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Abstract:

Background: The development of safe and effective vaccines against SARS-CoV-2 and other
viruses with high antigenic drift is of crucial importance to public health. Ferritin is a well
characterized and ubiquitous iron storage protein that has emerged not only as a useful
nanoreactor and nanocarrier, but more recently as an efficient platform for vaccine
development.

Scope of Review: This review discusses ferritin structure-func’ ion properties, self-assembly,
and novel bioengineering strategies such as interior cavity an+: e.tercior surface modifications
for cargo encapsulation and delivery. It also discusses thz u-e of ferritin as a scaffold for
biomedical applications, especially for vaccine developi. ent against influenza, Epstein-Barr,
HIV, hepatitis-C, Lyme disease, and respiratory viruses <uc 1 as SARS-CoV-2. The use of ferritin
for the synthesis of mosaic vaccines to deliver a .o :ktail of antigens that elicit broad immune
protection against different viral variants is alsc expiored.

Major Conclusions: The remarkable stav.'it;, biocompatibility, surface functionalization, and
self-assembly properties of ferritin nai.nparticles make them very attractive platforms for a
wide range of biomedical applicatior.s ir Lluding the development of vaccines. Strong immune
responses have been observed i ore-clinical studies against a wide range of pathogens and
have led to the exploration o\ fei itin nanoparticles-based vaccines in multiple phase | clinical
trials.

General Significance: 1. = vroad protective antibody response of ferritin nanoparticles-based
vaccines demonstrates the usefulness of ferritin as a highly promising and effective approaches

for vaccine development.



Introduction:

The COVID-19 pandemic has had devastating consequences on the population, economic,
social, and health systems. According to the WHO statistics (1), there have been over 600
million confirmed cases worldwide including ~ 6.6 million deaths, as of November 2022. Despite
the fact that a large number of nations have employed non-pharmaceutical interventions such
as personal protective equipment, social distancing, wide-spread testing, contact tracing, and
shutdown measures to contain the spread of the virus, it bec-ame evident that long-term
control of the virus would require effective vaccines. The cacsacive agent, severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), is a s'ng.>-stranded positive-sense RNA
(+ssRNA) virus containing four major structural proteins . ~cluding spike (S) glycoprotein, small
envelope (E) glycoprotein, membrane (M) glycopro.<in and nucleocapsid (N) protein, in
addition to several accessory proteins. The spike (5 glycoprotein mediates entry into host cells
and has been the major target of vaccine arnrcaches (2, 3). A great effort of scientific research
and global coordination resulted in an unp -¢ cedented rate of vaccine development and rollout
leading to more than 40 vaccines being ~oproved for general or emergency use (4) and over 12
billion doses given worldwide as o. ni.-2022 (5, 6). This success in vaccine development,
however, has been impeded b, the emergence of SARS-CoV-2 variants including alpha
(B.1.17.7), beta (B.1351), eps.'on {B1429), delta (B.1.617) and omicron (B.1.529) that evade
vaccine-induced immunity (7, &), posing issues for viral transmission and global vaccination
efforts. Consequently, *here is a critical need for vaccines that offer high levels of
immunogenicity, safety, and cross-protection between viral variants for SARS-CoV-2 and future
pandemics.

A vast array of vaccine platforms of different generations such as virus-based (first
generation), subunit-based (second generation) and RNA- or DNA- based (third generation)
technologies have been employed in the development of a safe and more effective SARS-CoV-2
vaccine, with over 160 vaccines in clinical development and 200 in pre-clinical development as
of August 2022 (6). Despite the advantages of RNA/DNA-based vaccines, considerable hurdles

are associated with their efficacy including premature degradation of molecules, and adjuvant



and booster-shot requirements (9, 10). The last few decades have seen a considerable amount
of research in the field of nanocarrier based vaccine delivery technologies including inorganic,
lipid, polymeric, virus-like, micelle, and protein nanoparticles, which have been shown to
improve antigen structure and stability (10) as well as provide broader (9, 11, 12) and more
efficacious immune responses (13). Among the multitude of nanocarriers, protein nanoparticles
are particularly sophisticated and attractive targets for vaccine nanobiotechnology due to their
biocompatibility, and flexibility of design by protein engineering (14, 15). Protein nanoparticles
possess three distinct components that make them suitable fo. vaccine delivery: (i) a hollow
interior cavity that can be loaded with vaccine antigens or nur.ie.c acid cargos; (ii) an exterior
surface that can be engineered to display vaccine antigens; 7na ‘i) interfaces between subunits
that may be engineered to allow controlled release (14, 1> 17/). One such protein nanoparticle
that has emerged as a promising platform for the SAI.S-CL,V-2 vaccine is ferritin, a ubiquitous
iron storage and detoxification protein that protr.c.. cells from iron-induced oxidative damage
(18). Indeed, ferritin’s remarkable chemical (nd thermal stability, reversible assembly and
disassembly processes, and ability for eng.nr.ering to display antigens has made the protein an
attractive vaccine platform amongst otr. >r nanobiotechnology applications (19).

In this review, the structural ar.d iu ictional properties of ferritin is discussed, followed by
an overview of ferritin nanopart “les production, purification, and functionalization and their
applications to the field of nai.~n2dicine, especially as a vaccine platform to augment immune

response and enhance va ia."t Lross-protection.

Structural/Functional, Thermostability, and Self-Assembly Properties of Ferritin
Structural/Functional. Ferritins are a family of highly conserved supramolecular
nanostructures that play a critical role in iron homeostasis through sequestering thousands of
Fe(lll) atoms, protecting the cell from reactive oxygen species that may form from labile ferrous
ions, and storing the oxidized iron in a mineralized core that is available for biological use (18,
20-24). The classical ferritin found in bacteria, plants, and animals is composed of 24 subunits,
each of which is a 4-helical bundle, that assemble in octahedral (4/3/2) symmetry and feature a

hollow spherical structure with an outer diameter of 12 nm and an internal cavity with a



diameter of 8 nm (18, 25) (Fig. 1). While these ubiquitous ferritins have highly stable 24-mer
protein nanostructures, the hyperthermophilic obligate anaerobe ferritin from Thermotoga
maritima exists naturally as a dimer that can reversibly associate into a 24-mer nanocage at
high protein concentrations or in the presence of iron or dissociate back into dimers at low
ionic strengths (26). Mammalian ferritin exists largely as heteropolymers (apart from serum and
mitochondrial ferritins) consisting of two distinct subunit types, H (heavy, ~21 kDa) and L-type
(light, ~19 kDa), which co-assemble in various ratios (isoferritins) with a tissue-specific
distribution (18, 20-25). On the other hand, plant and bacterial rerritins are composed of one
type of subunits (i.e. H- or H-like subunits) (18). In addition, sorr e vac.eria and archaea produce
other types of ferritins such as bacterioferritin where a her e .moiety is found at the interface
between subunit dimers, and/or a smaller 12-subunit min. ferritin named DNA-binding proteins

from starved cell (25).
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Figure 1: (A) Computer model of a human heteropolymer ferritin with 70% H subunits (cyan)
and 30% L subunits (red). (B, C, D) Ferritin view through the 4-fold (B), the 3-fold (C) and the 2-
fold (D) channels. (E) Schematic view of an individual ferritin subunit showing the five-helices
(A, B, C, D, and E) and the di-iron ferroxidase center residues.

The H-subunit possesses a dinuclear ferroxidase center (Fig. 1E) that rapidly catalyzes the
oxidation of Fe(ll) to Fe(lll), whereas the L-subunit lacks such center and consequently oxidizes
iron at a much slower rate and are thought to play a role in iron mineral formation (18, 20-27).
Generally speaking, L-rich ferritins are characteristic of organs that store relatively large
amounts of iron (> 1,500 Fe atoms/molecule), while H-rich ferrit: < are found in organs with a
low average iron content (< 1000 Fe atoms/molecule) (21). Wh le the mechanism through
which ferritin H and L subunits co-assemble remains elusiv 2, st ch assembly is likely a specific
phenomenon since random interactions between H- ..-a ‘-subunits would have led to the
formation of isoferritin mixtures (28) in each tissue or 21.3n, ranging from homopolymer H and
H-rich ferritins, to L-rich and homopolymer . -feritins. In vitro, heteropolymer ferritin
reconstitution is a tedious process that yie’as e ' low amounts of functional proteins and may
not represent naturally occurring ferritins, it occurs through denaturation and unfolding of
recombinant homopolymers H- and | su.inits in high urea concentration and acidic or basic
pH, followed by “renaturation” of *he *wo subunits at neutral pH (21, 29-34). In vitro ferritin
reconstitution shows a clez: p.=>ference for the formation of heteropolymers over
homopolymers with a remz-kak's narrow distribution, suggesting the presence of preferential
interactions between H znd L chains (21, 29, 30, 34). This specific recognition is consistent with
the fact that H and L hom: polymers are poorly populated in mammalian tissues.

