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Seasonal influenza vaccines represent a positive intervention to limit the spread of the virus and protect
public health. Yet continual influenza evolution and its ability to evade immunity pose a constant threat.
For these reasons, vaccines with improved potency and breadth of protection remain an important need.
We previously developed a next-generation influenza vaccine that displays the trimeric influenza hemag-
glutinin (HA) on a ferritin nanoparticle (NP) to optimize its presentation. Similar to other vaccines, HA-
nanoparticle vaccine efficacy is increased by the inclusion of adjuvants during immunization. To identify
the optimal adjuvants to enhance influenza immunity, we systematically analyzed TLR agonists for their
ability to elicit immune responses. HA-NPs were compatible with nearly all adjuvants tested, including
TLR2, TLR4, TLR7/8, and TLR9 agonists, squalene oil-in-water mixtures, and STING agonists. In addition,
we chemically conjugated TLR7/8 and TLR9 ligands directly to the HA-ferritin nanoparticle. These TLR
agonist-conjugated nanoparticles induced stronger antibody responses than nanoparticles alone, which
allowed the use of a 5000-fold-lower dose of adjuvant than traditional admixtures. One candidate, the
oil-in-water adjuvant AF03, was also tested in non-human primates and showed strong induction of neu-
tralizing responses against both matched and heterologous H1N1 viruses. These data suggest that AF03,
along with certain TLR agonists, enhance strong neutralizing antibody responses following influenza vac-
cination and may improve the breadth, potency, and ultimately vaccine protection in humans.

� 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

The limited effectiveness of currently licensed influenza vacci-
nes to elicit potent, broad and long-lasting immunity underscores
the need for a more effective vaccine. These vaccines are presently
derived from inactivated (IIV) or live-attenuated viruses (LAIV) and
display efficacies of 10–60% (https://www.cdc.gov/flu/profession-
als/vaccination/effectiveness-studies.htm/), depending on the
match of the vaccine strain to circulating viruses. Due to the
extended manufacturing process, the selection of vaccine strains
needs to occur six to eight months in advance [1], and loss of vac-
cine efficacy is often due to the viral drift [2] or shift [3] that occurs
between the strain selection and administration of the vaccine.
Mutations introduced during the process of egg-adaption may also
contribute to lower vaccine efficacy [4,5].

Influenza virus contains three surface proteins: hemagglutinin
(HA), neuraminidase (NA), and an ion channel (M2). Among them,
HA is the most important vaccine target: antibodies directed to HA
can provide sterilizing immunity by blocking viral entry into cells
(reviewed in [6]). We have previously developed a nanoparticle
displaying the HA-trimer [7] as a novel immunogen. Briefly, the
HA gene was genetically fused to a bacterial ferritin. The resulting
fusion protein readily expressed and self-assembled into nanopar-
ticles in mammalian cell culture. The HA is expressed on the 3-fold
axis of symmetry, allowing the native trimers to form. Immuniza-
tion experiments in mice and ferrets showed that the HA nanopar-
ticles (HA-NP) elicit more potent responses than IIV [7]. The
nanoparticle technology has been used to display HAs from diverse
subtypes and can elicit broadly neutralizing antibodies, further
demonstrating its utility as a non-virus-based vaccine [8].

Like most other protein subunit or peptide-based vaccines, HA-
NP immunogenicity is greatly improved with the addition of an
adjuvant [7]. Conventional adjuvants have been made using oil-
in-water emulsions often containing squalene or alum salts. More
recently, toll-like receptor (TLR) agonists have been developed as
potential adjuvants [9]. TLRs, expressed on numerous immune
cells, are an important part of the innate immune system that rec-
ognize pathogen associated molecular patterns (PAMPs), such as
components of bacterial cell walls or viral nucleic acids. Upon
engagement of a TLR, a signal cascade is initiated ultimately result-
ing in the suppression or upregulation of immune and inflamma-
tory genes, including cytokine production. In this way, both
innate and adaptive responses can be upregulated through engage-
ment of TLRs [10]. TLR agonists, both natural and synthetic, have
been successfully incorporated into HBV and HPV vaccines (TLR4
and TLR9 agonists) and anti-cancer immunotherapies (TLR 7/8 ago-
nists). Stimulator of interferon genes (STING), a cytosolic DNA sen-
sor and another branch of the PAMP-recognition innate immune
system, can also be activated to boost immunogenicity of vaccines,
although research so far has been limited to pre-clinical studies.

Here, we assembled a panel of adjuvants including TLR agonists
and STING agonists, which can induce type I interferon production,
and three conventional adjuvants to test with our HA-NP. We
sought to determine the effect of adjuvants on HA-NP immuno-
genicity. Induction of neutralizing antibodies was measured with
a functional neutralization assay, and select immune sera were
evaluated by hemagglutination inhibition (HAI) and microneutral-
ization (MN) analyses. We also hypothesized that co-delivery of
the adjuvant and antigen would improve the immunogenicity of
the vaccine while allowing lower effective antigen and adjuvant
doses, potentially reducing systemic toxicity. To this end, we
designed a vaccine with the adjuvant chemically conjugated to
the HA-NP utilizing thiol-maleimide and azide-alkyne based click
chemistries. With this technology, immune-stimulatory TLR ago-
nists were attached directly to nanoparticles. Finally, the immuno-
genicity of one of the most potent candidate adjuvants, AF03, was
further assessed in non-human primates.
2. Methods

