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ABSTRACT
Mucosal infectious diseases represent a significant global health burden, impacting millions of people 
worldwide through pathogens that invade the respiratory, gastrointestinal, and urogenital tracts. Mucosal 
vaccines provide a promising strategy to combat these diseases by preventing pathogens from entering 
through the portals as well as within the systemic response compartment. However, challenges such as 
antigen instability, inefficient delivery, suboptimal immune activation, and the complex biology of mucosal 
barriers hinder their development. These limitations require integrating specialized adjuvants and delivery 
systems. Protein nanocages, self-assembling nanoscale structures that can be engineered, may provide an 
innovative solution for co-delivering antigens and adjuvants. With their remarkable stability, biocompat
ibility, and design versatility, protein nanocages can potentially overcome existing challenges in mucosal 
vaccine delivery and enhance protective immune responses. This review highlights the potential of protein 
nanocages to revolutionize mucosal vaccine development by addressing these challenges.
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Introduction

The global burden of mortality and morbidity caused by 
mucosal pathogens remains alarmingly high, underscoring 
the urgent need for innovative strategies to combat these dis
eases. The COVID-19 pandemic has starkly illustrated the 
devastating impact and ongoing threat posed by emerging 
mucosal infection.1,2 To suppress the rapid spreading of pan
demic mucosal pathogens, the infection should be checked at 
the portal of entry, per se, the mucosal epithelia, rather than 
inhibiting the multiplication of those pathogens inside the 
body. Injectable vaccines preferably generate immune 

responses in the systemic compartment, which is more effec
tive in inhibiting pathogens that have already invaded the 
systemic compartment.3–5 Antibodies in the circulation have 
limited efficacy in blocking the initial infectious process at the 
mucosae. This highlights the critical importance of developing 
mucosal vaccines that induce protective immune responses at 
both the portal of entries and the systemic compartment.

While conventional parenteral vaccines have effectively 
reduced severe illness and mortality by inducing protective 
systemic immune responses, they face significant challenges 
in eliciting antigen-specific immune responses at mucosal 
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surfaces and preventing horizontal transmission of infectious 
diseases.6–8 The inefficiency of parenteral vaccines to effec
tively block disease transmission highlights a critical gap in 
current vaccination strategies, underscoring the urgent need 
for effective mucosal vaccines that can address both disease 
severity and contagion. Mucosal vaccines, administered via 
oral, nasal, sublingual, or genital routes, offer a promising 
approach to addressing these limitations since they generate 
secretory IgA and local cellular immune responses that should 
block further dissemination of infecting pathogens and elim
inate initial infection foci.9–11 By targeting mucosal surfaces, 
these vaccines can stimulate localized and systemic protective 
immune responses, providing robust defense against a wide 
range of infections. Beyond pandemic mucosal pathogens, 
mucosal vaccines hold potential for combating major global 
health challenges, including Mycobacterium tuberculosis, HIV, 
tumors occurring in mucosal tissues such as cervical cancer, 
and other numerous intractable infectious agents.3,7,12–14 Most 
currently available mucosal vaccines are based on conventional 
whole-cell live attenuated or inactivated vaccine platforms.
10,12,13 While conventional mucosal vaccines have demon
strated the capability to elicit robust immune responses, they 
often raise significant safety concerns. These include the 
potential reactivation of live attenuated pathogens, leading to 
virulence restoration, and the oncogenic risks posed by certain 
inactivated virus formulations.15,16 Recently, traditional vac
cines have been increasingly replaced by adjuvanted subunit, 
RNA, or DNA vaccines, which offer improved antigen speci
ficity and safety. However, mucosal vaccines based on high- 
purity antigens face several challenges, including poor antigen 
stability, limited immunogenicity, and delivery inefficiencies. 
Addressing these issues requires incorporating effective vac
cine delivery systems and potent adjuvants that could cope 
with barriers in mucosae, which should be requisites for the 
success of mucosal vaccines.7,14,17–20

The staggering advancement of mucosal vaccines can be 
attributed to two primary obstacles. First, these vaccines must 
overcome multiple mucosal barriers to effectively reach the 
mucosal immune system. The mucus layer that covers all 
mucosal surfaces serves as a physical obstruction, hindering 
antigen presentation. In case of intranasal administration, 
nasal hair and keratinized stratified squamous epithelia in the 
nostril, combined with ciliary movement and mucus in the 
respiratory system, can obstruct antigens from reaching their 
intended targets.14 The gastrointestinal tract presents its own 
set of hurdles, including proteolytic enzymes, peristalsis and 
the presence of commensal microorganisms that may interfere 
with vaccine effectiveness.21,22 Within the urogenital tract, the 
periodic changes in the vaginal environment and the existence 
of cervicovaginal mucus can impact vaccine stability and 
absorption.23 Second, the development of mucosal vaccines is 
further constrained by the lack of potent and reliable mucosal 
adjuvants, which are essential for enhancing immune 
responses at mucosal sites.15,24–26 As a result, a critical aspect 
of developing novel mucosal vaccines lies in designing and 
identifying effective delivery carriers and adjuvants. Recently, 
nanocarrier-based mucosal vaccines have shown promising 
efficacies in overcoming the challenges associated with tradi
tional mucosal vaccine platforms, including delivery barriers 

and limited immunogenicity.27–30 Advancements in nanotech
nology, along with a deeper understanding of the mucosal 
immune system, have empowered researchers to develop a 
multitude of nano-vaccines with enhanced ability to target 
and activate the mucosal immune system.31 Among the var
ious nanocarrier-based delivery systems, protein nanocage 
(PNC)-based mucosal vaccines have also demonstrated 
remarkable effectiveness, eliciting potent protective immune 
responses against a wide range of infectious diseases. PNCs are 
multimeric proteins with a cage-like structure, serving storage 
units, protective shells, frameworks for enzyme complexes, 
and carriers for genetic material.32,33 These structures sponta
neously form core-shell configurations ranging from 8 nm to 
100 nm in size, making them useful candidates for drug deliv
ery. Their inherent characteristics include consistent size and 
shape, a high surface-to-volume ratio, structural robustness 
with highly organized architecture, monodispersibility, low 
toxicity, high stability, biocompatibility, biodegradability, and 
ease of modification using rather easy genetic and chemical 
techniques. Notably, PNCs are composed of repeating subu
nits, enabling multivalent incorporation of both antigens and 
potent adjuvants. This multifunctionality facilitates the co- 
delivery of antigens and adjuvants, making protein nanocages 
a utilitarian platform for vaccine development.34–36 Moreover, 
the dimensions of protein nanocages facilitate their efficient 
accumulation in lymphoid organs, where antigen-presenting 
cells (APCs) are located. Within these organs, APCs present 
antigens to effector T cells and activate B cells by secreted 
cytokines, thereby jumpstarting robust immune responses. 
Due to these properties, there are a multitude of attempts to 
use protein nanocages as antigen carriers for developing vac
cines against a wide range of infectious diseases and 
cancers.35,37

In this review, we provide an updated overview of various 
types of self-assembling protein nanoparticles used for vaccine 
development, taking into account the mucosal immune sys
tem’s organization, routes of mucosal vaccination, and the 
major barriers to mucosal vaccine delivery. Additionally, we 
explore the design of protein nanocage-based vaccines to 
enhance mucosal vaccine delivery and discuss some of the 
most widely used protein nanocages in vaccine development.