The 24-subunits of the highly conserved tertiary structure of classical ferritins are tightly
packed together to create eight 3-fold, six 4-fold, and twelve 2-fold channels (Fig. 1), which are
crucial to self-assembly and thought to provide permeation pathways for metal ions and a
variety of small molecules (18, 21-24,35, 36). Of particular interest are the 3-fold channels
which are shown to be important for the transfer of iron ions through the protein shell to the
di-iron ferroxidase centers (27-42). In theory, fewer ferritin ferroxidase centers decrease the
rate of iron oxidation, and therefore, the rate of iron deposition and core formation and should

lead to more crystalline iron cores. Differences in the rates of biomineral formation, biomineral



order, degree of crystallinity, and iron turnover have been observed in natural ferritins and
found to be partially associated with their subunit composition (43-45). Whereas the structure
and core crystallinity of ferritin iron minerals across species can be quite variable with varying
degrees of crystallinity, disordered mineral cores in animal ferritins are mostly observed in L-
rich heteropolymers having a large number of catalytically inactive L-subunits, as those found in
livers and spleens. In contrast, a more ordered ferritin core is typically reported in H-rich
heteropolymers having more catalytically active H-subunits, as those found in hearts and brains
(21, 46). These differences between natural ferritins and recon oinant homopolymer ferritins
suggest that the morphology of the ferritin iron core dep:nds on the ferritin subunits’
composition and is affected by the number of nucleation a'i1a =rroxidase sites present on the
protein shell (47). Additionally, the crystallinity of the .nineral core has been shown to be
related to the phosphate content of the iron core, ‘aring from amorphous in plants and
microbial ferritins having Fe:P ratio of ~1:1 to n.n scrystalline in animal ferritins with Fe:P of
~8:1 (18, 48-52). A recent study from our la! oratory employing spectroscopy and scanning
transmission electron microscopy (STEM) . ~ caled striking differences in the iron oxidation and
mobilization kinetics and the resulting morphologies of the iron core; recombinant L-rich
human ferritin exhibits spherical iro.n core morphologies whereas recombinant H-rich human
ferritin showed more irregular ¢ re morphologies with rod and crescent like features (53),
suggesting that the structure * ti.2 iron mineral may have a profound impact on the iron core

reactivity with important ;«,>lication on ferritin iron management in vivo.

Thermostability. Owing to the unique architecture of the polymeric ferritin nanocage,
ferritins exhibit remarkable resistance to physical and chemical denaturation. Native and
recombinant mammalian ferritin have shown to withstand temperatures up to 100 °C (54-56).
Moreover, hyper-thermostability has been demonstrated in plant ferritin (soybean seed ferritin
exhibited a melting point (T,,) of 106 °C) owing to an extra peptide (EP) domain at the N-
terminal that is found in mature plant ferritin (55), in M. japonicus ferritin (T, of 109 °C) (57), as
well as in ferritin from hyperthermophilic archaeal anaerobe P. furiosus which can withstand

incubation at 100 °C for 1 day or autoclaving at 120 °C for half an hour without loss to activity



(58, 59). Furthermore, resistance to chemical denaturation by agents such as urea and
guanidium chloride (54, 60), and pH stability (pH 3-10) (61) has been reported for ferritin,
making it an ideal candidate for nanobiotechnology applications. Using an engineered plasmid
design that enables the synthesis of complex ferritin nanostructures with specific H to L subunit
ratios (Fig. 2), more recent work from our laboratory showed that homopolymer L- and
heteropolymer L-rich ferritins exhibit a remarkable hyperthermostability (Tm = 115 + 1 °C)
compared to H-rich ferritins (62). The results revealed a significant linear correlation between
protein thermal stability and the number of L subunits preser - on the ferritin shell. To our
knowledge, this is the first report of recombinant human homro- ond hetero-polymer ferritins
that exhibit surprisingly high dissociation temperatures, th : n.zhest among all known ferritin
species, including many known hyperthermophilic prote.ns and enzymes. This extraordinary
thermostability may facilitate the use of human ferr.*in .n a variety of applications, from a
robust bio/nano template for the design of bi/-.ano materials, to the encapsulation and

delivery of bioactive compounds and drugs.

Homopolymer L-Ferritin Heteropolymer 30%H:70% L

Figure 2: (A) Computer generated models of human ferritin (homopolymers and
heteropolymers) depicting an Hy:lg (homopolymer H-ferritin), Hiols, Hiplip, and Hyliy
heteropolymers, and an Hy:Ly4 (homopolymer L-ferritin).

Self-Assembly. Structural studies have revealed that the monomers of ferritins self-

assemble into a 24-meric cage with octahedral symmetry through a series of assembly



intermediates. The overall assembly mechanism of horse spleen apoferritin was first
investigated by Gerl et al. (63, 64) who monitored the protein’s reconstitution using intrinsic
fluorescence, far-UV circular dichroism, and glutaraldehyde cross-linking experiments and
proposed that the complete self-assembled 24-mer forms from monomers and dimers via
tetramers and hexamers.

In a study employing time-resolved small-angle X-ray scattering (SAXS), Sato et al.
demonstrated

the time-dependent changes in the SAXS profiles of E. coli {arritin during its pH induced
reassembly process and found that monomers and trimers are cnukely intermediates in the
self-assembly process due to their unstable nature (65). The.e \'itterences may be attributed to
differences in self-assembly between ferritins of .arying subunit composition (i.e.,
heteropolymer of H and L in horse spleen ferritin vs. homre polymer H ferritin in E. coli ferritin),
or limitations in the ability to identify all possit.ic nligomer intermediates using SAXS data.
Mohanty et al. tracked the kinetics of bullfrng : 1 territin (structural and functional analogue of
human H ferritin) self-assembly by laser 1_b". scattering and observed a biphasic profile during
assembly kinetics consisting of a rapid folding phase of partially unstructured
monomers/dimers into unidentified vligciners, followed by a slower reassembly/reorganization
process to form the 24-mer w, hin 10 minutes, the rates of which were accelerated by
increasing protein concentra.'nn and ionic strength (66). An interesting area of research
particularly useful to *iic neld of nanobiotechnology involves understanding ferritin’s
propensity to form he.~ropolymers made of different ratios of H-and L-chain subunits (in
mammals), the driving forces that influence subunits assembly and their
distribution/arrangement around the 24-mer ferritin molecule. Carmona et al. monitored the
self-assembly process of human ferritin heteropolymers by fluorescence resonance energy
transfer (FRET) technology using conjugate fluorophores bound to exposed residues on the
subunits and found that the presence of L-chains displaced the formation of H-H dimers,
thereby demonstrating preferential formation of H/L heterodimers over the homopolymers
(34). Additionally, it was found that the H-chain distribution on the heteropolymeric ferritin

shell is not random, but instead occupies preferential sites at distant positions up until the



number of H-subunits on the heteropolymer reaches 8, at which point they begin to co-localize
(34). This observation coincided with the ferroxidase activity increasing with the H-chain
content until a plateau of 8 H-chains per shell was reached, suggesting that the steric
distribution of ferroxidase activity present on the H-chains is not random, and plays a role in the
functionality of the protein (34). To study ferritin self-assembly, mutational studies have been
performed to assess the role of various residues and regions on the assembly and function of
the ferritin nanocage and are elegantly reviewed by Zhang and Orner (67), as well as by Jin et
al. (68). Mutational studies showed that the C-terminus regicn has a major role in ferritin
stability and assembly capacity but may be protein specific. For ns*ar.ce, deletion of the E helix
from E. coli bacterioferritin resulted in a protein that ex'sted solely as a dimer (69),
demonstrating that the E helix is fundamental to the fo. mation of higher order oligomers in
bacteria, however, the E-helix was demonstrated to “e aon-essential for human ferritin H-
homopolymer assembly (70, 71). Nonetheless, nu: itions around the 4-fold channel or in the
DE loop (Fig. 1E) can elicit conformational chai.7es. ror instance, alteration of the hydrophobic
profile of the 4-fold channel results in an 1.~ rrect “flop” conformation where the E-helix points
outside the ferritin cavity (70). On the .ther hand, mutations to the N-terminus region, which
points outside of the ferritin cage, hes Jec=n demonstrated to be less deleterious to proper self-
assembly. For instance, deletion of the first thirteen residues at the N-terminus of human H-
chain ferritin resulted in a fu.'v «3sembled and functional protein (72). Although the overall
mechanism of ferritin seii-cssembly remains to be solved, numerous research groups have
proposed and execute. methods to control ferritin’s self-assembly and structure-function
relations to synthesize nanomaterials which will be discussed in the interface modification

section of this review.