2.1. Plasmids

The A/New Caledonia/20/1999 HA ectodomain was genetically
fused to the N-terminus of a modified H. pylori ferritin [7,11]. This
sequence contained the Y98F mutation [12] in HA, and three mod-
ifications in ferritin: N19Q, which removed an N-linked glycosyla-
tion site, a C31S mutation to remove a native Cys, and one
engineered Cys at ferritin position 111. The N19Q site was partially
glycosylated and the removal of this site allowed us to produce
more homogenous protein and simplified mass spectrometry-
based analytics. The S111C mutation was introduced to serve as
a site for conjugation, and C31S, a site that was cysteinylated in
the native protein, was removed to ensure that there were no
off-target conjugation sites. Conjugation experiments used a HA-
NP plasmid with an engineered TEV cleavage site separating the
HA domain from the ferritin domain. All genes were codon-
optimized for expression in human cell lines. The original gene
was synthesized (Genscript) and subsequent mutations were
introduced by site-direct mutagenesis (Agilent) or USER cloning
(NEB).

2.2. HA nanoparticle production

The SIB-0002 mammalian expression plasmid [13] containing
the A/New Caledonia/20/1999 (NC99) HA-NP gene was transfected
into Expi293F cells per manufacturer’s protocol (Thermo), and
supernatant was harvested five to six days later. HA-NPs were
purified by anion exchange chromatography with an HP-Q column
(GE Healthcare) followed by size exclusion chromatography (SEC,
Superose 6 16/70 column, GE Healthcare). Correct assembly and
size were confirmed by SEC retention volume, SDS-PAGE, and
dynamic light scattering (DLS, Wyatt DynaPro Plate Reader II).
Endotoxin levels were measured by Endosafe PTS with LAL car-
tridges (Charles River Laboratories).

2.3. Adjuvant preparation

Doses for each adjuvant are indicated in parentheses following
the adjuvant name. Some adjuvants were formulated as prepara-
tions mixed 1:1 with the antigen, labelled ‘‘1:1 mixture”; 25 mL
of each was used per dose. Pam2CSK4 (5 mg), Pam3CSK4 (20 mg),
FSL-1 (20 mg), MPLA (0.5 mg), CpG ODN1826 (50 mg), and 2030-
cGAMP (50 mg) were purchased from Invivogen and reconstituted
per manufacturer’s recommendation. Sigma Adjuvant System
(SAS, 1:1 mixture) was purchased from Sigma. DMXAA (7.1 mg)
was purchased from Ark Pharm, Inc. Alum (1:1 mixture) purchased
from Brenntag Biosector (‘‘Alhydrogel 85”) and was used at a dose
of 50 mg. 3 M012 (5 mg) was acquired from WuXI. The remaining
adjuvants were produced in house. Neoseptin-3 (5 mg) was synthe-
sized in house following the steps outlined in [14]. AF03 (1:1 mix-
ture), AF04 (1:1 mixture), a GLA-containing squalene emulsion
similar to GLA-SE (referred to as "GLA-SE"), and GLA-Alum (both
1:1 mixtures) were prepared using the methods of Klucker et al.
[15], Haensler et al. [16], and Misquith et al. [17] respectively.
ADU-S100 (50 mg) was synthesized following published methods
[18]. Due to poor aqueous solubility, MPLA, Neoseptin-3, 3 M012,
and DMXAA were dissolved in DMSO. To keep DMSO content in
the final injection below five percent, the amount of these com-
pounds that we were able to use was limited.

https://www.cdc.gov/flu/professionals/vaccination/effectiveness-studies.htm/
https://www.cdc.gov/flu/professionals/vaccination/effectiveness-studies.htm/
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2.4. Immunization

Mouse experiments were carried out in accordance with all fed-
eral regulations in an AAALAC-accredited facility per the standards of
the Guide for the Care and Use of Laboratory Animals, 8th ed., NRC. Pro-
tocols were reviewed and approved for scientific rigor and animal
welfare by the Sanofi Institutional Animal Care and Use Committee
(IACUC). BALB/C mice (female, 4–5/group) were immunized intra-
muscularly at week 0 and week 3. All immunization volumes were
50 mL total. Blood draws were performed at weeks 2, 5, 6, 7, and a
terminal bleed was performed at week 8. For adjuvant screening
studies and initial conjugation experiments, HA-NPs were dosed
0.22 mg. For each conjugation experiment, an equimolar admixture
control was included wherein unconjugated HA-NPs were mixed
with the amount of TLR agonist contained in the conjugated particle.
The amount of TLR agonist to include in the equimolar controls was
calculated based on 100% conjugation efficacy. A ‘‘high dose” control
was also included wherein the unconjugated HA-NPs were mixed
with 10 mg TLR7/8 agonist or 20 mg of CpG. Additionally, a dose-
response study was carried out with HA-NP doses of 0.1 mg, 0.5 mg,
2.5 mg, and 12.5 mg. In this study, the amount of TLR agonist used
for the ‘‘equimolar” admix control and the ‘‘high dose” admix control
were calculated to maintain the ratio of antigen to adjuvant used in
the initial conjugation study (0.22 mg HA-NP with either 1.7 ng
3M012 for ‘‘equimolar” or 10 mg for ‘‘high dose”).

2.5. ELISA binding assays

ELISA binding was performed on samples collected two weeks
after the boost. Maxisorp 96-well plates (Nunc) were coated over-
night with 0.1 mg/well of NC99 HA trimer in PBS. Plates were
washed with PBS-T, and blocked with 5% skim milk, 1% BSA in
PBS-T. Serum was added in serial dilutions and incubated for one
hour at room temperature. Serum binding was detected with an
anti-mouse HRP secondary antibody (GE Healthcare). For IgG1
and IgG2a ELISAs, HRP-labeled isotype specific secondaries were
used (Southern Biotech). TMB substrate (SeraCare) was added
and the reaction was quenched with 0.5 M H2SO4. Plates were read
at 450 nm. Endpoint titers were calculated in Graphpad PRISM ver-
sion 7 with a threshold value of approximately three times back-
ground (typically 0.1 or 0.2 AU).