Protein-based nanocarriers for vaccine development

PNCs are highly ordered, self-assembling nanostructures that 
have recently gained significant attention in the field of vacci
nology due to their unique properties. These naturally occur
ring nanoparticles are ubiquitous across a wide spectrum of 
life, ranging from microorganisms such as viruses, bacteria, 
and archaea to more complex organisms, including plants, 
insects, and mammals.38,39 Their inherent ability to self-assem
ble into precise geometric arrangements makes them excellent 
candidates for drug delivery applications. In particular, PNCs’ 
repetitive and highly organized surface structures closely 
mimic natural pathogen-associated molecular patterns 
(PAMPs), facilitating enhanced recognition by the immune 
system. This property can be harnessed to elicit robust 
immune responses when used as a vaccine platform. 
Additionally, PNCs’ modularity allows for the encapsulation 
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or surface display of antigens, adjuvants, or other bioactive 
molecules, offering customizable options to modulate specific 
immune pathways.

These self-assembling nanoscale architectures can be 
broadly classified into three main categories based on their 
origin: virus-like particles (VLPs), non-viral protein nanopar
ticles (NVPNs), and computationally designed nanoparticles 
(Figure 1). VLPs are self-assembling PNCs that closely mimic 
the structure of a virus but lack the core genetic material, 
rendering them noninfectious. These nanocages typically 
range in size from 20 to 200 nm.40,41 These VLPs are derived 
from various sources, such as viruses and bacteriophages, and 
can be produced using a variety of expression systems, includ
ing bacteria, yeast, insect cells, and plants.42 Bacteriophages 
such as AP205, Qβ, MS2, and HBsAg are prominent examples 
of VLPs.43–47 On the other hand, NVPNs are naturally occur
ring self-assembling nanostructures derived from non-viral 
sources, including both prokaryotic and eukaryotic organisms. 
These nanocages are made of protein monomeric subunits that 
assemble into homogeneous, symmetric, and complex nanostruc
tures. Their size ranges between 10 and 100 nm. NVPNs can be 
produced using various expression systems, such as bacteria, 
yeast, plants, insects, and mammalian cells.35 Ferritin, encapsulin, 
vault, and lumazine synthase are notable non-viral PNCs that 
could be used for vaccine development.48–52 In contrast, 

computationally designed protein nanocages are self-assembling 
nanostructures created using computational tools. These artificial 
protein nanostructures are engineered either by modifying exist
ing protein scaffolds or by designing from scratch without any 
preexisting scaffold to achieve specific structural and functional 
characteristics properties. There are several methods for compu
tationally designing nanocages, including hierarchical computa
tional design and single peptide nanocage design,53 hybrid 
computational method,54 multi-component design,37 and sym
metry-based design.55 These computational methodologies 
enable the creation of highly intricate nanostructures capable of 
assembling up to 960 monomeric units to form nanocages as 
large as 96 nm. Depending on the specific design requirements, 
these computationally designed nanocages can be expressed in 
various systems, such as bacteria, yeast, and insect cells. Table 1 
provides detailed information concerning different types of pro
tein nanocages, disclosing their sources, size ranges, and produc
tion systems.

Mucosal vaccine

The mucosal immune system, which is constituted of approxi
mately 80% of the body’s immune cells, differs significantly 
from the systemic immune system in both its organization and 
function.117 This difference should be seriously taken into 

Figure 1. Different types of self-assembling protein nanocages (PNCs). Structures of representative PNCs. VLPs: (1) surface structure of T4 GALA PNC (PDB: 7MH2), (2) 
surface structure of bacteriophage AP205 VLP (PDB: 5LQP), (3) surface structure of bacteriophage MS2 VLP (PDB: 2MS2). Non-VLP: (1) surface structures of ferritin (PDB: 
3BVE), (2) surface structures of lumazine synthase (PDB: 1HQK), (3) surface structures of encapsulin (PDB: 3DKT)), (4) surface structures of vault (PDB: 7PKZ). 
Computationally designed particles: (1) surface structures of T3 tetrahedral nanocage (PDB: 8TL7), (2) surface structures of VelcroVax tandem HBcAg with SUMO- 
Affimer inserted at MIR (PDB: 7ZQA), (3) surface structures of O43_129_+4 (PDB: 8V3B), (4) surface structures of mTIP60-ba (metal-ion induced TIP60 (K67E) complex 
with barium ions (PDB: 7XM1).
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account in developing effective vaccines and delivery strategies 
against mucosal infections. The mucosal immune system com
prises an integrated network of tissues and cells, collectively 
referred to as mucosa-associated lymphoid tissue (MALT). 
MALT includes gut-associated lymphoid tissue (GALT), 
bronchus-associated lymphoid tissue (BALT), and nasophar
ynx-associated lymphoid tissue (NALT), forming the largest 
lymphoid organ system in the body.118,119 This system plays a 
vital role in initiating and regulating immune responses at 
mucosal surfaces, making it a key focus for mucosal vaccine 
development. The mucosal immune system serves three pri
mary functions: (1) detecting and inhibiting the initial entry of 
pathogens, (2) preventing the uptake of ingested or inhaled 
antigens, and (3) modulating immune responses through pro
fessional antigen-presenting cells (APCs). APCs are pivotal in 
initiating adaptive immune responses and mediating vaccine- 
induced immunity at mucosal sites.

Mucosal vaccination offers additional benefits, including 
the ability to stimulate immune responses at locations distant 
from the administration site (such as stimulating genitour
inary and systemic immune responses by intranasal immuni
zation), providing widespread mucosal and systemic 
immunity. Although mucosal vaccines can be administered 
via various routes, such as oral, nasal, pulmonary, rectal, 
vaginal, ocular, sublingual, or transcutaneous, only the oral 
and nasal routes are currently used for approved mucosal 
vaccines120 (Table 2). Traditional vaccination methods 
using injections primarily target the systemic immune sys
tem, often leading to weak mucosal immune responses. In 
contrast, direct mucosal administration of vaccines has been 
shown to stimulate both mucosal and systemic immunity 
effectively. However, several challenges hinder the successful 
induction of mucosal immunity. One major issue is the dilu
tion of vaccine antigens within mucosal secretions, which can 
reduce their effective concentration in lymphoid organs and 
limit their deposition on mucosal epithelial surfaces, thereby 
compromising the immune response induction.124 