Preparation of Ferritin Nanoparticles

Production and Purification of Ferritin. Because the ferritin family of proteins is found
in all kingdoms of life, there exists numerous methods, albeit of varying complexities, to isolate
and purify the protein. Simple ferritin nanoparticle constructs are successfully produced in E.

coli and then purified, but bacteria lack the ability to express glycosylated proteins and/or



complex antigens. Thus, modified ferritin nanoparticles that require mammalian post-
translational modifications must be produced in eukaryotic cells (73). The simple recombinant
ferritins derived from bacteria are typically synthesized by transforming the cells with vectors
that express H and/or L subunits under a strong and inducible promotor (74). Despite the
discovery of recombinant human heteropolymer ferritins more than 8 decades ago, difficulties
in cloning, expressing, and reconstitution of heteropolymer H/L ferritin have led to studies of
ferritins being performed almost exclusively with homopolymer ferritins (74). Our lab has
engineered a novel plasmid design that enables the synthesis of /arritins of various H to L ratios
(Fig. 2) depending on the concentrations of two induc.rs t¢ mimic natural human
heteropolymers (74). Regardless of the H to L subunit c.omyosition, ferritin from bacterial
cultures is purified through a series of steps in which the ¢ lls are disrupted through sonication,
clarified by centrifugation to remove debris, then hec* tr:ated (70-75 °C) and centrifuged to
denature and precipitate up to 80% of native E. .u." oroteins and leave only the thermostable
ferritin in solution (74, 75). Alternatively, or ii. tanaem with heat treatment, the supernatant
can be subjected to protein precipitatior. t'.rough incubation with ammonium sulfate where
native E. coli proteins precipitate and 1.¢ritin remains soluble (74, 75). Following precipitation
and clarification steps, bacterial derised erritin may be further purified through size-exclusion
chromatography (SEC), differenti.! centrifugation and/or ion-exchange chromatography (IEC)
(75). The precipitation step.- .nay be skipped entirely to preserve the integrity of
antigen/epitope whereky 1erritin nanoparticles may be separated by (i) affinity
chromatography using < nserted His-tag on the protein (76) or (ii) IEC followed by SEC (75).
On the other hand, puritication of ferritin from animal cell cultures is rather straightforward,
requiring simple centrifugation or filtration followed by further purification through
chromatographic approaches (75). Protein quantification may be achieved using established
protocols including the BCA assay at Ayso nm, Whereas overall structure and composition can be
characterized through native and SDS PAGE, or methods such as mass spectrometry, capillary
electrophoresis, dynamic light scattering (DLS), transmission electron microscopy (TEM),

circular dichroism (CD), among others. Recombinant ferritin often contains a significant amount



of iron within its mineral core upon purification and depending on the final application the iron
core may be removed by reduction followed by chelation (77-79).

The formulation of ferritin-based vaccines, their design, production, and purification
have been discussed elsewhere (75). Several studies have used ferritin from different sources
and different expression systems for ferritin-based vaccine production, including A. fulgidus, T.
ni, and P. furiosus ferritins (75). In other studies, recombinant ferritins have been expressed in
different hosts (i.e. in animal cells like human embryonic kidney (HEK293) or Chinese hamster
ovary (CHO)) with different levels of glycosylation. In some czses, un-glycosylated forms of
ferritins (such as those produced in E. coli) or through point mutaions of N-glycosylation sites
such as in H. pylori have the benefits of preventing undesir :a .1teractions between the glycan
and certain chemical groups on the antigens or the pro.=ins of interest that are fused onto
ferritin (75). These mutations allow the antigen to cca'.ire a native tertiary structure and

potential immunogenicity.

Interface Modification and Encapsulation

Ferritin’s cage architecture as we'! as its self-assembly and disassembly properties has
been exploited for its ability to incoipuriice active molecules within the protein structure such
as peptides, drugs, and imaging . ents. While the ferritin protein has remarkable stability, it
has been shown to disassemb.~ 1.to subunits under strongly acidic (pH < 2-3) or basic (pH 11-
12) conditions and reasse.i. e at neutral pH conditions (80). Li et al. demonstrated that ferritin
dimers maintain their s~condary and tertiary structures at acidic pH, thereby substantiating
that the dimer is the essential unit to ferritin’s self-assembly (81). This phenomenon has been
taken advantage of through reassembling the protein by increasing the pH in the presence of
highly concentrated cargo materials, in such a way that many molecules, statistically, become
encapsulated within the ferritin cavity (82-84) (Fig. 3). However, this technique typically suffers
from low protein yields (only 60% recovery), loss of the protein structure (hole defects), low
encapsulation efficiency, and loss of cargo bioactivity associated with the harsh pH treatment

required for loading the ferritin cage (80, 85-87).
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Figure 3: Schematic of direct cargo loading ino ferritin (top row) or acid-
denaturation/disassembly process in the presence of g'ie. « molecules (bottom row) followed by
reassembly and refolding at neutral pH.

Similarly to pH-dependent disassem.>lv, high concentrations of chaotropic agents such as
urea (8 M) could accomplish disassen.>ly of the 24-mer through destroying its non-covalent
forces (88). Subsequent dialysis of th2 Ji. assembled protein in stepwise gradients of urea from
8.0 M to 0 M in buffer reassei. hles the ferritin shell (88). For this method, however, the
formation of soluble aggrega.~s .nd insoluble precipitates is common, leading to low ferritin
recovery yields (89). In rm.c.nu years, researchers have sought to solve the issue of cargo and
ferritin-shell integrity “hruugh developing milder approaches with higher efficiency to
encapsulate guest moiecules within ferritin nanocages. Chen et al. employed genetic
engineering to delete the last 23 amino acids involved in the formation of the DE-turn and E-
helix on HuHF, resulting in a fully intact protein shell which can be dissociated into subunits at
pH 4.0 and reassembled at pH 7.5 (89). On the other hand, while the deletion of these amino
acids had very little effect on the assembly of ferritin, Chen et al. found that the thermal
stability of HuHF decreased to 72.7 °C (90). Similarly, Yang et al. engineered phytoferritin
(plant-ferritin) capable of disassembly at pH 4.0 and reassembly at pH 6.7 upon deletion of its

EP domain, though the a-helix content decreased by 5.5% and the melting temperature



decreased by ~ 4 °C (90). Recently, Gu et al. introduced Hisg motifs at the 4-fold channel
interfaces of two different recombinant ferritins, rHuHF and recombinant shrimp
(Marsupenaeus japonicus) ferritin (rSF) which enabled the ferritin nanocages to disassemble
into tetramers at pH 7.5, and reversibly reassemble back into intact protein nanocages upon
increasing the pH to 10.0 or incubation with transition metal ions, owing to histidine motifs
bearing a pKa of 6.6 and their tendency to form a coordination bond with transition metal ions
(91). His-mediated ferritin nanocage self-assembly allowed for encapsulation of curcumin and
doxorubicin under relatively mild conditions meanwhile keepin_ the protein shell completely
intact, as confirmed by X-ray crystal structure, and demonst.aung markedly higher loading
efficiency compared to the reported values for the pH cep.ndent disassembly/reassembly
encapsulation method (91). Other physical methods inclu ing atmospheric cold plasma (ACP),
pulsed electric field (PEF), and manothermosonicatior (MTS), have been employed to
destabilize treated ferritin, allowing for disas-ci ihly at milder pH values (pH 3-4) and
reassembly into intact ferritin cages at reul-al pH, thereby avoiding the harmful effects
associated with harsh acidic treatment \2?2-94). Apart from the property of reversible self-
assembly, ferritin channels, which allo.* small molecules to enter and exit the protein, have
been exploited as a method for encass.aiation. As mentioned earlier, high concentrations of
chaotropic agents are able to dis_nciace ferritin into its subunits, however, low concentrations
appear to expand the four-foil' cr.annels of phytoferritin and allow encapsulation of cargo. For
instance, Yang et al. was successful in using 20 mM urea and 2.0 mM guanidine hydrochloride
(GnHCI) to encapsulate molecules into phytoferritin at comparable efficiency to complete
chaotropic disassembly without protein damage, although it is important to note that these

methods may trap urea/GnHCl molecules within the ferritin cavity (95-97).

