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A
ccording to the World Health Organization, HIV/AIDS, 
malaria and tuberculosis (TB) combined caused more 
than 2.5 million deaths worldwide in 2017, most of them 

occurring in low-income countries1–4. In resource-limited coun-
tries, these three pathogens are among the top 10 causes of mor-
tality, highlighting the need to develop prophylactic strategies. 
Although HIV/AIDS, malaria and TB are caused by dissimilar 
pathogens, the challenges they present for vaccination share com-
monalities, and nanomaterials are uniquely positioned to address 
some of these challenges. One common feature is that in each, the 
immune response to infection does not generally result in protective 
immunity, in contrast to other vaccine-preventable diseases such as 
measles or varicella, which do generate protective immunity in most 
individuals. Because of this, successful vaccine strategies for HIV, 
malaria or TB must produce immune responses that are uniquely 
engineered to be distinct from that of natural infection. The syn-
thetic origins of nanomaterials, along with their defined and tai-
lorable structures and increasingly clear engineering design rules 
offer potential routes to such vaccines. A second commonality is 
that these three diseases impact tropical and developing locations of 
the globe most significantly, resulting in challenges of distribution 
and implementation. The synthetic composition of nanomaterials 
can also offer advantages in this regard. Third, for each of these dis-
eases, a successful vaccine strategy will likely involve more complex 
immune responses than simple antibody production, potentially 
including engagement of a precise combination of humoral and cel-
lular immunity. Here again, the multifunctionality and tailorability 
of synthetic and nanomaterial-based vaccines offers advantages. 
Finally, with the global health community currently responding to a 
pandemic caused by the novel coronavirus SARS-CoV2, the insights 
gained from vaccines against the infectious diseases described 

here may also be critical for developing a prophylactic vaccine for  
this pathogen.

This Review will focus on nanomaterial vaccines under develop-
ment toward malaria, TB and HIV, emphasizing recent work and an 
emerging understanding of how such materials engage the immune 
system. Vaccines based on designed protein, peptide, lipid, polymer 
and inorganic nanomaterials will be discussed (Fig. 1). We will not 
address other areas of nanomaterials immune engineering such 
as anticancer immunotherapies, tolerance induction to treat auto-
immunity, or other infectious diseases, despite intense interest in 
these areas and similar nanomaterials being explored. The reader is 
instead referred to other recent reviews in these sub-areas5–7 as well 
as recent comprehensive reviews8–11.

Since the beginning of the HIV-1 pandemic, more than 30 mil-
lion infected individuals have died. In 2017, 36.9 million people 
were living with HIV-1, including 1.8 million newly infected indi-
viduals, and HIV-1 was responsible for 940,000 deaths with 110,000 
deaths occurring among children under 15 years of age4. It is well 
recognized that a vaccine is critically needed to contain the pan-
demic, yet despite over 30 years of research, a vaccine has not yet 
been developed successfully. Several virologic and immunologi-
cal factors stand in the way of developing an effective prophylac-
tic HIV-1 vaccine. One of these is that the highly dynamic HIV-1 
genome, driven by its error-prone reverse transcriptase and recom-
bination between its genome copies, represents a moving target for 
the design of an optimal vaccine immunogen. Moreover, as HIV-1 
infected individuals are not able to eradicate the virus, there are no 
clear immune correlates of protection in humans. Early studies have 
demonstrated that the emergence of virus-specific CD8+ T cells 
in the acute phase of infection was coincident with viral control12 
and long term non-progressors have been reported to have potent, 
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polyfunctional cellular immune responses13. However, elicitation of 
robust cellular responses does not provide the sterilizing immunity 
needed to prevent infection.

In a subset of individuals, antibodies that target vulnerable sites 
of the viral envelope (Env) incrementally develop neutralizing 
potency and evolve into broadly neutralizing antibodies (bnAbs) 
after several years of untreated infection14. These bnAbs have char-
acteristics such as a high level of somatic hypermutation, long com-
plementary determining regions 3 (CDR3) and poly-reactivity15,16. 
It has been shown that passive immunization with bnAbs can 
prevent viral acquisition in non-human primates17,18. While elici-
tation of broad neutralization is a priority in the HIV-1 vaccine 
field, designing vaccine immunogens capable of recapitulating the 
process of bnAb development has proven extremely difficult. This 
is in part due to the fact that some bnAb epitopes are shielded by 
the extensive, minimally-immunogenic glycan fence of the Env19. 
Moreover, the highly variable regions on the HIV-1 Env present 
as decoys, directing the humoral response away from the relative 
constant regions that are usually bnAb target sites20. Induction of 
bnAbs may also require breaking immune tolerance mechanisms21 
and may be dependent on follicular helper T cells (TFH)22.