Additionally, antigens delivered mucosally are susceptible to 
being trapped within the mucus layer and subsequently 
degraded by proteases or nucleases.124 This can significantly 
reduce antigen stability and availability for uptake by APCs, 
posing a major challenge for effective mucosal vaccine design. 
For oral immunization, the stomach’s acidic environment 
presents an additional challenge by degrading vaccine anti
gens before they elicit immune responses. Furthermore, the 
abundant colonization of mucosal tissues by commensal 
microbes may interfere with or skew immune responses to 
vaccine antigens. While these microbes maintain mucosal 
homeostasis, they can also act as a barrier to optimal mucosal 
immunity by competing with vaccine antigens to access 
epithelial and immune cells.125 Moreover, mucosal or oral 
tolerance poses a significant challenge in inducing protective 
immunity through mucosal immunization.126

Vaccine formulations containing peptides, proteins, DNA/ 
RNA, or polysaccharides are vulnerable to degradation during 
mucosal passage. Because the degradation would lead to losing 
biological functionality, protective strategies, such as encapsu
lation within nanocage delivery systems or incorporating sta
bilizing agents, should ensure intact antigen delivery to target 

immune cells. Mucosal vaccines harboring the physicochem
ical properties of pathogens – particularly their shape, charge, 
and size – tended to be more effective. These properties 
enhance antigen uptake by mucosal antigen-presenting cells 
and promote immune responses by simulating the natural 
interactions between pathogens and the mucosal immune 
system.124 Therefore, an effective vaccine design and delivery 
strategy for mucosal immunization should address three cri
tical aspects: (1) overcoming mucosal barriers to ensure the 
stability and secure delivery of antigens, (2) targeting mucosal 
APCs to enable proper antigen processing, presentation, and 
subsequent T- or B-cell activation, and (3) modulating immu
nological milieu for more efficient and durable effector and 
memory responses. Properly engineered protein nanoparticle- 
based delivery systems would offer an opportunity to traverse 
physiological mucosal barriers, efficiently target immune cells, 
and precisely control antigen presentation.127

Protein nanocages for mucosal vaccines

Nanotechnology-based approaches offer promising solutions 
for the targeted delivery of vaccine antigens across mucosal 
surfaces. These approaches may provide a margin for tailoring 
antigen and adjuvant properties through engineering, such as 
solubility, stability, and surface characteristics to overcome 
mucosal barriers. This versatility made nanotechnology an 
attractive tool for innovating vaccinology to improve efficacy 
and delivery efficiency.127 Several PNC-based vaccines have 
been approved for commercial human use, and many candi
dates are in clinical trial stages (Tables 3 and 4).

Nanoparticles can either encapsulate vaccine antigens or 
adsorb them onto their surface, protecting them from rapid 
degradation and enabling sustained immune responses. By 
covalently conjugating antigens to nanoparticles, we could 
mimic the natural presentation of pathogens to APCs, poten
tially eliciting a more robust and targeted immune response. 
Additionally, the nanoscale size of these particles offers a high 
surface area-to-volume ratio and enhanced diffusion rates, 
making them highly effective for delivering vaccine antigens, 
to various mucosal sites such as the eye, oral cavity, nasal 
passages, lung airways, and gut mucosa. Nanoparticle-based 
delivery systems offer several key advantages over conven
tional approaches in vaccine development (Figure 2). These 
include the capability for localized and targeted antigen deliv
ery, enhancing the precision of immune response activation. 
They also improve antigen presentation and processing, lead
ing to more efficient immune activation. Furthermore, nano
particles can sustain a higher antigen concentration at mucosal 
surfaces, prolonging immune system exposure and facilitating 
more robust responses. They enhance the bioavailability of 
antigens, ensuring more effective utilization by the immune 
system. Additionally, nanoparticles may innately harness 
immunomodulatory capabilities, enabling fine-tuning of 
immune responses by either promoting stimulation through 
proinflammatory cytokines or suppression via anti-inflamma
tory cytokines, depending on the immunological context in the 
milieu. Various nanoparticle-based delivery systems have been 
explored for mucosal vaccine delivery, including VLPs, non- 
viral protein nanoparticles (NVPNs), and computationally 
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designed NVPNs. Developing an effective and safe delivery 
system requires a comprehensive understanding of the bioma
terial used, the cargo (antigen and adjuvant), the target cells or 
tissues, and the desired immune responses.133 Nanoparticles 
must be designed to be safe, pure, non-reactogenic, and bio
compatible to ensure their suitability for vaccine delivery.134 

Nanoparticles should provide optimal encapsulation or con
jugation of antigens and adjuvants, ensuring their protection 
from degradation and enhancing their delivery efficiency.133 

Protecting the antigen from harsh pH conditions and enzy
matic activities in the mucosa is crucial to prevent its degrada
tion. Nanoparticles must also efficiently deliver antigens to the 
appropriate APCs to ensure effective immune response 
activation.135 In designing an effective nanoparticle carrier, 
antigen uptake and processing, release kinetics, and the 
mechanisms involved in generating mucosal immunity should 
be considered. Their versatility, efficiency, and ability to 
address these complexities make nanoparticle-based systems 
a highly valuable in advancing vaccine development and 
enhancing efficacy.135

Protein nanocage vaccines inducing enhanced 
humoral and cellular immune responses

Vaccine based on protein nanocages have shown great poten
tial as a platform for eliciting stronger humoral and cellular 
immune responses. PNC-based vaccines generate robust B-cell 
IgG responses through two key features: (1) the coupling of 
antigens to a larger nanocage framework, which enhances 
antigen uptake by antigen-presenting cells (APCs) and pro
motes retention within lymphoid follicles, and (2) the repeti
tive and highly organized arrangement of antigens on the 
nanocage surface, facilitating efficient cross-linking and acti
vation of multiple B-cell receptors (Figure 3). The attachment 
of antigens to nanoparticles increases their overall size to an 
optimal range for effective uptake by APCs. This enhanced 
uptake improves antigen processing and presentation by APCs 
to T-helper cells, thereby promoting a more robust and effica
cious immune response.136,137 Larger nanocages are more effi
ciently opsonized with complement, facilitating their binding 
to the follicular dendritic cells (FDCs) surface. This process 
prolongs antigen retention within lymphoid follicles and 
enhances antigen presentation to B cells, ultimately leading 
to a more robust and sustained humoral immune response.138 

Particles displaying multivalent antigens can enhance B-cell 
activation by efficiently crosslinking multiple B-cell receptors 
(BCRs).139 This cross-linking promotes stronger signal trans
duction, leading to robust B-cell activation, proliferation, and 
differentiation into antibody-secreting plasma cells and mem
ory B cells. A study examining the impact of antigen density on 
memory response supports this claim.140 High-density conju
gation of a model peptide antigen to a VLP robustly triggered a 
specific IgG antibody response. In contrast, low-density con
jugation failed to elicit such a response despite an increased 
total antigen quantity. This finding suggests that antigen den
sity plays a critical role in immune activation, with effects 
extending beyond the mere amount of antigen present.

Protein nanocage based vaccines also enhance robust cel
lular immune responses. These self-assembling nano Ta

bl
e 

2.
 (C

on
tin

ue
d)

.