While ferritin is able to withstand temperatures over 80 °C, the channels are reported to
be more sensitive to temperature (60, 98, 99) with initial iron release rates reaching a
maximum value at 60 °C in phytoferritin (99), suggesting that cargo may be loaded into the
ferritin cavity through the expansion of the ferritin channels caused by temperature changes.
Through crystal structure and protein mutation analyses, Jiang et al. showed that ferritin’s four-

fold channels expand from 0.9 nm to 1.0 nm upon thermal treatment (60 °C) and recovered



completely to the original upon decreasing the temperature to 20 °C (100). Notably, the
thermal expansion channel-based drug loading strategy achieves higher drug loading efficiency,
better protein yield, and better stability compared to pH or chaotropic agent dependent
disassembly, however, it is worth noting that many bioactive molecules are sensitive to
temperature and may degrade during such thermal treatment. By modifying interactions at the
subunit-subunit interface in ferritin we may not only control self-assembly to encapsulate
cargoes of interest but also potentially regulate the release of the contents at acidic pH in a
target cell environment. In addition to the pH-dependent disas embly/reassembly strategy in
acidic compartments, other cargo delivery strategies include g :nc*ic or chemical conjugations
and surface functionalization of ferritin using peptides, antit.ou:=s, and functional ligands, have
been employed (101). In addition to ferritin’s natural func-ion to oxidize and store iron, ferritin
can bind several other metal ions, especially divalenu ~at ons (102). Taking advantage of this
phenomena, several metal-based nanoparticles -nd metal-containing compounds can be
encapsulated within the cavity of ferritin th, ~ugn incubation of a metal-salt solution with
apoferritin and a reducing agent, follow.1 oy dialysis to remove unincorporated molecules
(102). Another metal-based assembly s.-ategy designed by Huard et al. involves modifying the
C, interface of ferritin via reverse i elal-templated interface redesign (rMeTIR) to form a
ferritin cage whose assembly 1. dependent on Cu(ll) binding, with cage-assembly being
irreversible after removal of L~op2r ions (103). Ferritin from the hyperthermophilic archaeon
Archaeoglobus fulgidus 'Ai7tn), was demonstrated to disassemble in solutions of low ionic
strength and reassembic in nigh ionic strength (104) seemingly due to ionic charges alleviating
electrostatic repulsion between the negatively charged residues at subunit interfaces (105).
Additionally, AfFtn was demonstrated to be able to self-assemble around highly charged cargo
such as gold nanoparticles without adjusting the ionic strength of the medium (106-107) raising

the prospect of encapsulating larger cargo without complete disassembly of the nanocage.

Interior Modifications
The interior cavity of ferritin is commonly modified to encapsulate, and better
accommodate various cargos including diagnostic or therapeutic agents. While the negatively

charged interior of ferritin can readily coordinate metal ions, it has been demonstrated that



mutating interior-facing surface residues to hold a net positive charge can facilitate
electrostatic-mediated encapsulation such as supercharged fluorescent proteins and nucleic
acids (108-110). Similarly, the inner surface of the ferritin nanocage may be engineered by
genetically fusing hydrophobic peptides to the C-terminal end of ferritin subunits to increase
absorption of insoluble, hydrophobic cargo (111, 112). Introducing cysteine residues to the
interior of the nanocage has been a widely used approach to facilitate covalent attachment of
dye molecules, drugs, or other active compounds through disulfide bonds (113) or to enable

specific chemical reactions such as copper-free click chemistry (1 t4).

Exterior Modifications

Perhaps the most exploited component of ferritin 1. the field of nanomedicine, and the
most pertinent to the scope of this review is the ex.=rn il surface of the protein nanocage,
which can be bioengineered to display specific muir cules. The goal of such modifications is to
present antigens to immune cells, deliver encc hsuiated molecules to specific targets, increase
functionality, or even increase their circ.'2.ory half-life and decrease their immunogenicity.
Similarly to interior modification meu nds, chemical conjugations, and genetic fusions are
commonly used to modify the exterior st face of ferritin to attach antigens and trigger specific
cellular responses. Below, we prn.ide a brief overview of the most commonly employed surface

modifications methods (Fig. 4).

Genetic Fusion. \ protein of interest (POI) may be conjugated to ferritin’s surface
through genetic fusion ot the gene encoding the POI to the N-terminal end of ferritin subunits,
which are exposed to the protein’s outer surface, using established recombinant DNA
technologies for subsequent production in a chosen expression system (115). From the
expression of simple peptides to complex trimers, genetic fusion of POI on ferritin’s external
surface has had wide applications in the field of vaccine development, including the search for
vaccines against influenza (116-118) Epstein-Barr virus (119), hepatitis C (73, 120, 121), HIV-1
(73, 122), Lyme (123), RSV (124), and SARS-CoV-2 (125-133) which will be discussed in a later

section. A pitfall to expressing a protein of interest on ferritin’s exterior through genetic fusion,



however, is that care must be taken to recombinantly express antigens in a way that does not
impair their stability or conformation, nor impair ferritin’s inter-subunit interactions during the
self-assembly process (75).

Chemical Crosslinking. The separate production, or modular assembly, of the
nanoparticle and POI followed by their conjugation, is often used to bypass the steric issues
that may arise from surface functionalization by genetic fusion (75). One approach to chemical
crosslinking involves the chemical treatment of a reactive residue on either the nanoparticle or
the POl to conjugate with a reactive amino acid on the oter respective protein, often
exploiting conjugation of surface exposed cysteine (-SH group) .es'1ues with primary amines (-
NH2) found in lysine residues, or less often hydroxyl gro'.ps tound in serine and threonine
residues (75, 134). The main drawbacks to this technique, “owever, are the lack of control over
the number of cross-linkers attached or their orienta.'on which can lead to the formation of
aggregates or uneven decoration of the antigen .. :he surface of the protein nanocage which

may hinder efficient presentation to target call_ (135).

Intermediate Based Conjugatio. To increase specificity of POl attachment to ferritin,
intermediate based conjugation _t'alegies may be appropriate. Chemically inducible
dimerization (CID), or the use of . small molecule as an intermediate to induce the binding of
two proteins, has been show:. to successfully conjugate AOIs (antigen of interest) or POls, to
ferritin (75, 136). One ex=n.>le 1s the FKBP/FRB/rapamycin system, in which the FKBP and FRB
peptides are genetically fused to the scaffold protein and POl and upon addition rapamycin
form a ternary FKBP-FRB-rapamycin complex, which brings the POI to the target site on the
scaffold protein (137). Unlike classical crosslinking, CID allows for greater specificity, however
conjugation via this method is restricted to the N- or C-terminals of the conjugated proteins as
in the case of genetic fusion. Similarly to CID, enzyme-mediated conjugation involves using an
enzyme intermediate to bind two peptides through activating certain residues to enable
binding or conjugation between genetically encoded motifs (138). However, unlike CID,

enzyme-mediated conjugation does not restrict conjugation to the N- or C-terminals (75).