Compared to bnAbs, non-neutralizing antibodies are easier to 
elicit with vaccination and may provide modest protection against 
HIV infection, as exemplified in the RV144 vaccine efficacy trial 
conducted in Thailand23. In this trial, vaccinees were primed with 
a recombinant canarypox vector expressing HIV-1 Gag, Pro and 
Env antigens from subtypes B and E, and then boosted with an 
Env subunit vaccine adjuvanted with Alum23. The immune corre-
late analysis of this moderately efficacious vaccine trial indicated 
that IgG antibodies against the envelope variable loops 1 and 2 
(V1V2) were associated with reduced risk of HIV-1 acquisition24, 
whereas high plasma levels of vaccine-elicited IgA were associated 
with increased HIV-1 acquisition, probably by mitigating the pro-
tective effect of IgG against the same epitopes25. Importantly, the 
mechanism by which V1V2 antibodies mediated protection is not 
fully understood. As the vaccine-elicited antibodies only neutral-
ized minimally evolved (Tier 1) viruses26, it has been speculated 
that Fc-mediated, non-neutralizing antibody functions may medi-
ate protection. In fact, monoclonal antibodies isolated from RV144 
vaccines are able to mediate antibody-dependent cellular cytotox-
icity27, and vaccine-elicited V1V2-specific antibodies can activate 
the complement cascade28. Nevertheless, the potential for protec-
tion of this vaccine approach is now uncertain, as a recent efficacy 
trial conducted in South Africa attempting to replicate the results 
of RV144 (HVTN 702) was halted prematurely due to the lack of 
efficacy29. In this trial, HIV-1 subtype C antigens were included in 
the vaccine in order to increase coverage against the virus strains 

circulating in South Africa, which has infection rates significantly 
higher than in Thailand. Whether differences in vaccine regimens, 
infection rates, or trial populations contributed to the differences 
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Fig. 1 | Molecular models and transmission electron microscopy images of 

nanomaterial vaccines against HIV and Malaria. a,b, Ferritin nanoparticle 

core decorated with gp140 HIV envelope proteins. c,d, Self-assembling 

protein nanoparticles displaying malaria epitopes. Scale bar, 100 nm. e,f, 

Self-assembled peptide nanofibres bearing malaria epitopes. Scale bar, 100 

nm. g,h, Inter-bilayer crosslinked multilamellar vesicles with surface bound 

HIV envelope trimers and thiolated polyethylene glycol (PEG-SH). Scale 

bar, 20 nm. i,j, Fullerenol particles used as nanoadjuvants for a HIV-1 DNA 

vaccines. Scale bar, 100 nm. k,l, Liposomes incorporating nickel-binding 

(DGS-NTA(Ni)) and thiol-reactive (MPB) lipids covalently bound to HIV-1 

trimers (MD39-HHHHHHC). Scale bar, 100 nm. Panels a and b adapted 

with permission from ref. 82, AAAS. Panels c and d adapted from ref. 164. 

Panel f adapted with permission from ref. 156, Elsevier. Panel g adapted with 

permission from ref. 109, American Chemical Society. Panel h adapted with 

permission from ref. 165, Springer Nature Ltd. Panels i and j adapted with 

permission from ref. 153, Wiley. Panels k and l adapted from ref. 148, distributed 

under a CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/).

REVIEW ARTICLE | FOCUS NATURE NANOTECHNOLOGY

NAtuRE NANotECHNoLoGy | VOL 16 | APRIL 2021 | 385–398 | www.nature.com/naturenanotechnology386

http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturenanotechnology


FOCUS | REVIEW ARTICLENATURE NANOTECHNOLOGY

observed between the two trials is still unclear29. Vaccination stud-
ies in non-human primates have also supported a protective role 
for non-neutralizing Fc-mediated effector functions30,31. Yet, stud-
ies in non-primates have indicated that passive immunization with 
non-neutralizing antibodies confer limited or no protection against 
virus acquisition32,33.