Va
cc

in
e 

na
m

e
Ta

rg
et

ed
 p

at
ho

ge
n

M
uc

os
al

 r
ou

te
Fo

rm
ul

at
io

n
M

an
uf

ac
tu

re
r

Ap
pr

ov
al

 
ye

ar
Ap

pr
ov

al
 a

ut
ho

rit
y

Fl
uM

is
t 

Q
ua

dr
iv

al
en

t
In

flu
en

za
 T

yp
es

 A
 a

nd
 

B
N

as
al

 s
pr

ay
Li

ve
 a

tt
en

ua
te

d
M

ed
Im

m
un

e,
 L

LC
 G

ai
th

er
sb

ur
g,

 M
D

, U
SA

20
03

FD
A

D
uk

or
al

Vi
br

io
 c

ho
le

ra
e

O
ra

l d
rin

k
In

ac
tiv

at
ed

 (w
ith

 r
ec

om
bi

na
nt

 
ch

ol
er

a 
to

xi
n 

su
bu

ni
t 

B)
Va

ln
ev

a 
Sw

ed
en

 A
B,

 S
to

ck
ho

lm
, S

w
ed

en
20

01
W

H
O

Vi
vo

tif
Sa

lm
on

el
la

 t
yp

hi
O

ra
l c

ap
su

le
Li

ve
 a

tt
en

ua
te

d
Be

rn
a 

Bi
ot

ec
h,

 L
td

. B
er

ne
, S

w
itz

er
la

nd
19

89
FD

A
Bi

va
le

nt
 o

ra
l p

ol
io

 v
ac

ci
ne

 (b
0P

V)
Po

lio
vi

ru
s

O
ra

l d
ro

p
Li

ve
 a

tt
en

ua
te

d
D

r. 
Al

be
rt

 S
ab

in
19

61
FD

A

8 L. A. A. J ET AL.



structures effectively display antigens on their surface, which 
are robustly taken up by the antigen presenting cells, leading to 
improved processing and presentation of these antigens result
ing in enhanced stimulation of T-cells. Some studies have 
proven the aforementioned statement, for instance in a study 
conducted by Zipeng et al., has shown the protein nanocage 
enhanced cytotoxic T cells responses by selectively targeting 
and eliminating carcinoma-associated fibroblasts (CAFs).141 

Another research done by Qiang Zhang et al, has also shown 
nanocage facilitated efficient delivery of CpG to antigens pre
senting cells leading to robust dendritic cell activation, antigen 
presentation and subsequent expansion of tumor specific cyto
toxic T cells.142 Recent studies have also demonstrated that 
protein nanocage based vaccine significantly increases both 
CD8+ and CD4+ T cell responses. For example, research on a 
ferritin based multivalent SARS-CoV-2 vaccine has shown its 
capacity to trigger both B cells and T cell mediated immune 
responses. The vaccine induced strong activation of CD4+ T 
cells particularly those producing interferon-gamma (IFN1) 
and increased levels of CD8+ T cells activation. Additionally, 
the vaccine substantially increased memory B cell population 
in lymph nodes, which is essential for long term immunity. 
Overall, the vaccine has promoted a balanced Th1/Th2 
immune responses.34

The immune responses can be triggered by engaging both 
damage-associated molecular patterns (DAMPs) and pathogen 
associated molecular patterns (PAMPs). PAMPs, derived from 
microbial components, activate innate immunity through 
pathways like Toll-like receptors (TLRs), RIG-1-like 
Receptors (RLRs), NOD-like Receptors (NLRs), C-type 
Lectin Receptors (CLRs), AIM2-like Receptors (ALRs), 
Inflammasome activation driving antigen presentation and 
adaptive immune activation.143,144 Meanwhile, DAMPs (like 
HMGB1, heat shock proteins and ATP), are released during 
cell stress or death, thereby complementing this response by 
signaling tissue damage and enhancing antigen- presentation 
cell maturation. For instance, in a recent research, ferritin 
nanocages have been shown to amplify immune responses 
via DAMP release during immunogenic cell death, synergizing 
with PAMP- mediated pathways to improve vaccine efficacy. 
This dual mechanism allows protein nanocages to reprogram 
the immune microenvironment, promoting robust humoral 
and cellular immunity while enhancing memory T-cell popu
lations for long-term protection.145

The development of vaccines for mucosal pathogens that 
have a propensity for evading immune responses, such as HIV, 
influenza, and SARS-CoV, can be significantly advanced 
through protein nanocage-based vaccines.146 A phenomenon 
known as antibody-dependent enhancement (ADE), observed 
in HIV and other viral infections, occurs when non-neutraliz
ing antibodies bind to the virus and inadvertently promote its 

entry into immune cells.147 To address this issue, researchers 
have employed a strategy called epitope focusing to design 
antigens that direct antibody responses specifically toward 
neutralizing epitopes. This approach involves isolating neutra
lizing epitopes from antigens that are often poorly immuno
genic on their own. However, when these epitopes are 
conjugated to a PNC platform in multivalency, their repetitive 
and organized presentation should enhance their immuno
genicity, resulting in strong and targeted humoral immune 
responses toward the neutralizing epitope.148 In addition to 
epitope focusing, the activation of a cell-mediated immune 
response can be achieved by incorporating T-cell epitopes 
into the interior of the protein nanocage platform.149,150 The 
incorporation of universal CD4+ T cell epitopes would also 
contribute to a robust humoral response by recruiting helper T 
cells to assist B cells in antibody production. Meanwhile, 
incorporating CD8+ T cell epitopes can produce pathogen- 
specific cytotoxic T cells, boosting the cellular immune 
response that targets and eliminates infected cells. Integrating 
these strategies into PNC-based platforms may enable the 
development of successful vaccines against challenging patho
gens by eliciting both targeted humoral and cellular immunity.

As for mucosal vaccines, PNC-based vaccine platforms tend 
to significantly enhance mucosal immune responses by 
improving antigen stability and protection, enhancing antigen 
delivery and uptake, stimulating both systemic and mucosal 
immunity, increasing mucosal antibody production, enhan
cing cellular immunity, exhibiting adjuvant-like properties, 
allowing versatile administration routes, providing potential 
cross-protection, and improving germinal center reactions for 
better B-cell activation and antibody affinity.151

Protein nanocage (PNC)-based mucosal vaccine 
design strategies

Engineering protein nanocages through modifications at 
distinct interfaces

Protein nanocages feature three distinct surfaces that can be 
engineered: the outer surface, the inner surface, and the inter
face between the outer and inner surfaces (Figure 4). These 
surfaces provide various options for genetic and chemical 
modifications, enabling the development of diverse vaccine 
design applications for specific immunological goals.

Inner surface modification
PNCs provide an optimal environment for encapsulating 
molecular cargo within their internal cavities. The nanocage 
interior modifications make it possible to improve encapsula
tion efficiency, fine-tune the release profile, and strengthen 
binding affinity. Genetic and chemical modifications can be 

Table 3. FDA-Approved PNC-based vaccines in the market.