2.6. Lentivirus reporter neutralization assays

The lentivirus reporter neutralization assay was performed as
previously described [19–23]. Reporter lentivirus was generated
by transfecting HEK293T cells with plasmids for HA, NA, TMPRSS2,
CMVDR8.2 and pHR’CMV-Luc (Promega Profection Mammalian
Transfection System—Calcium Phosphate). Media was changed
one day later, and lentiviral vector was harvested two and three
days post-transfection and stored at �80 �C until use. Neutraliza-
tion assays were performed by incubating serial dilutions of serum
with the lentivirus, then infecting HEK293A cells. Media was chan-
ged one day later and infection was quantified three days post-
infection by reading luciferase activity (Promega Luciferase Assay
System) on a MicroBeta2 LumiJET (PerkinElmer). Neutralization
curves were plotted in Graphpad PRISM version 7 and IC50 values
were calculated using a non-linear four-parameter function.

2.7. Hemagglutinin inhibition assay

Hemagglutinin (HA)-specific antibody was measured by the
Hemagglutination Inhibition (HAI) assay on serumsamples collected
5 weeks after the boost. The HAI assays were done in V-bottom 96-
well plates using four hemagglutinating units of virus and 0.5% tur-
key red blood cells. The serum samples were pre-treated overnight
with Receptor-Destroying Enzyme (RDE) and heat-inactivated prior
to testing. Each sample was tested in duplicate and each assay con-
tained positive and negative control reference sera.

2.8. Chemical conjugation

Chemical conjugations were designed to allow TLR agonists to
be attached to the ferritin portion of the nanoparticle. HA is
hyper-glycosylated and attempts to generate accurate, repeatable
mass spectrometry readings were challenging or impossible. A
Tobacco Etch Virus (TEV) cleavage site was added between HA
and ferritin. Cleavage would remove HA from the ferritin nanopar-
ticle and allow for mass spectrometry confirmation of conjugation
of adjuvants to the particle core. Plasmids contained the previously
mentioned ferritin modifications, including an N-linked glycosyla-
tion site removal with an N to Q mutation and the removal of a
native cysteine with a C to S mutation. Lastly, a cysteine amino acid
was added onto a surface-accessible residue on the ferritin
nanoparticle (S111C). Modified nanoparticles were expressed,
purified, and characterized as described above.

TLR agonist conjugation involved two steps. First a DBCO-PEG4-
maleimide linker (Sigma) was added to reduce nanoparticles and
incubated at room temperature for 1–2 h. Excess linker was
removed via ultrafiltration. Subsequently, an azido-modified
TLR7/8 agonist (3M012-PEG4-azide, synthesized in house) or
TLR9 agonist (CpG-azide, ISS1018 [24], synthesized by IDT or Aven-
cia) was added to the malemide-conjugated nanoparticle. Samples
were incubated at room temperature for 1–4 h and then at 4 �C for
2–4 days. Excess reagent was removed by ultrafiltration or SEC.
Conjugations were confirmed by mass-spectrometry (HA-NP-
3M012) and gel shift assay (HA-NP-3M012 and HA-NP-CpG). Brad-
ford assays were used to determine protein concentrations.

2.9. Intact mass spectrometry analysis

To confirm the chemical conjugation on the HA-ferritin protein,
the intact mass measurement of enzymatically released ferritin pro-
teins from nanoparticles was applied. Agilent 1290 HPLC coupled to
Agilent 6210 TOF-MS systemwas used for the protein separation and
MS detection. For each LC-MS run, �5 mg of native or chemically-
conjugated nanoparticles were loaded onto a column (Agilent ZOR-
BAX PLRP-S 1000 Å, 2.1� 50mm). The mobile phase for the
reversed-phase HPLC were 0.1% formic acid in water as mobile phase
A (MPA) and 0.1% formic acid in acetonitrile as mobile phase B (MPB).
The protein samples were loaded on column at a flow rate of 0.4 mL/
min with 5% MPB for 2 min, then ramped to 30% MPB over 15min,
and finally to 90% MPB over 5 min. Under the above RPLC separation
condition, the ferritin nanoparticles collapsed into monomers and
their masses were monitored by the TOF-MS. The MS was running
at positive ion mode with Agilent Jet Stream ESI ion source. Drying
gas temperature was set at 325 �C and 12 L/min. Sheath gas flow
was applied at 11 L/min and heated at 400 �C. Capillary voltage
was set at 5 kV. Fragmentor voltage was set at 175 V. The data
obtained from LC-MS were analyzed using Agilent MassHunter Qual-
itative Analysis software B.06 and Agilent MassHunter BioConfirm
software B.06 package. Multiple charged MS spectra were deconvo-
luted by Maximum Entropy algorithm to measure the averaged
intact mass of proteins ([M+H]+). The extracted peak area of each
protein forms were extracted for the quantitative analysis. The intact
MS peaks were compared to the theoretical values (average mass cal-
culated by protein sequences and modifications).