Achieving protective immunity against HIV-1 may require the 
elicitation of both robust antibody responses with the aim of block-
ing/reducing infection acquisition and effective cellular responses 
to control breakthrough infections. Similar to natural infection, 
immunization with monomeric Env vaccine immunogens can 
induce robust antibody responses against immuno-dominant epit-
opes, but these antibodies are unable to neutralize circulating virus 
strains34. Strategies being pursued to design B cell immunogens 
with the goal of inducing bnAbs include: immunogens that mimic 
the native Env structure such as virus-like particles (VLP) bear-
ing only pure native functional Env proteins35, stabilized soluble 
immunogens that reproduce the trimeric structure of Env36, and 
bnAb epitope-focused immunogens37. Several approaches are also 
being pursued for the induction of effective T cell responses includ-
ing immunogens targeting the most conserved regions of HIV-138 
and mosaic immunogens, which are designed using computational 
approaches to generate combined protein sequences from multiple 
naturally-occurring proteins39. In addition to challenges in elicit-
ing antibodies of protective specificities, immunization with HIV-1 
Env constructs usually induces antibody responses of limited dura-
tion40. This issue, along with the need to engage multiple arms of the 
immune system to achieve protective immunity, makes synthetic 
and nanomaterial-based approaches attractive.

Malaria, like HIV-1, presents unique challenges for vaccina-
tion. While preventive measures have significantly impacted the 
incidence and severity of malaria infections, continued prog-
ress has been difficult to achieve. In 2017, 219 million cases of 
malaria occurred, 2 million more than in 2016, and the number of 
malaria-related deaths remained above 400,0003. Children under 
the age of five have been especially vulnerable, accounting for 61% 
of malaria-related deaths in 2017. Most are due to Plasmodium 
falciparum, which has a complex life cycle and exists in several 
forms in humans: sporozoites, which infect hepatocytes; merozo-
ites, which infect red blood cells; and gametocytes that continue 
the life cycle in mosquitos, where they undergo sexual replication41. 
Because of this complexity, vaccines against each stage are currently  
being pursued42.

Following natural malaria infection, sterilizing immunity does 
not develop, so the immune response elicited by a successful vaccine 
must be distinctly different. The most advanced malaria vaccine 
candidate (RTS,S) contains the central repeat and terminal epitopes 
of the major surface antigen circumsporozoite protein (CSP) and has 
exhibited 43.9% efficacy after four immunization doses in children 
and 27.8% efficacy in infants43. However, efficacy quickly wanes 
and is variable among the paediatric populations studied44. Thus, 
there is a need for new strategies to improve efficacy and durability. 
Another major challenge is the lack of clearly defined correlates of 
protection, making target selection and formulation optimization 
challenging. Other hurdles include the complexity of the parasite, 
with hundreds of potential vaccine targets, the immune evasion 
inherent in its complex life cycle, the high level of polymorphisms 
in the most immunogenic antigens45, and poor immunogenicity of 
conserved epitopes46. Interestingly, in addition to anti-CSP antibod-
ies, polyfunctional T cell responses may also contribute to protec-
tion against malaria. In fact, polyfunctional CD4+ T cell responses 
were associated with protection in individuals primed with the ade-
noviral vector Ad35-CSP and boosted with RTS,S47. In other stud-
ies, vaccine-elicited CD8+ T cell responses have also been associated 
with protection48. These results demonstrate that several branches 
of the adaptive immune system may need to be recruited to increase 

the efficacy of a malaria vaccine. Nanomaterial-based vaccines may 
thus help overcome some of these challenges by enhancing vaccines 
targeting conserved epitopes, by providing routes for engaging both 
humoral and cellular immunity, and by providing defined candi-
dates whose design can be optimized systematically as correlates of 
protection are increasingly revealed.