Vaccine Name Company Type of PNC Target Pathogen Reference

Engerix® GlaxoSmithKline VLP HBV 128

Recombivax® Merck & Co. VLP HBV 129

Cervarix® GlaxoSmithKline VLP HPV 130

Gardasil® Merck & Co. VLP HPV 131

Gardasil 9® Merck Sharp & Dohme LLC VLP HPV 132

HUMAN VACCINES & IMMUNOTHERAPEUTICS 9
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employed to control molecular nucleation and attachment. 
Various molecular cargos, including small molecules, peptides, 
protein-based drugs, and RNA/DNA therapeutics, can be suc
cessfully encapsulated and released from protein nanocage 
interiors. Larger nanocages, such as vault, can accommodate 
larger cargos like antibodies. These inner surface modifications 
would open new avenues for more sophisticated vaccine 

design, enabling precise control over cargo delivery and 
immune activation.152

Outer surface modification
PNCs’ exterior surfaces are most frequently targeted in the 
vaccine development. Interactions between the nanocarriers 
and immune cells are primarily mediated by the outer surface 

Figure 2. Advantages of PNC-Based vaccines. PNCs offer several unique advantages for vaccine delivery. They can present antigens in a highly organized, multivalent 
manner, allow ease in modification with functional elements like adjuvants and targeting moieties, co-deliver both antigens and other immunostimulatory molecules, 
and potentially enhance immune responses.

Figure 3. Enhanced humoral immune response in antigen displayed with PNCs compared to antigen alone. The humoral immune responses triggered by soluble 
antigens interacting with B-cell receptors (BCRs) are less effective and shorter in duration compared to the responses elicited by protein nanocages (PNCs) that display 
an organized arrangement of antigens. In contrast to soluble antigens, PNCs present multiple antigen copies, enabling concurrent engagement with numerous BCRs, a 
process known as BCR clustering. This results in robust and long-lasting antigen recognition by B cells, which initiates intracellular signaling cascades, antigen 
internalization, and processing of MHC class II presentation to T follicular helper (tfh) cells. This sequence of events stimulates tfh cells to release regulatory cytokines, 
facilitating the differentiation of B cells into plasma cells that produce antigen-specific neutralizing antibodies. The intensity of these responses is indicated as follows: 
high - ***, low - *.
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of the protein nanocages. Modifications to the outer surface 
aim to enhance surface characteristics by integrating molecular 
recognition domains (e.g., receptor-targeting domains or 
pathogen-derived antigens) and altering the physiological 
properties of the nanocage carrier. Common methods for 
modifying the outer surface include genetic fusion, surface 
point mutations, loop insertions, chemical conjugation, and 
coupling the exterior with functional tags.153–159 These engi
neered alterations are designed to enhance several key proper
ties, including prolonged circulation in the bloodstream, 
improved accumulation at targeted lymphoid tissues, 
increased circulatory half-life, and enhanced specific cellular 
responses. Additionally, it is possible to introduce post-trans
lational modifications, such as glycosylation, which has been 
shown to improve pharmacokinetics, such as germinal center 
delivery.160,161

Modification at the interface between outer and inner 
surfaces
When modifying protein nanocages at their interfaces, a high 
degree of cooperativity in protein nanocage assembly is 
essential.162–164 The interface engineering primarily relies on 
the hydrophobic packing of interfacing residues.165 Protein 
nanocages can efficiently self-assemble with a high degree of 
cooperativity, even at relatively weak interfaces. However, if 
the interactions between interface subunits are too strong, it 
can lead to kinetic trapping, resulting in partial or off-target 
nanocage assemblies. The right balance in interfacing strength 
is crucial to ensure proper assembly, structural accuracy, and 
functional performance of the nanocages. The solubility of 
expressed nanocages, along with the attached entities at the 
interface region, can be adversely affected if there is significant 
hydrophobicity between the protein nanocage monomer sub
units. For addressing this limitation, designing hydrophilic 

interfaces is a key strategy, as it promotes better solubility, 
reduces aggregation, and facilitates efficient assembly of the 
nanocages while maintaining their structural and functional 
integrity.166 There are two primary approaches to modifying 
the interface regions in protein nanocages: (1) utilizing exist
ing protein-protein interfaces and strongly fusing them to the 
nanocage subunits, or (2) designing de novo new interfaces 
computationally. These modifications would facilitate directly 
attaching natural proteins, such as antibodies, enabling 
advanced functionalization and expanding their applications 
in vaccine design.167 Alterations in the interfaces of nanocages 
can also enable controlled assembly and disassembly of mono
mer subunits in response to specific environmental conditions. 
Protein nanocages that are sensitive to metal ions, pH changes, 
or ionic strength have been utilized for various applications, 
including efficient packing and selective drug delivery. These 
environmentally responsive designs provide flexibility and 
precision, making them highly suitable for highly effective 
vaccine delivery system developments.168–170

Strategies to present antigens and adjuvants on the PNCs

There are three primary approaches used to attach antigens 
and potent adjuvants to protein nanocages (PNCs): (1) Direct 
genetic fusion, where antigens or adjuvants are genetically 
encoded as part of the nanocage subunits; (2) Chemical con
jugation, which involves covalent attachment of antigens or 
adjuvants to the nanocage surface using chemical linkers; and 
(3) Coupling with tags, where molecular tags facilitate targeted 
binding of antigens or adjuvants to the nanocage (Figure 5). 
These technologies enable the creation of versatile platforms 
capable of displaying multiple antigens and adjuvants, signifi
cantly enhancing both the diversity and quantity of antigen/ 
adjuvant presentation.

Figure 4. Modification of PNCs at different interfaces. Self-assembling PNCs can be modified at different interfaces, namely, the exterior surface, the interior surface, 
and the interface region between the exterior and interior surfaces.
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Direct genetic fusion
Direct genetic fusion is one of the most fundamental and 
widely employed approaches for conjugating antigens to 
PNC platforms. Since PNCs self-assemble from numerous 
identical protein subunits, many of which possess readily 
accessible carboxyl and amino terminals, it is relatively 
straightforward to genetically incorporate antigens at either 
terminal. Choosing the right terminal is essential, as it guar
antees the antigen is available and properly oriented for 
immune recognition. However, challenges can arise with direct 
fusion construction, such as improper expression or misfold
ing of the fused antigen along with the PNC. For example, with 
the ferritin PNC, the carboxyl-terminal is oriented toward the 
inner cavity of the nanocage, making it less suitable for antigen 
fusion, while the amino-terminal is well exposed on the outer 
surface, making it ideal for antigen conjugation.171,172 To 
improve assembly efficiency and proper folding of PNCs 
with fused antigens, a flexible linker can be introduced 
between the antigen and the nanocage subunit. To address 
challenges related to low or absent expression, computational 
screening platforms such as SPEEDesign (Stabiliser for Protein 
Expression and Epitope Design), ProteinMPNN, and Rosetta 
Diffusion modeling can be employed.173–175 These tools aid in 
optimizing fusion constructs, enhancing protein stability, and 
ensuring proper folding, thereby improving the overall perfor
mance of the genetically fused antigen-PNC platforms.