Click Chemistry. Click chemistry involves the incorporation of unnatural amino acids
(uaas) to the protein nanoparticle and AOI or POI, thereby introducing functionalized side
chains such as those bearing biorthogonal reactive groups such as azides, alkynes, alkenes, and
tetrazines, followed by their conjugation often through azide-alkyne coupling (139). A
commonly used system for the introduction of uaas relies on the generation of orthogonal
aminoacyl-tRNA synthetases and tRNAs that function independently from those endogenous to
the chosen biological expression system (such as E. coli) (140). Using this approach, Khoshnejad
et al. inserted the 4-azidophenylalanine (4-AzF) uaa at residie 5 of L-chain ferritin which
allowed for conjugation of Dibenzylcyclooctyne (DBCO)-function ~lized 1gG, enabling specific
pulmonary targeting in mice (141). While click chemistry erjoy. the benefits of high specificity
and yield, the main drawback is the associated costs whi. would confer a great disadvantage
in large scale productions such as vaccine manufacturin (75).

Genetically Encodable Linkers. The mo.. common modular assembly strategy for
protein-protein conjugation involves incorpnra ion of genetically encodable peptide or protein
tags. Most notable is the SpyTag (peptiac t-.g of 13 residues) and SpyCatcher (protein of 138
residues) based conjugation mediate! by the Spyligase enzyme leading to irreversible
isopeptide bond formation under a w.d: range of pH and temperature conditions (75, 142).
Using this system, the Tag and the Catcher are genetically fused to the N- or C-terminal of both
proteins, and upon mixing spuntaneously form a stable covalent bond, thereby attaching the
protein nanoparticle to t'.« Ui (75, 142). Other notable linkers include His tags (interact with
Ni-NTA columns), Halo.~gs (interact with chloroalkane-linked moieties), SNAP-tags (interact
with alkyl-guanine ligands), Clip-tag (interact with benzyl cytosine derivatives), and biotin
acceptor peptides (conjugation of biotin-linked moieties) (138). As with genetic fusion, care
must be taken when optimizing linkers for ferritin conjugation purposes in order to enable the
correct assembly of the scaffold and displayed protein and thus enhance biological response

(75).

“Stealth” Coatings. In addition to displaying molecules on the ferritin nanocage for the

purpose of eliciting an immune response, surface modifications could be engineered to



increase half-life or improve delivery. For instance, glycosylated ferritin has been shown to be
cleared at a slower rate by hepatocytes, therefore introducing glycans to ferritin’s exterior
surface would prolong half-life (75). Similarly, “stealth” coatings such as polyethylene glycol
(PEG) can be conjugated to the protein’s surface which would mask the nanoparticle from cell
receptors that may sense it as foreign agents, thereby increasing target specificity and
improving gene delivery (143, 144). However, although ferritin biocompatibility and safety for
human medicine development have been demonstrated, additional challenges remain including
immunogenicity caused by cargo loading or ferritin surface fun tionalization, homogeneity of
the final assembled product, and/or the immunogenic respon.= of multi-antigen designs.
Whereas a single antigen has limited immunogenicity, ¢ n.7hly organized supramolecular
particle like ferritin can yield an improved immune respon.= by forming a highly organized nano
structure that mimics the original pathogen. Further,or:, because of its uniform structure,
good plasticity, and desirable thermal and cher . | stabilities, ferritin can be engineered to
carry different antigens and expose immunrng 'ns Iin a repetitive and well-organized manner.
Nonetheless, several studies have dem.».crated great promises for the development of
ferritin-based vaccines and the potentia! of these constructs to elicit immune responses against
a wide range of pathogens, and son.e feiritin-based vaccines have already moved to Phase 1

clinical trials, as discussed below
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Figure 4: An illustration of different strategies for the functionalization of ferritin nanocages.

For greater details, please refer to the section “Exterior Modifications” of the text.



Biomedical Applications of Ferritin
Nanoreactor

The unique size, optical, magnetic, and chemical properties of inorganic nanoparticles
(NPs) have shown to be highly useful in nanomedicine. However, several obstacles exist to their
implementation as diagnostic and therapeutic agent including toxicity, biodistribution, and
bioaccumulation (145). When inorganic nanoparticles are introduced to a biological medium,
they inevitably face significant physiochemical changes due to pr »tein corona (PC) formation at
the nanoparticle surface (105). The adsorption of proteins on (nc surface of the nanoparticle
can influence its body distribution, bioactivity, and cytotoxic.ty [146), which may or may not be
beneficial to the diagnostic or therapeutic purpose of tt.>se nanoparticles. On one hand, the
presence of a PC may increase biocompatibility of NF_ bt on the other hand they can mask
functionalized molecules on the NP surface the’c y inhibiting their interaction with specific
receptors on target cells, causing aggregatinn f tne NPs, inducing conformational changes in
the proteins, or increasing NP size ai.1 therefore affecting their biodistribution (147).
Furthermore, the size of nanoparticles can greatly affect their circulation, biodistribution, and
clearance. For instance, smaller nar.0.a cicles (< 20 nm) are more easily transported to the
lymph nodes (148) and are mc-t capable of perturbing membranes (149, 150), whereas
intermediate-sized nanopartic.~s (20-100 nm) are most capable of circulating in the blood for
long periods of time anr. o ‘owving clearance (148). Superparamagnetic iron oxide, platinum,
gold, silver, quantum Jnts (composed of group IIB-VIA or group IlIA-VA elements on the
periodic table), and other inorganic nanoparticles have been demonstrated to be useful to a
wide range of biomedical applications including targeted delivery of drugs, biosensing, imaging,
antimicrobial therapy, and photothermal therapy (105, 150-155). Drawbacks to their clinical
use, however, includes their toxicity, induced by harmful metal ions or uncontrolled protein
corona formation, poor solubility, and propensity to aggregate into structures larger than their
optimal nano-size (152, 154, 156, 157). Ferritin’s ability to restrict the size and shape of
nanoparticles synthesized within the nanocage, enhance their solubility, mitigate their toxicity,

and avoid nonspecific interactions due to PC formation. These highly desirable characteristics



have allowed for the application of ferritin as an “inorganic material” in medicine (152-154). For
instance, apoferritin has been successfully used as a biotemplate for synthesizing CdSe, CdS,
ZnSe, ZnS, PbS, and other quantum dots within its protein shell, mimicking ferritin’s natural iron

biomineralization process, and allowing for enhanced biocompatibility of these materials (151).

Nanocarrier

While significant progress has been made in the diagnosis of cancer over the past few
decades, drug therapy still suffers from serious drawbacks incl «ding nonspecific distribution,
uncontrolled drug release, and toxicity. Protein nanoparticles '.av > 1ne potential to overcome
these obstacles by improving biocompatibility and tumc. w rgeting ability. Seaman et al.
demonstrated that human heavy chain ferritin can be rec>gnized by the transferrin receptor-1
(TfR1) that is overexpressed on tumor cells (158) frorn. va ious types of cancer, including lung
and breast cancer (159). In addition, ferritin has ",c :n shown to bind to a few other receptors
including Tim-1, Tim-2, Scara5, and CXCR4 (16 ). Ferritin’s intrinsic tumor-selective properties,
as well as the ability to engineer additiona. ¥ mor-targeting moieties on its surface has been the
subject of many studies on ferritin-co.*ed chemotherapeutic drugs, ferritin in photothermal
therapy (PTT) and ferritin in photor.ytiamic therapy (PDT), and in bioimaging and other
biomedical uses (86-88, 105, 1.1, 158-162) (Fig. 5). Since many chemotherapy drugs are
hydrophobic, encapsulation v.ithin ferritin has been shown to dramatically increase their
solubility and thus their ko nipatibility, as well as achieve significant anti-cancer effects in cell
and animal models (147\. using encapsulation processes discussed earlier, many anti-cancer
drugs have been loaded inside ferritin nanocages including doxorubicin, carboplatin, and
cisplatin, exhibiting improved circulation time, decreased toxicity, and greater accumulation at
the tumor sites (87, 147, 161, 162). Ferritin has also been used to encapsulate gadolinium and
superparamagnetic iron oxide nanoparticles for application in magnetic resonance imaging
(MRI), resulting in reduced toxicity, higher relaxivity of the MRI contrast agent, and significant
signal increase with greater specificity for cancer cells (87, 115, 151, 161, 162). The use of
ferritin as a delivery platform for photothermal agents and photosensitizers, which generate

heat and reactive oxygen species, respectively, has been shown to reduce the side effects of



these therapies in normal tissues (115, 148), improve cellular uptake (115), and inhibit tumor
growth (87, 115). For thorough reviews on the encapsulation of inorganic nanoparticles, the
use of ferritin nanoparticles in cancer therapies and diagnoses, and their application to
nanomedicine and biotechnology, we refer the reader to several excellent reviews by Sun et al.