TB infected 10 million individuals in 2017 and was responsible 
for an estimated 1.3 million deaths, making it the leading cause of 
mortality due to a single infection2. TB cases are complicated by 
the emergence of multi-drug resistant bacteria and frequent HIV 
co-infections. In fact, in 2017, 9% of new TB infections occurred 
in HIV-infected individuals, and TB was responsible for 300,000 
deaths among HIV-infected patients2. Mycobacterium tuberculosis 
(M. tuberculosis) generally infects the lungs, but it can also infect 
extrapulmonary organs. Following primary infection, TB can 
evolve towards active disease, latent infection, or be eradicated by 
the host immune system. Macrophages constitute the first line of 
defence against TB, but the pathogen can successfully persist in 
macrophages. Another mechanism of immune evasion includes 
the transition into a dormant stage that is highly resistant to the 
host immune system and can persist for years within granulomas49. 
In young children, immunization with the live-attenuated Bacillus 
Calmette Guerin (BCG) vaccine can provide protective immunity 
against severe TB disease50, but the efficacy of this vaccine is low and 
it poorly protects from TB acquisition. Moreover, the BCG vaccine 
is less efficacious in adults and variable across different geographic 
settings51. Interestingly, a recent BCG vaccine study indicated that 
when immunized intravenously, 90% of macaques were protected 
against M. tuberculosis challenge, suggesting that it may be possible 
to broaden the efficacy of BCG vaccination52.

As with HIV and malaria, a major hurdle to the development of 
an effective TB vaccine is the lack of well-established immune cor-
relates of protection and an incomplete understanding of protective 
mechanisms53. IFN‐γ producing CD4+ T cells are thought be critical 
for TB control, but this response may not be sufficient to induce pro-
tection. Other T cell subsets including CD8+ T cells and unconven-
tional T cells subsets such as HLA-E restricted CD8+ T cells may also 
contribute to protection, but their role is not yet clearly established. 
There are currently multiple ongoing TB vaccine clinical trials. Two 
subunit vaccines showing promising effects include M72/AS01E and 
H4:IC3154. M72/AS01E, which consists of a recombinant fusion pro-
tein (M72) of two M. tuberculosis antigens with the AS01 liposomal 
adjuvant system, was shown to protect 54% of adults in a study of 
individuals with latent TB infection55. H4:IC31 consists of a recom-
binant fusion protein (H4) of three M. tuberculosis antigens with the 
IC31 TLR-9 agonist adjuvant system. In a study of adolescents pre-
viously vaccinated with BCG, both H4:IC31 or a secondary BCG 
vaccination were shown to reduce the rates of persistent TB infec-
tion56. Most current TB vaccine candidates are designed primarily to 
induce cellular immune responses. However, whether these vaccines 
will be able to elicit the sterilizing immunity required to prevent 
acquisition is not yet completely clear. The development of a TB vac-
cine is further complicated by the fact that M. tuberculosis expresses 
about 4,000 proteins at levels that vary with the metabolic stage, 
complicating antigen selection57. Nanomaterials that can carry mul-
tiple antigens are therefore of interest for TB vaccine development, 
and they are further appealing because they can provide adjuvant 
effects required to tune the immune response towards potentially 
important mechanisms such as elicitation of Th1 responses.

Mechanisms by which nanomaterials improve vaccine 
responses
A central aspect in the engineering of nanomaterial vaccines against 
HIV, malaria and TB involves their delivery to key cells and tissues 
of the immune system. However, unlike other drug delivery appli-
cations that may target a narrowly defined cell type, a productively 
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immunogenic nanomaterial vaccine needs to interact with many 
different types of cells. These may include various professional anti-
gen presenting cells (APCs), B cells, macrophages, neutrophils and 
T cells of various types after the vaccine-associated antigens have 

been processed. These interactions occur across extended time 
periods, in multiple tissue locations and after considerable pro-
cessing, making it a complicated endeavour to rationally engineer 
the trafficking of a nanomaterial vaccine (Fig. 2). Features under  
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control can include the size and shape of the nanomaterial, its 
durability in vivo, the number of antigen copies on or within the 
nanomaterial, the specific co-delivery of adjuvants, the physical ori-
entation of antigens, or complement activation. Each of these fac-
tors influences how the vaccine traffics to various lymphoid tissues, 
with considerable impact on the quality and strength of immune 
responses raised. These aspects are discussed in this section.