Chemical conjugation
Antigen attachment to the surface of a protein nanocage (PNP) 
through chemical conjugation involves the use of crosslinking 
agents to form highly stable and permanent covalent bonds 
between the antigen and PNC.176 Various crosslinking agents 
target exposed functional groups, such as aspartates, lysines, 

cysteines, and glutamates, on both PNCs and antigens.177 

However, this method lacks selectivity, which can potentially 
damage the structure of the antigen or PNPs and may result in 
uneven antigen distribution, ultimately influencing immune 
responses. To address these limitations, click chemistry has 
gained significant popularity in recent.178 Click chemistry 
offers high specificity, efficiency, and biocompatibility, 
enabling precise antigen conjugation to PNCs without com
promising their structural integrity, thereby improving the 
consistency and efficacy of immune responses. Multiple che
mical conjugation methods are used for vaccine development, 
one of which is EDC/NHS conjugation. This method employs 
the bioconjugation agents 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) and N-hydroxysulfosuccinimide (Sulfo- 
NHS) to activate carboxylic acid groups on biomolecules.179,180 

The EDC/Sulfo-NHS coupling method has been widely 
applied in developing peptide nanostructures and conjugating 
protein antigens to PNC surfaces, such as VLPs.181–184 

Maleimide, a chemical substance with chemoselectivity toward 
thiols, forms stable bonds with sulfhydryl groups in cysteine 
residues, a technique commonly employed in developing pro
tein nanoparticle-based vaccines.185,186 While these reactions 
are rapid, highly selective, and efficient, they require additional 
steps to introduce reactive functional groups into both the 
antigens and PNCs. This is accomplished by incorporating 
amino acid analogs and unnatural amino acids into the pro
teins, enabling precise and stable conjugation.187

Coupling with conjugating tags
The tag-coupling method involves attaching a tag to the anti
gen and a catcher to the PNC (vice versa), with each compo
nent being separately produced and purified before being 
combined to create PNCs displaying the antigens. Typically, 

Figure 5. Strategies to conjugate antigens on PNPs. Three major strategies exist for presenting antigens: (1) genetic fusion: involves the direct fusion of antigen with 
the corresponding PNC subunit and expressed genetically (2) chemical conjugation: involves chemical crosslinking agents to form irreversible bonds between the 
chemically active amino acid side chains of both PNCs and antigens or drug moieties (3) coupling with tags: involve genetically fusing the catcher to one entity and tag 
to another, thereby it results in strong affinity interaction between catcher and tag system forming PNCs displaying antigens on to their surface in an orderly manner.
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the tag is genetically linked to one end of the one protein, while 
the catcher, designed to specifically bind the tag, is attached to 
one end of the other to be expressed on the exposed surface. 
Following independent expression, purification, and mixing, 
the catcher binds strongly to the tag, resulting in a PNC that 
displays the antigen on its surface for immune activation.

The CnaB2 adhesin domain from Streptococcus pyogenes 
fibronectin-binding protein, FbaB, is naturally stabilized by 
an isopeptide bond. This bond forms through a spontaneous 
amidation reaction between the side chain of an aspartic acid 
in a 13-residue peptide (SpyTag) and a lysine residue in its 
116-residue protein partner (SpyCatcher), both derived from 
the adhesin domain. This reaction forms a covalent isopeptide 
bond, enabling stable and specific conjugation of two polypep
tides. This characteristic has been utilized as a simple yet 
highly selective and robust method for conjugating antigens 
to PNCs. The SpyTag and SpyCatcher sequences (Table 5) can 
be attached to either the end of the PNC or the antigen 
sequences using simple techniques such as PCR, enabling 
flexible design options. Introducing an improved SpyTag003- 
SpyCatcher003 system, which offers higher affinity and faster 
reaction kinetics, has made this method one of the most 
versatile and frequently used approaches for attaching antigens 
to PNC platforms.

Other protein/peptide-based tag-coupling methodologies 
suitable for linking antigens to PNC platforms include 
SnoopTag/SnoopCatcher,191 sortase,196 and Barnase – 
Barstar197 systems. The SnoopTag-SnoopCatcher system also 
relies on isopeptide bond formation through a transamidation 
reaction between a lysine in a 12-residue peptide tag 
(SnoopTag) and an asparagine in a 112-residue cognate 

protein partner (SnoopCatcher), derived from a Streptococcus 
pneumoniae adhesin molecule. The sortase A system involves 
peptide bond formation through a transpeptidation reaction 
between the sortase A recognition motif, LPXTG (X represent
ing any amino acid), and the oligo-glycine sequence196 at a 
protein’s N-terminus, mediated by the Staphylococcus aureus 
enzyme sortase A. The Barnase-Barnstar system depends on 
the strong non-covalent interaction between dimerization 
domains of barnase (a 110-residue ribonuclease) and barnstar 
(an 89-residue barnase inhibitor) from Bacillus amyloliquefa
ciens. Furthermore, the carboxyl- and amino terminals of both 
barnase and barnstar are accessible for protein/peptide fusion, 
as they are not part of their dimerization domains.198

PNC-based delivery systems for mucosal vaccines

Various self-assembling PNCs have been used in recent years 
to generate effective mucosal vaccines (Table 6).

Virus-like particles (VLPs)

VLPs have emerged as a promising platform for mucosal 
vaccine delivery, offering several advantages over traditional 
vaccine formulations (Figure 1). In recent decades, they have 
significantly contributed to the advancement of vaccine 
development.207,208 VLPs are structures that mimic live viruses 
but lack their genetic material. These particles comprise viral 
structural proteins that spontaneously assemble, presenting 
viral antigens in their natural form and eliciting strong 
immune responses. VLPs typically range from 15–400 nm in 
size, allowing for efficient uptake by antigen-presenting cells 

Table 5. Summary of various coupling systems.

Tags Catchers Tag Sequence Description Reference

SpyTag SpyCatcher AHIVMVDAYKPTK Original Catcher-Tag technology. 188
SpyTag 
KTag

SpyLigase AHIVMVDAYKPTK 
ATHIKFSKRD

Rationally engineered system for ligating two peptides. 189

SpyTag SpyCatcher ∆N1∆C1 AHIVMVDAYKPTK Minimal SpyCatcher construct that still binds efficiently to SpyTag. 190
SnoopTag SnoopCatcher KLGDIEFIKVNK Orthogonal technology to SpyCatcher 191
SpyTag002 SpyCatcher002 VPTIVMVDAYKRYK Improved SpyCatcher-SpyTag system with a faster reaction rate. 192

SnoopTagJr 
DogTag

SnoopLigase KLGSIEFIKVNK 
DIPATYEFTDGKHYITNEPIPPK

Rationally engineered system for ligating two peptides 193

SpyTag002 SpyDock VPTIVMVDAYKRYK Protein affinity purification system (Spy&Go) based on SpyCatcher. 194
SpyTag003 SpyCatcher003 RGVPHIVMVDAYKRYK Efficient protein coupling tool for irreversible peptide-protein ligation 195

Table 6. Studies on PNC based mucosal vaccines.