(87), Jutz et al. (115) Mohanty et al. (151), Truffi et al. (161), and He et al. (162).

Payload

Chemotherapy
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Figure 5: Schematic of various cargo loaded-ferrit’.i - coresented by (@).
Vaccine Platform

A vast array of vaccination platforms 1.~ been employed to circumvent diseases caused by
pathogens throughout history. To date, .accines are developed from attenuated or killed whole
organisms, and RNA/DNA/protein suo'in s of viral pathogens. Despite the advantages of each
method, there exists several Ai-owbacks to their safety and efficacy. For instance, while
inactivated, live-attenuated, o. recombinant viral vaccines generally produce strong and long
term immune responses, .. ey are associated with more frequent adverse effects such as
existing levels of immu. ity, reducing effectivity, and risk of residual illness (163). RNA/DNA
vaccines that code for a virulent antigen, while very safe, well tolerated, and fast to produce,
often suffer from lower immunogenicity, and extensive logistical challenges for distribution and
administration (i.e. very low temperature storage for mRNA-based vaccines) and the need for a
special delivery system (163). Subunit vaccines, in which a protein antigen from the pathogen is
utilized to elicit an immune response, are an attractive option for reasons of safety and
stability. However, they are typically less immunogenic and often require an adjuvant and/or
multiple booster shots to elicit long term immune responses (163). One strategy to overcome

the lower levels of protective immunity of modern vaccines is the design of multiple antigen



presenting nanoparticles that integrate various antigen components to improve antibody
response (102, 164). Ferritin’s architecture, biocompatibility, capacity for self-assembly into
symmetrical, monodisperse architectures, ease of production with relatively large yields, and
potential for engineering at multiple interfaces makes the protein an attractive target for the
development of vaccines. This is corroborated by a recent study demonstrating that a minimum
of 20-25 epitopes spaced by 5-10 nm are required to elicit sufficient B-cell activation (164).
Other studies have demonstrated that epitope-protein nanoparticles elicit stronger immune
responses compared to soluble antigens (73). Furthermore, intramuscular injections of
spherical protein nanoparticles have been shown to have the id :a: ~hape and size (~ 20-150 nm
in diameter) to be taken up by peripheral or lymph node d:znu-itic cells (165). Altogether, the
highly symmetrical architectures of the ferritin nanocages ~ffer promising platforms for vaccine
development, particularly in light of our ability to eng.nefr their external surfaces with multi-
copy antigen displays.

Influenza Virus. The first ferritin vaccine (>veloped against an HIN1 influenza virus by
Kanekiyo et al., featured the influenza -irus haemagglutinin (HA) fused to the surface of
Helicobacter pylori ferritin at the inten<-e of adjacent subunits, generating eight trimeric viral
spikes on its surface (116). Immuni.a.icii of mice with this influenza ferritin vaccine elicited
antibody titers over 10-fold high<. conipared to the trivalent inactivated influenza vaccine (TIV)
(current commercial vaccine,, w'th a single immunization inducing an immune response
comparable to two immi..noauons of the TIV vaccine (116). Remarkably, the influenza ferritin
vaccine demonstrated .-ass-reactivity against two independent highly conserved epitopes of
HIN1 (116), suggesting a powerful potential use for a ferritin nanoparticle-based antigen
display platform for a universal influenza vaccine. In a more recent work, Yassine et al.
demonstrated that a ferritin-based nanoparticle immunogen displaying only the highly
conserved stem region of the H1 HA glycoprotein was capable of eliciting broadly cross-reactive
antibodies in mice and ferrets and was successful in protecting the immunized animals from
lethal doses of the H5N1 influenza virus (117). These powerful results in non-human animal
trials prompted three vaccines against influenza to be examined in human Phase 1 clinical trials.

In the first vaccine, Houser et al. developed a Helicobacter pylori ferritin nanoparticle influenza



vaccine (NCT03186781) against an H2N2 strain and demonstrated a broad neutralizing antibody
response after a single dose against not only H2-naive and H2-exposed populations, but also
against seasonal H1 and avian H5 subtypes, due to their targeting of the highly conserved HA
stem domain (118). The results of the other two vaccine trials, NCT03814720 and
NCT04579250, are still underway.

Epstein-Barr Virus. The receptor binding domains (RBDs) are viral fragments that allow
attachment host cell membranes. They are the target of maj r neutralizing antibodies and
have been investigated as vaccine candidates against numerou. v’ ru.es. Despite being sites of
vulnerability in viruses, isolated RBDs are often weakly imr.ui.~genic due to steric hinderance
from surrounding glycans, and protein misfolding/destak 'ization/conformational changes in a
soluble form (119). To improve immunogenicity an. cir:umvent these issues, nanoparticle
technology has been employed to design immunr.g. ns with modified configuration that would
otherwise be impossible to apply to nonrecom! inant vaccine platforms. For instance, Kanekiyo
et al. designed a ferritin-based nanopar.’~l. immunogen displaying the conserved receptor-
binding domain of the gp350 antigen /~om Epstein-Barr virus, a major envelope glycoprotein
which is the target of neutralizing an:it.o.ies in naturally infected individuals (119). In mice and
non-human primates, the nanor. rticies conjugated to the gp350 RBD generated neutralizing
antibody responses that signiii~ai.tly exceeded those obtained with the soluble gp350 protein,
suggesting that gp350 > cunformationally stabilized when conjugated to the ferritin
nanoparticles, thereby focusing the immune response more efficiently (119). In recent
developments, the gp35u-ferritin nanoparticle vaccine with a saponin-based Matrix-M adjuvant
is being investigated in a phase 1 clinical trial (NCT04645147), although the trial is expected to

last for a few years, and developments have yet to be published.

Hepatitis C. Conventional approaches such as attenuated or live viruses and purified or
recombinant viral proteins, though successful against a great range of pathogens, falter against
highly variable viruses such as HIV-1 and hepatitis C virus (HCV), which have evolved

mechanisms to evade host immunity. As a result, a great deal of effort has been made to



develop vaccines directed towards conserved regions which produce broadly neutralizing
antibodies (bnAbs) against a wide spectrum of genotypes. Recently, two cross-neutralizing
antigenic sites of HCV glycoproteins E1 (residues 314-324) and E2 (residues 412-423) have been
identified as major targets for the antibody response (120). He et al. presented in silico studies
of multivalent E1 and E2 epitopes on ferritin nanoparticles and found that conjugation of the
epitopes to the ferritin nanoparticles significantly increased antibody binding (120). A more
recent in vivo study demonstrated that a ferritin nanoparticle vaccine displaying the E2 antigen
markedly enhanced the neutralizing antibody response against everal clinically adaptive HCV

strains compared to the unfused antigen in murine models (121;.

HIV. Ferritin has also been used as an antigen display .'atform in the search for a safe and
effective vaccine against HIV, particularly focusing on *he viral gp120 glycoprotein, the major
component of the viral envelope (73). Zhou et al ur monstrated that grafting of a glycopeptide
from the variable region 3 on gpl20 ontc ferritin nanoparticles resulted in successful
recognition by neutralizing antibodies frc v three different donors whereas the free antigen
failed to be recognized. These results suggest that the structural integrity provided by the

ferritin scaffold was critical to elicit iraru ogenicity (122).

Lyme Disease. Lyme disease, thc most common tick-borne disease in the United States and
Europe caused by Borre!'u uigdorferi, poses extreme challenges to public health given the
challenges in its diagncois and treatment, and lack of a vaccine. In a recent study, OspA, a
lipoprotein expressed on the outer membrane surface of B. burgdorferi and the main target of
antibody response, was genetically fused to the N-terminus of H. pylori ferritin to produce a
vaccine displaying 24 OspA proteins on the nanoparticle surface (123). The OspA-ferritin
nanoparticle vaccine elicited high antibody titers against seven major serotypes in mice and
non-human primates, higher than those achieved by a previously licensed vaccine (123). In
addition, the high antibody titer was demonstrated to be maintained in rhesus macaques for at
least 6 months following vaccination (123), suggesting this multivalent ferritin vaccine has the

potential to offer broad, and long-lasting immune protection against Borrelia infection.