2.10. Electron microscopy

Samples were absorbed for one minute to a hydrophobic
carbon-coated grid, following a 30 s exposure to a glow discharge.
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Filter paper was used to remove excess liquid, samples were
stained for 30 s with 0.75% uranyl formate, and excess liquid was
removed with filter paper. Grids were examined with a TecnaiG2

Spirit BioTWIN and images were recorded with an AMT 2k CCD
camera.
2.11. Non-human primate experiments

The study was reviewed and approved by the National Institute
of Allergy and Infectious Diseases (NIAID) Institutional Animal Care
and Use Committee (IACUC) and was conducted at the National
Institutes of Health. All federal regulations and NIH guidelines
were followed. Twelve adult rhesus macaques (Macaca mulatta)
were divided into 3 groups (n = 4). All macaques were screened
and confirmed negative for influenza antibody prior to the study.
Macaques were intramuscularly immunized on weeks 0 and 8 with
15 mg of HA-NPs either unadjuvanted or adjuvanted with AF03, or
with HA-matched inactivated influenza vaccine. Serum samples
were collected periodically to assess antibody responses through-
out the study.
2.12. Microneutralization assays

Microneutralization (MN) assays against NC99 virus was per-
formed following the 2013WHO Laboratory Procedures guidelines.
Briefly, serum samples were treated with Receptor Destroying
Enzyme II for 18–20 h and heat-inactivated at 56 �C for 40 mins.
Serial dilutions of serum were incubated with influenza virus for
1 h at 37 �C degrees before transferring to 96-well plates with
MDCK target cells. Two days later, non-neutralized influenza virus
was measured by ELISA and the endpoint antibody titer was calcu-
lated. Reference serum was included as a control.
2.13. Statistics

Adjuvant treatments were compared by group (TLR2, TLR4, etc.)
to the unadjuvanted control by analysis of variance (ANOVA) with
Dunnett correction for multiple comparisons. Because the ANOVA
test showed statistical significance (p-value < 0.05) among treat-
ment groups for all assay results, a multiple comparison analysis
was performed using Tukey-Kramer HSD method to further under-
stand the statistical significance between any paired treatment
groups. In general, a p-value less than 0.05 by Tukey-Kramer
HSD analysis indicates the two treatment groups are statistically
significant. Select adjuvants were down-selected for additional
analyses including HAI and tests against heterologous strains.
ANOVA was used to compare these adjuvants to unadjuvanted
controls. Data from NHP experiments was also analyzed by com-
paring the AF03 treatment group to the unadjuvanted HA-NP
group and the IIV treatment group using ANOVA. Calculations were
performed using Graphpad PRISM version 7. For conjugation
experiments (ELISA binding, neutralization, and HAI), ANOVA and
post-tests were performed as described above using the log10-
transformed titer. Values below the limit of detection were
assumed to be half the value of the limit of detection.
3. Results

3.1. Diverse adjuvants can boost neutralizing antibody responses

A panel of sixteen adjuvants, including alum, oil-in-water emul-
sions, TLR agonists, and STING activators, were tested for their abil-
ity to boost neutralizing antibody titers in mice with the HA-NP
(Table 1). Alum and one oil-in-water emulsion adjuvant,
squalene-based AF03, boosted antibody titers (Fig. 1a) compared
to non-adjuvanted HA-NP (p < 0.05, and p < 0.001, respectively).

TLRs represent innate immune sensors that recognize molecular
signatures on invading bacteria or viruses, and various TLR
agonists have been employed to boost vaccine efficacy [25] or anti-
tumor immunity [26,27]. We tested specific agonists for TLR2,
TLR4, TLR7/8, and TLR9 as adjuvants. Among the various adjuvants
evaluated with HA-NP, FSL-1 (TLR2), AF04 (TLR4), and CpG (TLR9)
elicited significantly higher titers of neutralizing antibodies than
unadjuvanted controls, demonstrating the compatibility of
HA-NP with many different types of TLR agonists (Fig. 1a). One
mouse treated Pam2CSK4 and one mouse treated with GLA-SE
both showed no detectable neutralizing antibody response despite
a robust neutralizing titer in the remaining three mice per group,
suggesting more variability with these adjuvants. Wide variation
was also seen in the response of mice immunized with HA-NP
and 3M012, although this may be partially explained by challenges
in formulating 3M012.

In addition to the panel of TLR agonists, we also investigated the
adjuvant potential of three STING agonists. A mouse specific STING
agonist DMXAA [28,29] did not show any measurable neutralizing
antibody titer (Fig. 1a). However, two cyclic-dinucleotides 2030-
cGAMP [30] and the ADU-S100 compound [31,32] improved the
immunogenicity of HA-NP, and the ADU-S100 compound induced
neutralizing antibody titers 128-fold higher than unadjuvanted
HA-NP (p = 0.0017, Fig. 1a).

The top adjuvant from each class (i.e., the best TLR2 agonist
adjuvant, the best TLR4 agonist adjuvant, the best TLR9 agonist
adjuvant, and the best STING agonist adjuvant), were selected for
further analyses. AF03, which has been previously used with IIV
against the 2009 pandemic influenza in human studies, was also
included in the panel, and served as a helpful benchmark. HAI
titers were also evaluated on these immune sera and showed that
all adjuvants improved the antibody response against the homolo-
gous NC99 virus (Fig. 1b, p < 0.0001). HAI is a less sensitive assay
than the lentivirus neutralization assay and also does not detect
stem-directed antibodies. However, HAI is a well-established cor-
relate of protection.

To probe the mechanisms of immunogenicity further, select
sera were screened for IgG1 and IgG2a ELISA binding titers (Sup-
plemental Fig. 1). HA-NP without any adjuvant had a preponder-
ance of IgG1 binding antibodies, indicating a Th2-directed
immune response. While AF03 induced a stronger overall antibody
response, the IgG isotype ratio remained heavily skewed towards
IgG1 (Th2). FSL-1, AF04, and ADU-S100 resulted in a slightly more
balanced IgG isotype ratio, and CpG skewed the ratio towards
IgG2a (Th1) response.