Type of PNCs PNC
Targetted 
Pathogen Antigen Adjuvant

Route of 
Administration Reference

VLP Based Vaccine SVA VLP Senecavirus A 
(SVA)

Capsid proteins VP0, VP1 and VP3 of 
SVA

ISA 201 Intra Nasal 199

CUMVTT VL SARS-CoV-2 RBD – Intra Nasal 200
Qβ VLP Influenza M2 – Intra Nasal 45

Non-VLP Based Ferritin Influenza Hemagglutinin (HA)/ 
Ectodomain of HA

– Intra Nasal 201

Ferritin Influenza HA, M2e, NA HCA-2/transmembrane 
protein M2 (M2e)

– Intra Nasal 202,203

Ferritin Pseudomonas 
aeruginosa

PcrV and OprI – Intra Nasal 204

Encapsulin Streptococcus 
pneumoniae

heat-killed S. pneumoniae (HKSP) – Intra Nasal 205

Computationally 
Designed

I3–01 SARS-CoV-2 RBD – Intra Nasal 206
I53–50 SARS-CoV-2 Spike protein MPLA liposomes Intra Nasal 113
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and transport across mucosal barriers.209 Their particulate 
nature and ability to display multiple epitopes in a highly 
organized manner contribute to the robust activation of both 
humoral and cellular immune responses.210 When adminis
tered via mucosal routes, VLP – based vaccines can induce 
strong local IgA production and systemic antibody responses, 
providing protection at the site of pathogen entry.211 The 
versatility of VLPs allows for the incorporation of foreign 
antigens and adjuvants, enabling the development of chimeric 
particles with enhanced immunogenicity.209 Recent studies 
have modified VLPs to improve the penetration through 
mucus barriers: PEGylation enhanced diffusion and stability 
in mucosal environment.14 Additionally, incorporating 
mucoadhesive components like chitosan has been investigated 
to increase retention time and improve antigen uptake at 
mucosal surfaces.212 Recent research on Virus-like particle 
(VLP) vaccinations for Senecavirus A (SVA) in 2020 demon
strated strong mucosal immune responses in pigs, including 
the production of SVA-specific IgA antibodies on mucosal 
surfaces. These antibodies have a key role in preventing viral 
entry and multiplication at the site of infection, which helps to 
explain the strong immune responses that are protective.199 

Additionally, the respiratory system produces neutralizing 
antibodies when virus-like particle (VLP) vaccinations against 
SARS-CoV-2 are administered nasally, triggering strong 
mucosal immune responses. By preventing the virus at its 
first point of entry, mucosal immunity – which is typified by 
IgA and IgG antibodies on nasal surfaces – provides enhanced 
protection against SARS-CoV-2 and its worrisome variants.200 

VLP-based vaccines have shown promise against various 
pathogens, including influenza, norovirus, and human papil
lomavirus, with some formulations already commercialized 
like Recombivax for hepatitis B, Gardasil for human papillo
mavirus and Hecolin for hepatitis E.40,207,213 The potential of 
VLPs to induce balanced local and systemic immune responses 
makes them an attractive platform for combating mucosal 
pathogens and addressing the limitations of traditional vaccine 
approaches.

Ferritin

Ferritin, an essential protein for iron storage, functions as a 
detoxifier and reservoir. In its highly conserved three-dimen
sional structure, ferritin subunits symmetrically arrange 24- 
mer PNC to form a hollow shell with an 80 Å diameter cavity 
(Figure 1).214,215 These self-assembled nanoparticles can effec
tively present antigens in a highly organized manner, mimick
ing viral structures resulting in enhanced 
immunogenicity.58,204 The hollow cavity of ferritin nanocages 
allows the encapsulation of various antigens or drug 
substances.58 Importantly, ferritin-based vaccines have 
demonstrated superior immunogenicity compared to conven
tional approaches in humans and experimental animals, indu
cing robust humoral and cellular immune responses in both 
systemic and mucosal compartments.204,216 Recent studies 
have demonstrated that ferritin nanocage vaccines can pro
voke robust specific antibody responses, including mucosal 
IgA, and offer protection against viral challenges in animal 
models.48,204 The biocompatibility and low toxicity of ferritin 

make it an excellent carrier system for vaccine development, 
addressing safety concerns associated with other delivery 
systems.215 Ferritin-based vaccines have shown promise in 
eliciting broad protection antibody responses against multiple 
pathogens, including influenza, Epstein-Barr virus, HIV, and 
SARS-CoV-2.48 According to a previous study, intranasal 
immunization with HMP-NPs, which are composed of the 
H3N2 virus’s ectodomain of hemagglutinin and three tandem 
highly conserved influenza M1 epitopes fused with the uni
versal helper T-cell epitope PADRE and ferritin nanocage 
without any adjuvant, conferred complete protection against 
the H3N2 virus, as well as partial protection against the H1N1 
and H9N2 viruses, and significantly decreased lung viral 
loads.201 The sequential immunization approach, which com
bines oral administration of Salmonella followed by an intra
nasal boost using ferritin-based nanoparticles, significantly 
enhanced mucosal immune responses against the H1N1 influ
enza virus. This method resulted in robust secretory IgA pro
duction in the respiratory system, offering improved 
protection at the virus’s entry point and potentially providing 
broader immunity against various influenza strains.202,217 The 
versatility of ferritin nanocages allows the development of 
mosaic vaccines, which can deliver a cocktail of antigens to 
provide broader immune protection against different viral 
variants.48 As research results accumulate, ferritin-based 
mucosal vaccines show promise in combating a wide range 
of infectious diseases, including respiratory pathogens, and are 
currently being explored in multiple phase I clinical trials.48,216 

The increasing evidence of strong cellular and robust, durable 
humoral immune responses induced by ferritin-based vaccines 
compared to conventional approaches further underscores 
their potential as an effective strategy for future mucosal vac
cine development.48

Encapsulin

Encapsulins are self-assembling, microbial proteinaceous 
nanocarriers found mainly in bacterial and archaeal species. 
They typically form ~30 nm sized 60-mer nanocages (Figure 
1).67,151 They can sequester functional protein cargos within 
their luminal spaces, making them ideal for antigen presenta
tion and targeting effector immune cells. Recent studies have 
demonstrated the potential of encapsulin for vaccine develop
ment, particularly against respiratory pathogens like SARS- 
CoV-2 and influenza.50,218 Encapsulin-based vaccines have 
shown the ability to induce robust humoral and cellular 
immune responses in both systemic and mucosal compart
ments when administered intranasally. A study conducted in 
2024, explored the use of engineered encapsulin scaffolds in 
combination with PP7 VLPs for heterologous prime-boost 
vaccination strategies, demonstrating the potential to fine- 
tune epitope-focused antibody responses.219 This approach 
led to developing selective antibody responses against SARS- 
CoV-2 RBD point mutants. Furthermore, encapsulin-based 
vaccines have shown extraordinarily high titers and broad 
anti-SARS-CoV-2 neutralization capabilities, even without 
co-administered adjuvants. Another research conducted in 
2013, nanoparticles encapsulating heat-killed Streptococcus 
pneumoniae (NP-HKSP) were more likely than empty 
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nanoparticle to remain in the lungs for 11 days after intranasal 
injection. When compared to HKSP treatment alone, immu
nization with NPHKSP resulted in a notable resistance against 
S. pneumoniae infection. A notable rise in the antigen-specific 
Th1-associated IFN-γ cytokine response by pulmonary lym
phocytes was linked with enhanced protection.205 The bio
compatibility, controlled release capabilities and targeted 
delivery potential of encapsulation make them an attractive 
option for mucosal vaccine development.