Encapsulation or conjugation of antigens within nanomateri-
als can greatly increase the persistence of antigens at the injection 
site, in the circulation, in lymphoid tissues, or even within APCs  
(Fig. 2). It has long been appreciated that extending the persistence 
of an antigen can enhance its immunogenicity, and a variety of nan-
otechnological strategies for achieving this have been explored. For 
example, Moon et al. demonstrated that interbilayer-crosslinked 
multilamellar vesicles (ICMVs) with both encapsulated and 
surface-conjugated malaria antigens can improve vaccination com-
pared with the soluble antigen, owing to the prolonged presence of 
the antigen in the draining lymph nodes (LNs)58. Demento et al. 
similarly illustrated the effect of prolonged antigen delivery using 
poly(lactic-co-glycolic acid) (PLGA) nanoparticles encapsulating 
ovalbumin as a model antigen59. The prolonged release of antigen 
allowed for improved immunogenicity, and the degradation rates 
of the PLGA nanoparticles could be manipulated to further extend 
the ovalbumin release. The slowly degrading nanoparticles served 
as a durable source of antigen for APCs to acquire and present to 
follicular helper T cells (Tfh), which play a central role in germinal 
centre reactions in LNs, where antibody affinity maturation takes 
place. This process of generating high affinity antibodies to vaccine 
targets is critical for generating protective immunity against infec-
tious diseases.

Although the creation of depots at injection sites can help pro-
long antigen exposure and facilitate germinal centre reactions, 
strong cellular immune responses still require that antigens be inter-
nalized, processed and presented efficiently by APCs. In order to 
mount a specific cytotoxic CD8+ T cell response against HIV, TB, or 
Malaria, cross-presentation of their exogenous antigens on class-I 
MHC must first be achieved. For successful cross-presentation to 
be achieved, antigen fragments must further escape to the cytosol. 
To accomplish this, nanomaterials sensitive to the environment 
of the endolysosomal pathway have been explored. This strategy 
mimics some viral infections and enables enhanced CD8+ T cell 
responses compared to the delivery of free antigen60. For example, 
Hirosue et al. demonstrated that when ovalbumin peptide antigens 
were linked to the surface of pluronic-stabilized poly(propylene 
sulfide) (PPS) nanoparticles via disulfide bonds that were cleav-
able in the reductive environment of the endolysosomal pathway, 
cross presentation was enhanced compared to antigens attached via 
non-reducible linkages61.

The controlled and predictable delivery of nanoparticle vac-
cines to the large population of B cells, T cells, follicular dendritic 
cells, and subcapsular sinus macrophages residing in the LNs is 
highly sought for vaccine design. While antigens can be delivered 
to the LNs via APCs that acquire the antigens at the injection site 
and migrate to the LNs, drainage to the LNs also occurs, largely 
dependent on the size of the nanoparticles (Fig. 2). With the caveat 
that multiple physical properties of nanoparticles influence lym-
phatic drainage, including charge, shape and flexibility, it has been 
observed that nanoparticles smaller than 100 nm tend to drain 
to the LNs, with 10–50 nm being near the optimal size62, whereas 
those close to 6 nm or smaller tend to drain to the vasculature63. The 
larger the nanoparticles were within this range, however, the better 
they were retained in the LNs64. Larger nanoparticles that passively 
drained to the LNs were acquired by subcapsular macrophages, 
while smaller particles were more likely to enter conduits and travel 
to B and T cell zones65. Beyond size, characteristics such as flex-
ibility can also influence the drainage of nanoparticles to LNs66, and 

different nanomaterial platforms may have subtly different optimal 
sizes for lymphatic drainage. Intranodal injection, though invasive, 
volume limiting and subject to rapid clearance via afferent lymph, 
may begin to circumvent such considerations altogether67–69.

In the case of respiratory, sexually and orally transmitted patho-
gens such as TB and HIV, the mucosal immune response is par-
ticularly relevant, so mucosal delivery of nanomaterials has received 
particular attention (Fig. 2). Mucus is a porous network of mucin 
glycopoymers70,71, and the ability of nanoparticles to pass through 
or adhere to it is largely dependent on size and surface characteris-
tics. Pore sizes vary within different mucosal barriers, with cervico-
vaginal mucus reported to have average pore diameters of 340 nm72 
and respiratory mucus up to 200 nm, so nanoparticles smaller than 
these cut-offs can traverse these barriers more easily73. Hydrophilic 
polymers such as poly(ethylene glycol) (PEG) have also been found 
to greatly facilitate transit of particles across the mucus layer (see 
Box 1 regarding immunological considerations of PEG in nanoma-
terials)80,83,84. Additionally, cationic nanoparticles are mucoadhesive, 
allowing them to be retained in the mucus and giving them a greater 
opportunity to interact with mucosal immune cells. Chitosan, a 
cationic polysaccharide derived from the shells of crustaceans, 
has been employed in mucosally delivered vaccine nanoparticles74, 
including those against TB75.