3.2. Diverse adjuvants can induce broad, cross-neutralizing antibodies

To evaluate the breadth of neutralization, sera were analyzed
for their ability to neutralize the heterologous H1N1 viruses A/Bei-
jing/262/1995 (Beij-95) and A/Brisbane/59/2007 (Bris-07) (Fig. 2).
Mice immunized with HA-NP in the absence of adjuvant failed to
induce detectable neutralizing or HAI antibody responses. All adju-
vants elicited neutralizing antibodies in immunized mice against
the heterologous viruses (Fig. 2a). Furthermore, AF03 and AF04
induced cross reactive HAI responses (Fig. 2b), suggesting that
the breadth elicited following immunization with the HA-NP can
be further improved with the inclusion of specific adjuvants.

3.3. TLR7/8 and TLR9 agonist-conjugated HA-NPs are immunogenic

These data showed that HA-targeting antibody responses were
improved with the addition of TLR agonists. Based on this promis-
ing result, we developed an adjuvant-conjugated vaccine with a



Table 1
List of adjuvants evaluated.

Adjuvant Known target Description and dosage Refs.

Pam3CSK4 TLR2/1 A tripalmitoylated synthetic lipopeptide containing the CSKKKK amino acid sequence that can agonize TLR2. TLR2 is
expressed on the cell surface of numerous immune cells including monocytes, macrophages, B and T cells.
Engagement of TLR2 initiates a cell signaling pathway that ultimately leads to the production of cytokines and biases
the immune system towards a Th1 response.
Dose: 25 lg Pam3CSK4.

[34,36,93]

Pam2CSK4 TLR2 A diacylated synthetic lipopeptide containing the CSKKKK amino acid sequence that can agonize TLR2.
Dose: 5 lg Pam2CSK4.

[34]

FSL-1 TLR2/6 A synthetic lipopeptide, similar to Pam2CSK4, but with a CGDPKHPKSF peptide that can agonize TLR2.
Dose: 20 lg FSL-1.

[35,94]

MPLA TLR4 A derivative of lipid A from Salmonella minnesota R595 lipopolysaccharide (LPS) that agonizes TLR4. It is widely
considered less toxic than LPS. Engagement of TLR4 causes conformational changes in the receptor which initiates a
signaling cascade resulting in NF-ƘB engagement and production of cytokines including TNF-a and IL-1.
Dose: 0.5 lg MPLA.

[95–97]

Neoseptin 3 TLR4/MD-2 A small molecule petidomimic with no structural similarity to LPS or MPLA. It activates TLR4 via MD-2.
Dose: 5 lg Neoseptin 3.

[48]

GLA-SE TLR4 A formulation of Glucioyranosyl Lipid Adjuvant (GLA) in a stable nano-emulsion (SE) of squalene oil in water. GLA is a
synthetic hexaacylated lipid A derivative that engages TLR4 and induces a Th1 response.
Dose: 25 lL mixed with 25 lL of antigen, resulting in a final concentration of 2% squalene and 2.5 lg GLA.

[17,51,98,99]

GLA-Alum TLR4 A Glucioyranosyl Lipid Adjuvant formulated with aluminum salts (Alum). GLA is a synthetic hexaacylated lipid A
derivative that engages TLR4.
Dose: 25 lL mixed with 25 lL of antigen, resulting in a final concentration of 33 lg Alum and 5 lg GLA.

[17,99]

SAS TLR4 Sigma Adjuvant System is a stable oil-in-water emulsion containing MPLA and synthetic trehalose dicorynomycolate.
Dose: 25 lL of reconstituted SAS added to 25 lL of antigen, resulting in a final concentration of 2% squalene, 12.5 ng
of MPLA, and 12.5 ng of trehalose ducorynomycolate.

[100–102]

AF04 TLR4 A formulation of a synthetic phospholipid dimer of a triacyl phospholipid (E6020) that mimics natural lipid A mixed
with AF03, a squalene oil-in-water emulsion-based adjuvant. E6020 engages TLR4.
Dose: 25 lL mixed with 25 lL of antigen, resulting in a final concentration of 2.5% squalene and 1.0 lg E6020.

[16,49]

3M012 TLR7/8 An imidazoquinoline compound that mimics single-stranded RNA and can activate TLR7 and TLR8. TLR7 and TLR8 are
endosomal receptors found on numerous immune cells. Receptor engagement induces a signaling cascade, NF-ƘB
engagement, and production of pro-inflammatory cytokines. TLR7 engagement can activate pDCs and B-cells, and
results in production of TNF-a. TLR8 engagement can activate mDCs and monocytes which induces the expression of
TNF-a, IL-12, and MIP-1a.
Dose: 5 lg 3 M012.

[57,66]

CpG TLR9 A DNA oligonucleotide (ODN) that contains unmethylated CpG dinucleotides motifs. CpGs can engage TLR9, which
are expressed in the endosome of numerous immune cells including NK cells, DCs, macrophages, and some APCs.
Engagement of TLR9 leads to cellular activation and the release of pro-inflammatory cytokines such as INFa, TNFa, IL-
6, IL-12.
Dose: 50 lg of CpG.

[24,67,68,103]

DMXAA STING A flavone-acetic acid-based small molecule also known as vadimezan or ASA404, which can activate STING, resulting
in the production of Type I interferon. STING is expressed in numerous immune cells including NK cells, T cells,
myeloid cells, and monocytes.
Dose: 7.1 lg of DMXAA.