Respiratory syncytial virus (RSV).  Respiratory syncytial virus (RSV), a leading cause of
respiratory illness in immunocompromised individuals, has also been a target of ferritin vaccine
development. Swanson et al. engineered H. pylori ferritin to express eight prefusion RSV
moieties on its surface, and upon immunization elicited strong pre-F specific neutralizing
antibodies in mice, nonhuman primates, and in vitro human cells when combined with the

squalene-based adjuvant AF03, especially compared to the antigen alone (124).

SARS-CoV-2. The unprecedented development and roll-out of Yui.reds of vaccines to mitigate
the SARS-CoV-2 pandemic also involved the use of ferritin ar a c*her nanoparticles as platforms.
In an early approach, 72 amino acids of the receptor binu.ng motif of the Sars-cov2 spike were
fused to the N-terminus of human H ferritin. The cunst uct was expressed in E. coli as an
insoluble protein that could be renatured and ws . ble to bind the receptor ACE2 (166). Most
of the following studies were based on Helic. hacter pylori ferritin to avoid the induction of
antibodies for the human protein (167) au e 4 four glycosylation sites to 197 amino acids of the
receptor binding domain (RBD) of the spike protein expressed in mammalian cells. It was
covalently fused to H. pylori ferritir end the complex was shown to elicit more potent
neutralizing antibody responses «.;an the wild-type RBD. A similar approach of fusing the RBD
directly to the N-terminus of .!. pylori ferritin and expressing the protein in mammalian cells
was used in other work, (125, 168, 169). These vaccines were tested in mice, ferrets or
monkeys and always p.~auced neutralizing antibodies at levels much higher than the RBD
alone.

The SpyTag-SpyCatcher system was then used in various studies to produce RBD
exposed to H. pylori ferritin. Zhang et al. (170) added at the N-terminus a signal peptide
followed by a spy-tag, and then a glycosylation site was included to facilitate expression and
secretion by mammalian cells. The product purified by the supernatant of the transfected cells
was then bound to SARS-CoV-2 spike glycoprotein containing a spy-catcher. The complex was
stable and considered for vaccine development. Other studies inserted SpyCatcher sequence at

the N-terminus of H. pylori ferritin that was expressed in E. coli and bound it to RBD containing



SpyTag and the products were shown to induce strong immune response in mice (162-173). In
one study the RBD was added to a modified heptad repeat 2 (HR2) that increased stability and
antibody titer (174). The RBD was also coupled to the 12-mer ferritin-like Dps from
hyperthermophilic Sulfolobus islandicus and it elicited neutralizing antibodies (175).

A more recent challenge to SARS-COV2 vaccines is the identification of variants of
concern (VOCs), five of which have been defined by The World Health Organization since the
spread of the original Wuhan Hu-1 strain of SARS-CoV-2, four of which have previously
circulated; (i) Alpha (B.1.1.7), (ii) Beta (B.1.351), (iii) Gamma (P.1, Aand Delta (B.1.617.2), as well
as one currently circulating; (iv) Omicron (B.1.1.529) (176, 177) w..ltiple studies have observed
a substantial reduction in vaccine-elicited neutralization capaci.v across all variants of concern,
especially the recent Omicron variant (155, 176-181). Giv=n the number of infections and re-
infections, as well as the cost and supply-chain issu~s ,f booster programs with currently
available vaccines requiring ultra-cold storagr., there exists a great rationale for the
development of a safe, cost effective, and . ermostable SARS-CoV-2 vaccine that provides
broad protection against future emerging .2.ants, and possibly other sarbecoviruses. Given the
success of the multimerization plaiv-rm approach of presenting epitopes on ferritin
nanoparticles in preclinical trials aga.n.t /iruses, there has been a great interest in the use of a
ferritin platform as a second-gen. ratiun vaccine against SARS-CoV-2. Powell et al. designed H.
pylori ferritin nanoparticles fu-ing one of two SARS-CoV-2 spikes: (i) full length ectodomain
(residues 1-1143) or (ii) = < texminal 70 amino-acid deletion ectodomain, resulting in protein
nanoparticles displaying eight copies of a trimeric antigen on the surface of the 3-fold axis
(125). Following a single immunization with either immunogen, mice exhibited neutralizing
antibody titers 2-fold greater than those in convalescent plasma from COVID-19 patients,
whereas immunization with unconjugated trimers elicited little to no neutralizing titers with the
same dose (122). In a similar study, researchers at the Walter Reed Army Institute of Research
and their collaborators designed a spike-domain ferritin nanoparticle (SpFN) vaccine by
genetically linking an H. pylori ferritin molecule to the C-terminal region of the spike protein
ectodomain (residues 12-1158), generating a ferritin nanoparticle displaying eight trimeric

spikes (126). Following a single immunization in mice, SpFN elicited potent neutralizing



antibody titers against both SARS-CoV-2 (infective dose IDsg > 10,000) and SARS-CoV-1(IDsg >
2,000) which has 26% sequence divergence in the spike protein, thereby demonstrating broad
cross protection against different coronaviruses (126, 127). Furthermore, the immune response
elicited by these ferritin nanoparticle vaccines were tested in combination with the adjuvants
ALFQ (Army Liposome Formulation containing QS-210) and Alhydrogel (AH) and were found to
be consistently superior with the ALFQ adjuvant in mice (126). In a companion study in non-
human primates, Joyce et al. demonstrated that the SpFN vaccine combined with the ALFQ
adjuvant elicited high titers of antibodies that neutralized SARS -CoV-2 and rapidly eliminated
the virus in the upper and lower airways and lung paren.nyma (129). Remarkably, the
adjuvanted SpFN vaccine elicited neutralization activity that wa- either equivalent to, or higher
than the wild-type virus against four variants of concern ,R.1.1.7 (alpha variant), B.1.351 (beta
variant), P.1 (gamma variant), and B.1.617.2 (delta v-rieat)], as well as against SARS-CoV-1
(129). Similarly, Wuertz et al. demonstrated thau SpFN-ALFQ generates a robust immune
response against the RBS and spike proteins ~f tne alpha and beta variants with a 2-dose
regimen in hamsters (130). In a comprehe, <ise study of the cellular immune responses induced
by the adjuvanted SpFN vaccine, Carmen et al. found that after immunization, mice showed a
potent multifactorial immune respor.sr., harticularly with increased frequency of polyfunctional
spike-specific memory CD4" T cei.- and long-lived memory CD8" T cells with effective cytolytic
function and distribution to tr.~ Iungs (131). The effectivity and broad protection of the SpFN-
ALFQ vaccine against mu'ap'e vOCs of SARS-CoV-2 in rodent and non-human primate models
has led to its evaluation "» numan phase | clinical trial (NCT04784767), although no results have
been posted as of November 2022.

In addition to the SpFN vaccine, Joyce and collaborators have developed a secondary
vaccine candidate in which bullfrog-H. pylori chimeric ferritin was genetically linked to the C-
terminal region of the receptor binding domain (RBD) on the S1 subunit (residues 331-527)
(126). In mice, two doses of the RBD-ferritin vaccine elicited comparable neutralizing antibody
titers to just one dose of the SpFN vaccine, however the RBD-ferritin vaccine elicited higher
SARS-CoV-1 neutralizing responses compared to SpFN, which is 36% aa sequence divergent

from SARS-CoV-2 in the RBD (126, 127). In a companion study evaluating the RBD-ferritin



vaccine in combination with the ALFQ adjuvant in macaques, King et al. found that a two-dose
regimen resulted in a robust humoral and cellular immune response, as well as protection
against viral replication and lung pathology following respiratory exposure to a high dose of
SARS-CoV-2 virus (128). Additionally, RBD-ferritin vaccination in macaques demonstrated cross
reactivity to the alpha (B.1.1.7 ) and beta (B.1.351) VOCs as well as to SARS-CoV-1 (128). While
the SpFN-ALFQ vaccine had been chosen to continue into clinical testing due to the level of
immune response observed after a single immunization, further investigation of the RBD-
ferritin vaccine is warranted given its potent immunogenicity. G ven that expression of a large
and complex antigen takes a considerable amount of energy, or.e < dvantage to the RBD-ferritin
vaccine is its smaller size compared to the SpFN vaccine, mairesting as greater production
yields (> 20 mg/L compared to 5 mg/L, respectively) (1z.\. which may be beneficial to large-

scale manufacturing efforts.