Beyond targeting LNs or mucosal tissues, considerable work has 
been undertaken to direct the uptake of nanoparticles to specific 
subsets of APCs (Fig. 2). In many sites of delivery, nanomaterials are 
avidly acquired by macrophages owing to their broadly phagocytic 
nature. Although the design rules for achieving cell-type-specific 
uptake are multifactorial and interdependent, nanoparticle size, 
charge and shape can be manipulated to enhance macrophage 
uptake or to favour uptake by other APCs76,77. For example, it has 
been reported that macrophages preferentially ingest anionic 
particles78, whereas both DCs and macrophages can be passively  
targeted based on nanoparticle size, with particles from 20–200 nm 
being endocytosed by DCs and particles from 500–5,000 nm being 
phagocytosed by macrophages in some contexts79. Specific receptors 
on DCs also provide opportunities for affinity-based targeting strat-
egies of specific DC subsets80. These include C-type lectin recep-
tors such as DEC-205 and DC-SIGN, which are heavily expressed 

Box 1 | A note about polyethylene glycol in nanomaterial 
vaccines

A longstanding strategy for modulating the delivery of biologics 
and nanomaterials, polyethylene glycol (PEG) was originally re-
garded as a nonimmunogenic polymer, but recent �ndings have 
revealed more complexity surrounding PEG immunogenicity. 
One study showed that among 377 people not previously exposed 
to a PEGylated drug, about 72% of them had at least low levels of 
pre-existing anti-PEG antibodies167. However, the implications of 
anti-PEG antibodies continue to be debated. �e sensitivity and 
speci�city of di�erent assays for detecting anti-PEG antibodies 
vary considerably, making reliable measurement and compari-
son between studies challenging167,168. Currently, the use of PEG 
in nanomaterial vaccines must be optimized for each speci�c 
vaccine context in light of the potential range of responses that 
are possible, as PEGylation can have either pro-immunogenic169 
or anti-immunogenic170 e�ects in di�erent vaccine systems. 
Moreover, the ultimate consequence of any anti-PEG antibod-
ies raised will depend considerably on antibody characteristics 
such as titer, a�nity, isotype and polyclonality. Currently there 
is much progress le� to be made in fully unravelling the mecha-
nisms and context-dependent rami�cations of PEG immuno-
genicity in nanomaterial vaccines.
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on epithelium-resident Langerhans cells and LN-resident DCs81. 
Other strategies have targeted follicular dendritic cells (FDCs) in 
LNs. Multivalent ferritin nanoparticles displaying HIV antigen gly-
coproteins targeted FDCs and enhanced the development of ger-
minal centres, discussed in greater detail in the section below on 
multivalency82. B cells, another important APC in the context of 
nanomaterial based vaccines, can be targeted by repetitive, multi-
valent antigen structures, which cross-link B-cell receptors and lead 
to enhanced uptake and activation83, also discussed in greater detail 
in the next section.

Nanomaterial vaccines also offer routes to improve the func-
tion of adjuvants and to minimize negative systemic or local effects 
such as inflammation or toxicity. Dosing adjuvants so as to achieve 
strong immune responses without such negative effects is a persis-
tent challenge in vaccine design84,85, and the delivery of adjuvants 
via nanomaterials can provide routes towards dose reduction by 
controlling adjuvant release near or inside APCs86. For instance, 
Moon et al. demonstrated that multilamellar ‘stapled’ lipid vesicles 
incorporating a malaria antigen and delivered in combination 
with the TLR4-agonist adjuvant MPLA allowed for a 10-fold dose 
reduction of the adjuvant when compared to a soluble antigen/
MPLA vaccine and induced more diverse humoral responses57. 
Other adjuvanted lipid nanomaterial formulations have also been 
shown to raise higher antibody titers than simply mixing antigen 
with adjuvant87. As another example, Huang et al. demonstrated 
that His-tagged Pfs25 malaria antigens inserted into the lipid 
bilayer of adjuvant-encapsulating liposomes generated durable 
antigen-specific plasma cells88. Furthermore, some nanoparticles 
have intrinsic adjuvanting properties, even without augmentation 
by TLR ligands or other adjuvants. Pathways by which this may 
occur include complement activation, inflammasome signalling or 
B cell activation8. Such intrinsically adjuvanting nanoparticles may 
be advantageous because they can limit inflammation and toxicity 
arising from other adjuvants, and they simplify the formulation and 
dosing of a vaccine.