[28,29,104]

2030-cGAMP STING A cyclic di-nucleotide (CDN) also known as non-canonical cGAMP that can activate STING and induce a Type I
interferon response.
Dose: 50 lg 2030-cGAMP.

[105]

ADU-S100 STING A synthetic cyclic di-nucleotide (CDN) with phosphodiesterase-resistant [RP,RP] dithio cyclic di-AMP diastereomer. It
is also known as ML-RR-S2-CDA and MIW815. ADU-S100 activates STING and induces a Type I interferon response.
Dose: 50 lg ADU-S100.

[31,32,85]

AF03 A stable squalene oil-in-water emulsion that has been used to adjuvant human pandemic influenza vaccines in
clinical trials. It is similar to MF59 and AS03, both of which were utilized in marketed pandemic influenza vaccines.
This class of adjuvants can stimulate both B and T cell responses, although the specific mechanism of action is
unknown.
Dose: 25 lL AF03 mixed with 25 lL of antigen, resulting in a final concentration of 2.5% squalene.

[15,88,106,107]

Alum Aluminum hydroxide, is one of the most commonly used and oldest adjuvants. Alum is a strong inducer of Th2
responses, but poorly induces Th1 responses.
Dose: 25 lL of Alum mixed with 25 lL of antigen, resulting in a final concentration of 50 lg aluminum hydroxide.

[108,109]
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TLR agonist directly coupled to the HA-nanoparticle. We hypothe-
sized that targeted co-delivery of antigen and adjuvant would mit-
igate non-specific inflammation and potentially allow for dose
sparing. To investigate, we selected two TLR agonists, 3M012 and
CpG, which were chemically modified to add a functional group
for conjugation (Fig. 3a). Conjugated HA-NPs were analyzed by
gel shift assays, SEC, DLS, mass spectrometry, and EM (Fig. 3b
and Supplemental Fig. 2). To determine the immune response
in vivo, mice were immunized with conjugated HA-NP. Compared
to unadjuvanted HA-NP controls or HA-NP mixed with an equal
molar amount of 3M012 (1.7 ng), the HA-NP-3M012 conjugate
induced significantly higher ELISA binding titers. In fact, the titer
from the conjugate was comparable to HA-NP mixed with a
�5000-fold higher dose of 3M012 (Fig. 4a, 10 lg, left). A similar
trend was observed with neutralizing antibody titers (Fig. 4a, mid-
dle): HA-NP-3M012 induced higher neutralizing titers in the len-
tivirus reporter assay compared to the equimolar admixture
containing HA-NP and 1.7 ng 3M012 group (p < 0.0001). The
3M012-conjugated HA-NP also elicited more robust HAI responses
compared to the equimolar admixture (p < 0.05, Fig. 4a, right).
Similar improvements over HA-NP mixed with equimolar amounts
of CpG (21 ng) were seen with CpG-conjugated nanoparticles (HA-
NP-CpG), including a boost in ELISA binding titers (p < 0.001) and
neutralizing antibody titers in the lentivirus reporter assay
(p < 0.0001, Fig. 4b, left and middle). HAI titers were also improved
in the HA-NP-CpG conjugated group compared to the mixture HA-
NP and a matched amount of CpG (p < 0.0001, Fig. 4b, right). Both
HA-NP-3M012 and HA-NP-CpG had stronger IgG2a responses than
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unconjugated HA-NP, with HA-NP-3M012 having higher titers of
IgG2a than IgG1 (Supplemental Fig. 3).

Next, we determined if the immunogenicity of the 3M012
conjugate could be improved when given at a higher dose. For
this purpose, we tested the conjugate, an equimolar admixture,
a higher dose admixture, and unconjugated nanoparticles at
0.1 mg, 0.5 mg, 2.5 mg, and 12.5 mg doses of HA-NP (Fig. 5). At
the 0.1 mg and 0.5 mg HA-NP dose, minimal response was seen
in neutralization and HAI assays except for the high admixture
dose. At the 2.5 mg dose, the unconjugated HA-NP and the
equimolar admixture of HA-NP and 3M012 both induced mini-
mum antibody responses. Compared to the high dose admixture
group, the 3M012-conjugated HA-NP induced similar antibody
responses despite containing over 5000-fold less 3M012, docu-
menting the efficacy of direct conjugation and targeted delivery
of a TLR agonist.
3.4. HA-NP adjuvanted with AF03 boosts immunogenicity in non-
human primates (NHP)

With evidence of superior immunogenicity (both homologous
and heterologous) of AF03-adjuvanted HA-NPs in mice, the AF03
formulation was evaluated in NHP. AF03 was previously included
in some formulations of the 2009 H1N1 pandemic inactivated
influenza vaccine but has not been previously tested with our
nanoparticle vaccine. Four weeks after prime and boost injections,
serum from monkeys immunized with adjuvanted HA-NP showed
significantly higher HAI titers than non-adjuvanted controls
(Fig. 6a, AF03 vs. no adjuvant, p < 0.001; AF03 vs. IIV, p < 0.001)
and significantly higher microneutralization (MN) titers (Fig. 6b,
AF03 vs. no adjuvant, p < 0.001; AF03 vs. IIV, p < 0.001). Because
we observed strong immune responses against the homologous,
matched virus, we examined the breadth against a heterologous
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panel including H1N1 viruses A/Hong Kong/117/1977, A/Singa-
pore/6/1986, A/Beijing/262/1995, and A/Brisbane/59/2007. Over-
all, the addition of AF03 to HA-NPs significantly boosted
responses against HK77, Sing86, and Beij95 (p < 0.001) compared
to unadjuvanted nanoparticles.
4. Discussion