Mosaic Vaccines. As described above, protein 1anocages engineered with multiple copies of a
single antigen have been very successfu. i', eliciting a robust immune response and broad
protection against viral pathogens. 'owever, the prospect of furbishing nanocages with
multiple different proteins from diffe e nt viral strains remains mostly unexplored, but has great
potential in stimulating broad=: iminune protection, especially against viruses with high
mutation rates. Successful exc.mp'as of vaccination with multiple antigenic types include four
FDA licensed pneumo~ouc-ar vaccines; Prevarl3 ©, Vaxneuvance®, Prevnar20®, and
Pneumovax23®, which -~ontain purified preparations of pneumococcal bacteria capsular
polysaccharides from 13, 15, 20, and 23 different serotypes, respectively (182), as well as the
FDA licensed Gardasil-9 ©® vaccine which contains purified proteins from 9 human
papillomavirus (HPV) types (183). While these multivalent vaccines have shown to be highly
effective in humans, similar approaches may not be as successful against pathogens with high
rates of mutation which results in substantial antigenic variation. A solution to this issue may be
to engineer multivalent vaccines to present more conserved domains or subdomains of viral
proteins to elicit response by cross-reactive immune cells. Kanekiyo et al. demonstrated that

co-display of RBDs from hemagglutinin antigens from different influenza strains spanning over



90-years on bullfrog-H. pylori chimeric ferritin nanoparticles elicited superior antibody
responses in mice than those induced by the antigenically homotypic immunogens, even when
the separate homotypic RBD-np vaccines are mixed (12). Similarly, a trivalent mosaic HIV-1
vaccine displaying envelope (Env) sequences provided 66% protection against heterologous
challenges with simian immunodeficiency virus (SIV) in Rhesus monkeys (184) and is currently
being evaluated in human clinical trials. This immunofocusing approach has also been used to
construct mosaic nanoparticle vaccine co-displaying the RBD of SARS-CoV-2 along with RBDs
from seven animal sarbecoviruses on a 60-mer protein nanopar’ «cle (133). This approach has
been demonstrated to elicit broad binding and neutralizing res-,o:.ses against both human and
bat viruses in mice and macaques (132, 133). Immunization or . nimals with the homotypic and
the mosaic vaccine resulted in protection against SARS-"oV-2 challenge, despite the mosaic
vaccine containing just 1/8"™ of the SARS-CoV-2 RBDs c.mp ired to the homotypic vaccine (132).
Moreover, only animals immunized with the :10saic vaccine demonstrated significant
protection against SARS-CoV-1 and animal <ai. acoviruses whose RBDs were not displayed on
the nanoparticles (132). Additionally, it b.s been demonstrated that a conserved internal
nucleoprotein antigen peptide from i1.fluenza virus can be encapsulated within apoferritin,
which when coupled with HA-surficz Lonjugation mimicked the structure of the natural
influenza virus. Such arrangemcnt provided 100% protection against lethal doses of HIN1
strains in mice compared to ju-t ¢ 0% protection in the vaccine containing only the HA protein
on the outer surface (18F;. Siven the potential to display RBDs on the outer surface as well as
encapsulate antigenic p.nudes within the protein cavity, ferritin can be used as a platform for
development of a mosaic vaccine (Fig. 6) against SARS-CoV-2 to confer broad protection against

viral variants (186).



Figure 6: Schematic illustration of surface engineering of Pu.nar heteropolymer ferritin with 12
different and randomly placed RBDs to represent the p.aspect of a universal mosaic ferritin
nanocage vaccine candidate that could offer broad .r . 2utralizing antibody capability. This
design could carry up to 24 RBDs and an antigeni - pestide inside the protein cavity to improve

immune response.

Concluding Remarks and Future Pros’.. ts

The intracellular trafficking a.°d .1 vivo behavior and fate of vaccines administered via
various routes and delivery sys:=ms have been recently reviewed (187). In general, because of
limited accessibility and/o. ini:ificient cell permeation, most vaccine molecules are not
efficiently recognized by he i nmune system and thus are susceptible to degradation. However,
effective vaccine deliverv systems should encompass protection from enzymatic degradation,
improvement of pharmacokinetic properties through surface engineering strategies such as
PEGylation, and sophisticated vaccine targeting and delivery strategies, as discussed in detail
elsewhere (187). Ferritin nanoparticles are remarkably stable, biocompatible, and amenable to
genetic fusion and chemical conjugation, making the protein nanocage a very attractive
platform for a wide range of biomedical applications, especially as an antigen display platform
in the development of vaccines. The ability to express and purify ferritin in bacterial and animal
cultures using industrial processes already in place allows for cost-effective large-scale

manufacturing. More importantly, given the ability to selectively engineer antigen display and



fine-tune immune focusing, ferritin vaccines are one effective and practical approach that have
shown good safety profiles in comparison to more traditional approaches such as whole
pathogen vaccines. Indeed, the pre-clinical successes of ferritin vaccines eliciting immune
responses against a wide range of pathogens has led to its investigation in three phase | clinical
trials, including a SpFN-ALFQ vaccine against SARS-CoV-2 (126). However, there remain
challenges in the design and manufacturing of antigen conjugated nanoparticles vaccines due
to steric and conformational constraints. In silico studies and computational models to optimize
conjugation of antibodies, targeting efficiency, and improve imr unogenicity, will be crucial to
vaccine development and preclinical evaluation. While ferritin * accines hold a great promise in
terms of eliciting broad protection and circulation of neutra'.zii.~ antibodies in the bloodstream
against SARS-CoV-2 variants of concerns, mucosal vaccii.®s are another potential avenue to
block mild covid-related illnesses and prevent transmi_<io’1. A nasal vaccine for instance could
spur a broader and more lasting immune respons, :.v targeting parts of the body (i.e. nose and
throat) where SARS-CoV-2 prefers to lodge b.fore spreading to the lungs and other organs.
Thus, instead of focusing on a circulating, ' vshole body immune response, a mucosal vaccine
would activate immune cells in the mu-osal tissue of the upper respiratory tract. Currently,
there are several nasal vaccines with tv,o leading efforts, one at the Coalition for Epidemic
Preparedness Innovations in Norv. 3y, and the other at the U.S. National Institute of Allergy and
Infectious Diseases. It is worh 1.oting that a SARS-CoV-2 vaccine administered through the
nose or mouth, develoreu by the Chinese company CanSino Biologics, has been recently
approved for use as a booascer in China (188). If proven safe and effective, mucosal vaccines in
tandem with a potentially universal ferritin nanoparticle vaccine may offer reliable solutions to
cease viral transmission and boost global immunity against the current SARS-CoV-2 pandemic,
and future zoonotic viruses. In addition to mosaic nanoparticles approach, there is about a
dozen major universal or pan-coronavirus vaccines that are currently in development designed
to induce immunity against SARS-CoV-2 and other related coronaviruses. The broad protective
antibody response of these different vaccines, compared to a homotypic nanoparticle
approach, demonstrate the usefulness of the 24-mer ferritin (12 nm diameter), and perhaps

other ferritin-like architectures such as the 48-mer assembled ferritin (17 nm) (189) or the 60,



180 or 240-mer encapsulin nanoparticles (20 to 42 nm diameter) (190), as highly promising and

effective approaches for vaccine development.
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Highlights

e Ferritin nanostructures are attractive platforms for various biomedical applications
e Ferritin nanocages are efficient nanocarriers and drug delivery vehicles

e Ferritin unique properties allows novel bioengineering strategies

e Ferritin high stability and biocompatibility are crucial for vaccine development

e Strong immunogenicity promises effective ferritin nanoparticles-based vaccines