I3–01 nanocage

The I3–01 nanocage is a computationally designed protein 
nanocage derived from trimeric aldolase, consisting of 60 
subunits that self-assemble into a stable icosahedral structure 
with a diameter of ~25 nm (Figure 1).37,103 These nanocages 
are highly thermostable, can withstand up to 80 °C, and toler
ate denaturing agents like 6.7 M guanidium hydrochloride. 
The I3–01 nanocarrier has a large internal cavity (~3000  
nm3), which can encapsulate antigens or other biomolecules, 
making it an excellent platform for antigen presentation. The 
I3–01 nanocage-based delivery systems have emerged as a 
promising platform for mucosal vaccines, particularly for 
respiratory pathogens like SARS-CoV-2 and influenza. This 
self-assembling protein nanoparticle is designed to enhance 
antigen presentation and boost immune responses. Recent 
studies have shown its effectiveness in displaying various anti
gens, including the receptor binding domain (RBD) of SARS- 
CoV-2 when coupled with a flexible SpyCatcher domain 
(SpyCage).206 In a study done in 2024, the I3–01-based plat
form was evaluated in Syrian golden hamsters, where it was 
shown to induce robust IgG antibody responses upon intrana
sal vaccination. The study highlighted that hamsters vacci
nated with the RBD+SpyCage exhibited improved viral 
clearance and reduced lung pathology following the SARS- 
CoV-2 challenge compared to unvaccinated controls. The 
study validated how mucosal vaccine strategies are able to 
augment local immunity to respiratory diseases such as 
SARS-CoV-2. Perhaps most significantly, the covalent interac
tion between the RBD and the scaffold was the factor that 
elicited an immunological response through the intranasal 
route.206 This nanocage has also been explored for vaccines 
against other viral and parasitic pathogens. This new compu
tationally designed innovative nanocage could be utilized to 
generate more effective mucosal vaccines against a wide range 
of mucosal infectious agents.

T3 tetrahedral nanocage

The T3 tetrahedral nanocage is a computationally designed 
protein nanostructure that self-assembles into tetrahedral geo
metry (Figure 1). It is composed of protein subunits engi
neered to form highly stable and symmetric structures. The 
T3 nanocage design allows standardized protein building 
blocks and inter-block interactions to create a stable scaffold 
capable of encapsulating or displaying antigens. Its tetrahedral 
structure enhances its ability to present antigens in a multi
valent and organized manner, which is crucial for stimulating 
robust immune responses. The modularity of the T3 nanocage 

allows for customization, including the incorporation of multi
ple antigens and adjuvants, making it an ideal carrier for 
mucosal vaccine delivery systems targeting respiratory patho
gens like SARS-CoV-2 and influenza.220 Recent advancements 
in protein engineering software like Rosetta have led to the 
creation of single component tetrahedrons.114,221 The tetrahe
dral architecture not only enhances stability and bioavailability 
but also promotes efficient uptake by APCs at mucosal sites. 
T3 nanocage, given its structural uniqueness, would occupy a 
specialized niche in developing future mucosal vaccines by 
harnessing specific targeting capabilities.

Safety concerns of PNCs

Despite the potential of protein nanocages as nanocarriers for 
vaccine delivery, there are numerous safety issues and possible 
negative effects to consider.222 One concern is immunogeni
city, where multiple doses may result in increased immuno
globulin IgG levels and B cell counts, potentially rendering the 
carriers ineffective.223 Another issue is the “burst effect,” an 
unregular release of any cargo loaded inside (for eg: drug), that 
may lead to adverse reactions.224,225 Virus capsid protein 
derived protein nanocages present specific safety concerns, 
including the potential to revert to infectious forms.90 

Though the PNCs are potent and have many vital advantages 
for them to be used as the best vaccine delivery system, these 
safety concerns must also be considered while designing. These 
safety issues highlight the necessity for careful engineering, 
alteration and testing of protein nanocages to guarantee their 
efficacy and safety in biomedical applications.

Conclusion and future perspectives

Compared to traditional vaccines using live or inactivated 
pathogens, protein nanocage-based drug delivery systems 
offer unique opportunities for developing novel subunit muco
sal vaccines and immunotherapies. Though many PNC-based 
mucosal vaccines are under development in their clinical and 
preclinical stages, no PNC-based mucosal vaccines have been 
approved for commercial use yet. Various protein nanoparticle 
delivery systems have been devised for mucosal vaccination, 
each with distinct strengths and limitations. The next genera
tion of mucosal vaccines requires not only effective delivery 
systems that could overcome harsh conditions in the mucosae 
but also potent adjuvants that would overwhelm the tolero
genic mucosal immune system. PNCs could be employed in 
designing more effective mucosal vaccines because of their 
innate stability and constitutional multivalency. Despite sig
nificant progress in developing protein nanocages for antigen 
delivery through mucosal surfaces, challenges and unmet 
needs persist. It should be explored why different nanocages 
bring up different immune responses further to accelerate the 
development of better PNC-based mucosal vaccines. 
Technological tricks could enable displaying both antigen 
and adjuvant on a single PNC, resulting in more efficient 
activation of APCs to present antigens to T lymphocytes. The 
all-in-one PNC mucosal vaccine displaying both built-in adju
vant and focused antigens (inducing more potent neutralizing 
immune responses) will certainly serve as an effective 
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preventive and spread-inhibiting vaccines against future emer
ging infections such as Disease X. Future research should also 
evaluate how the physicochemical properties of nanocages 
influence specific immune pathways in the mucosa in more 
mechanistic ways. Notably, the immunogenicity of the protein 
nanocages themselves remains an underexplored area; greater 
focus is needed on minimizing or eliminating nanocage-spe
cific immune responses to optimize efficacy after repeated 
immunizations and reduce reactogenicity. Alternatively, a 
prime-boost strategy employing different PNC platforms 
sequentially could be utilized until sufficiently deimmunized 
PNCs become available. Collectively, the nanocage platform 
offers a versatile approach to overcoming many challenges 
faced by current vaccines, particularly mucosal vaccines.
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