Adjuvants represent an important modality for improving
immunogenicity of next generation seasonal or pandemic influ-
enza vaccines. Their ability to improve the immune response has
both immunological and practical consequences. On the practical
side, adjuvants may exert dose sparing effects, allowing lower
doses of antigens in each vaccine. Alternatively, they may increase
the maximal response, with or without dose sparing. Immunolog-
ically, adjuvants boost innate responses and activate B and T cell
responses. Adjuvants may be of particular importance in the very
young or elderly populations where immune responses are often
blunted. Their selection can have implications for polarizing
immunity towards a Th1 or Th2-type response, and therefore
selection should take into account the pathology and immunology
of the disease target. Adjuvant activity and effectiveness is depen-
dent on the antigen itself, formulation, and modality of delivery.
Therefore, we compared adjuvant approaches using a highly stud-
ied HA antigen from the NC99 H1N1 strain of influenza delivered
on a self-assembling nanoparticle. HA-NP has been demonstrated
previously to improve potency and breadth of anti-influenza anti-
body responses [7], and its flexibility as a influenza vaccine plat-
form [8] makes it an ideal candidate for further development and
clinical testing.

Here, we screened a panel of 16 adjuvants, encompassing many
different classes of molecules and mechanisms of immune stimu-
lation, including agonists against TLR and STING. TLRs represent
innate sensors that recognize molecular signatures on invading
bacteria or viruses, and various TLR agonists have been employed
to boost vaccine efficacy [25] or antitumor immunity [26,27]. We
tested specific agonists for TLR2, TLR4, TLR7/8, and TLR9 as adju-
vants. Pam3CSK4 [33,34], Pam2CSK4 [34], and FSL-1 [35] were
chosen as TLR2 agonists. TLR2 recognizes a diverse set of molecules
from bacterial cell walls, and the TLR2 agonists in our panel repre-
sent synthetic lipopeptides that mimic portions of bacterial wall
lipopeptides. When activated, TLR2 forms a heterodimer with
either TLR1 or TLR6. The heterodimers activate a signaling cascade,
resulting in NF-jB induction, cytokine production, and activation
of the adaptive immune system [36]. TLR4 recognizes components



Fig. 3. Characterization of TLR conjugated HA-NPs. (a) Molecular structures of the linker-TLR7/8-agonist complex and linker-TLR9-agonist complex are shown. (b) Electron
micrographs of particles before and after conjugation confirm intact nanoparticle formation.

R.S. Rudicell et al. / Vaccine 37 (2019) 6208–6220 6215
of bacterial outer membranes such as lipopolysaccharide (LPS).
MPL�, a compound similar to MPLA, is included in four vaccines
against hepatitis B virus (HBV), human papilloma virus (HPV), vari-
cella zoster virus (VZV), and the malaria parasite Plasmodium falci-
parum [37–40]. In the HBV and HPV vaccines MPL� is combined
with Alum and in the VZV and in themalaria vaccines, MPL� is com-
bined with a saponin molecule QS-21 and formulated in liposomes
(reviewed in [41]). Additionally, MPLA is a component in thewidely
used SAS and has been tested as an adjuvant for Mycobacterium
tuberculosis [42], leishmaniosis [43], Toxoplasma gondii [44], and
HIV [45] and has conferred protective immunity with IIV in mice
[46,47]. The TLR4 agonist panel also included Neoseptin-3, a small
molecule agonist with no structural similarity to LPS [48], and for-
mulations of glucopyranosyl lipid adjuvant (GLA) and E6020, syn-
thetic phospholipids that mimic lipid A [49]. Both GLA and E6020
were tested in a squalene oil-in-water emulsion formulation
(GLA-SE [50–52] and AF04 [16]), and with aluminum salts (GLA-
Alum, [17,49,53,54]). Notably, RC529, a synthetic MPLA-analogue
[55], was included in a licensed HBV vaccine in Argentina [56].
TLR7 and TLR8 are agonized by small molecules that mimic viral
single-stranded RNA. TLR7 is expressed on plasmacytoid dendritic
cells (pDCs) and B cells, and TLR8 is expressed on monocytes and
other DC subsets, allowing for TLR7/8 agonists to stimulate a large
variety of immune cells [57]. TLR7/8 agonists have shown potent
immune-stimulatory effects in various vaccines against Staphylo-
coccus aureus [58], Leishmania donovani [59], HIV [60,61], RSV
[62], and IIV [63]. Topical imiquimod, a TLR7/8 agonist, has been
approved for use to treat actinic keratosis, basal cell carcinoma
[64], and genital warts [65]. One such TLR7/8 agonist, an imidazo-
quinoline compound 3M012 [66] was tested. TLR9 can be agonized
by CpG, which are short DNA oligonucleotides containing certain C-
G nucleotide motifs. CpG stimulation of TLR9 induces type I inter-
ferons and can boost both cytotoxic T lymphocyte (CTL) responses
and antibody responses [67,68]. CpGs have shown potent adjuvant-
ing properties when tested with anthrax [69], malaria [70,71], HBV
[72,73], RSV [74], West Nile [75], and IIV in mice [47,76] and ferrets
[77]. A recently licensed HBV vaccine, requiring fewer doses than
previous vaccines, is adjuvanted by the CpG ISS-1018 [78,79]. In
lieu of challenge studies, we performed HAI assays, a well-
established correlate of protection. Titers over 1:40 are generally
considered to confer 50% protection against influenza infection.
Our studies demonstrated that the inclusion of TLR2-, TLR4-, and
TLR9-agonists in the HA-NP vaccine formulation significantly
improved neutralizing antibody responses in mice. The one
TLR7/8 agonist tested in the initial studies did not significantly
boost the anti-HA antibody response. This may be due to solubility
issues which resulted in a lower dose of adjuvant. However, formu-
lated TLR7/8 agonists have been successfully used in the past with
IIV, suggesting that alternative formulations of TLR7/8 agonistsmay
be promising adjuvants [63,80].

