress subsequent immune responses to the same vaccine
upon booster immunization or to another vaccine coupled with the same carrier; this phenom-
enon is termed carrier induced epitopic suppression (CIES) [39, 40]. CIES may happen
through competition between carrier-specific and hapten-specific B cells for the antigen or
suppression by carrier-induced regulatory T cells [39-41]. Although P35C may also induce
anti-P35C immune responses, the level of P35C-specific immune responses will be very low, if
any. Thus, use of P35 as a “carrier” for stem protein can probably avoid the potential concern
of CIES. In summary, we showed that P35C conjugation rescued the poor immunogenicity of
HA stem. P35C conjugation represents a new pathway to boost stem-specific antibody
responses without introducing exotic carrier proteins which will elicit anti-carrier responses.
Recombinant HA protein vaccine (Flublok) produced in the baculovirus-insect cell system has
been licensed for the prevention of seasonal influenza in adults aged 18-49 years [42]. The
breadth of the immune responses induced by Flublok is still narrow since the mode of action
of Flublok is similar to that of traditional egg-based inactivated vaccines [43]. Stem-based
influenza vaccine which can elicit immune responses to a broader range of influenza viruses
could be an important supplement to broaden the immunogenicity of current seasonal influ-
enza vaccine, particularly in the case of an emerging pandemic.

Supporting information

S1 Fig. Binding activity of anti-HA stem monoclonal antibodies with PR8 HA stem or
P35C-stem. Binding activity of anti-HA stem monoclonal antibodies CR9114 (A), TN1F11
(B), TN1G09 (C) and control anti-HIV-1 gp120 antibody VRCO01 (D) with PR8 HA stem (red
line) or P35C-stem (blue line) measured by ELISA. Titration curves were generated using sig-
moid dose-response of nonlinear fit with GraphPad Prism.

(TIF)

S2 Fig. Activation-induced marker expression of mLN cells from influenza-infected mice
following stimulation. (A) Gating strategy to identify CD4 T cells in the mLN. Lymphocytes
were identified by forward scatter area (FSC-A) and side-scatter area (SSC-A). Doublets were
excluded by gating on single cells as determined by FSC-A versus FSC-H, and live cells were
identified by viability dye exclusion. T cells were identified as CD3+B220- and CD4 T cells
were identified as CD3+CD4+. For each step, the parental population is indicated above the
plot. (B) Representative flow cytometric plots of CD154 expression on CD4 T cells after
DMSO, P11, P35, or Con A stimulation for 18 h. (C) Representative flow cytometric plots of
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CD25/0X40 expression on CD4 T cells after DMSO, P11, P35, or Con A stimulation for 18 h.
(TIF)

S1 Table. Biophysical characterisation of stem protein and P35C-stem conjugates.
(DOCX)
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