The STING receptor is activated by cyclic dinucleotides or com-
pounds that mimic their chemical structure [81]. STING activators
have shown promise in cancer immunotherapies [82] and in vacci-
nation studies in animals models of hepatitis C [83], HIV [84], and
Mycobacterium tuberculosis [85]. Three STING agonists, not previ-
ously evaluated as adjuvants for influenza vaccines, were included
in our study. Recent publications report an increase in IgA and IgG
titers following the use of a STING agonist with IIV in an intranasal
immunization [86]. Protection from influenza infection following
immunization with microparticles encapsulating STING agonists
has also been reported [87]. Together with our observations, these
findings suggest that STING agonists may be useful influenza vac-
cine adjuvants and further exploration is warranted.

This study also identified a promising adjuvant for HA-NP vac-
cine, AF03, with potent activity in mice and NHP. AF03 has been
evaluated previously in human studies of a 2009 H1N1 pandemic
influenza vaccine [15,88] and has an acceptable safety profile,
but it had not been evaluated together with a HA-NP vaccine.
Against both the matched and the heterologous strains, AF03
induced strong antibody responses in non-human primates. This
finding represents the first published study of HA-NPs in non-
human primates and confirms that this vaccine is immunogenic
in this animal model. Additionally, AF03 could potentially be used
with other vaccine targets vaccine.
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Fig. 4. ELISA binding, neutralization, and HAI titers of a TLR7/8-agonist- and a TLR9-agonist- conjugated to HA-NP. The immunogenicity of HA-NP-3M012 conjugated
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Since numerous TLR agonists served as potent adjuvants in
admixtures, we sought to reduce the amount of adjuvant needed
without compromising the immune response. To this end, we
hypothesized that direct conjugation of TLR agonists to the
nanoparticle would accomplish this goal. Adjuvant/antigen co-
delivery should reduce systemic toxicity and mitigate off-target
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effects, thus improving the overall safety profile of the vaccine. The
ferritin nanoparticle proved to be an optimal platform for chemical
conjugation. By conjugating onto ferritin directly, we avoid poten-
tially disrupting or re-engineering the HA antigen. Additionally,
conjugation to ferritin allows us to ‘‘plug and play” and apply the
same platform and conjugation technology to other antigens and
adjuvants. The two-step conjugation chemistry we developed
was robust and is amendable to a variety of linkers and immune-
modulators, so long as the appropriate functional groups can be
incorporated into the adjuvant molecules.

Our results showed that both HA-NP-3M012 and HA-NP-CpG
conjugates were biologically active. Both conjugates induced
stronger antibody responses than matched-dose mixtures or
unconjugated HA-NP alone. We selected HA-NP-3M012 to see
how the conjugate compared to unconjugated and admixture con-
trols at different doses. To our surprise, antibody responses of the
HA-NP-3M012 conjugate and the HA-NP plus high dose 3M012
overlapped, despite the fact that the conjugate contained more
than 5000-fold less 3M012 than the admixture. These results sup-
port our hypothesis that direct conjugation allows for significantly
lower amounts of adjuvant. Such increases in adjuvant potency
may be due to the co-delivery of antigen and adjuvant. The size
of the HA-NP ensures that it is efficiently trafficked into the lym-
phatic system and directed towards draining lymph nodes
[89,90]. Systemic dispersion of the adjuvant is presumably mini-
mal, reducing the likelihood of adjuvant-induced toxicity. This is
the first report of conjugation of TLR agonists to HA-NP, and to
the best of our knowledge, the first report of directed, site-
specific conjugation of TLR agonists to HA antigens. Our findings
suggest that further evaluation of HA with adjuvant may improve
the breadth and potency of influenza vaccines.

In summary, these studies have shown that HA-NPs are com-
patible with numerous adjuvants, covering a large range of mole-
cules and formulations, including TLR agonists and STING
agonists. Adjuvanted HA-NP vaccinations resulted in high titer
neutralizing antibody responses and strong HAI responses. HA-
NPs mixed with AF03 were also evaluated in NHPs, confirming
the initial promising results from mice. AF03 has previously been
used in human trials and may be suitable for further development
of clinical HA-NP vaccine candidates. Further pre-clinical develop-
ment, including extensive safety testing, may be needed for addi-
tional adjuvant candidates such as the TLR agonists. These
studies should probe mechanistic differences between immune
responses induced by differing adjuvants. An HA-NP vaccine tar-
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geting H2 influenza in currently being evaluated in phase 1 clinical
trials (NCT03186781), and this study will help identify adjuvants
that can be used to further boost immunogenicity in humans.
Lastly, we developed a directly conjugated HA-NP vaccine by phys-
ically coupling a TLR agonist onto the vaccine nanoparticle core.
Immunogenicity studies in mice demonstrated that direct conjuga-
tion allows for an over 5000-fold reduction in the amount of TLR
agonist needed compared to traditional admixture formulations.
Direct chemical conjugation may be useful for other ferritin-
nanoparticle based vaccines, including Pan-H1 flu vaccines [8], uni-
versal stem-based flu vaccines [91], and vaccines targeting other
diseases such as EBV [11] and HIV [92].
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