the impact of multivalent protein display by nanomaterials
Spatially repetitive structures are intrinsic to viruses, bacteria, and 
other pathogens, and the immune system has evolved to recog-
nize and respond to them with exquisite sensitivity. Many viruses 
and bacteria contain repetitive antigens spaced at around 5-10 
nm apart89, yet notably some pathogens have evolved to minimize 
such structures. For example, the envelope spikes of HIV are fewer 
and more separated than on other spherical viruses, leading to the 
hypothesis that the virus has evolved specifically to minimize the 
effects of multivalency, even at a cost of its transmissibility90. Thus, 
the ability to finely manipulate, enhance and optimize antigen 
density and orientation is one of the most advantageous features 
of nanomaterials (Fig. 3), because such control is more difficult 
to achieve in other forms of vaccines. As evidence of the power of 
multivalency in nanomaterial vaccines, several highly repetitive 
structures have been found to elicit strong humoral and cellular 
immune responses even without supplemental adjuvants or other 
immunostimulating components. This property is exhibited by 
supramolecular peptide assemblies91–95, self-assembled polypeptide 
nanoparticles96,97, and other multivalent particulates62,98, but it is less 
common for purely soluble proteins. The effect of multivalency is so 
powerful that even epitopes that would otherwise be tolerized, such 
as those within autologous cytokines, can be made immunogenic95.

Defined materials offer the opportunity to investigate the struc-
tural features and immunological mechanisms that lead to the 
immunogenicity-enhancing effects of multivalency. Early work 
by Howard and Renee Dintzis and co-workers with multivalent 
polymer-conjugated dinitrophenyl haptens demonstrated that such 
materials were able to activate T-independent B cell responses99. 
In a series of landmark studies, it was demonstrated that repetitive 

displays of polymer-linked haptens were able to activate immune 
cells in a fashion that was dependent on molecular weight, ligand 
density and ligand number99–101. This phenomenon is quantized, 
and a critical number of hapten molecules are required to pro-
duce a T-independent antibody response100. For example, for 
polyacrylamide-linked haptens, a sharp threshold of immunogenic-
ity was observed when more than 12–16 copies of the hapten were 
conjugated to the polymer. Higher molecular weight polymers with 
a lower density of ligands could also crosslink receptors because 
of the polymers’ flexible backbones100. Notably, the phenomena 
described were distinct from the processes by which nanoparticle 
vaccines typically raise immune responses, as these generally con-
tain T-cell epitopes and raise T-dependent responses, yet multiva-
lency still facilitates T-dependent processes as well102. Though these 
examples utilize model epitopes, they shed light on the mechanisms 
by which nanomaterials raise immune responses.

Particulate displays of antigen, such as those created by conju-
gating antigens to nanoparticles, promote uptake by B cells even if 
their BCRs have low affinity for the antigen. Work by Batista and 
Neuberger demonstrated that linking hen egg lysozyme (HEL) to 
the surface of beads allowed equal levels of uptake and presenta-
tion by high- and low-affinity B cells, whereas the uptake of soluble 
proteins was correlated to the affinity of the BCR for HEL103. The 
authors speculated that this was due to increased avidity interac-
tions when multiple BCRs were crosslinked, lowering the upper 
limit for B cell discrimination between high- and low-affinity BCR–
antigen interactions103. In agreement with the quantized model 
proposed by Dintzis, this effect was conserved for multiple levels 
of antigen density, then dropped off at a lower threshold of antigen 
density103. Activation of B cells with multivalent antigen displays can 
be particularly useful for engaging B cells with low affinity BCRs for 
vaccination against autologous targets95,104, or for the engagement of 
HIV bnAb precursors with low affinity to the antigen37.

Kiessling and co-workers used highly defined polymeric systems 
to investigate how multivalent hapten displays influenced multiple 
steps of B cell internalization and activation to produce functional 
antibody responses105. Polymers containing 500 hapten molecules 
per polymer chain induced higher levels of antibodies than poly-
mers with 10 haptens per chain and correlated with increased BCR 
clustering and intracellular Ca2+ signalling but did not significantly 
influence polymer internalization105. This work was then extended 
to incorporate T-cell epitopes, finding that B cells functioned 
as important APCs for polymer constructs of immunogens106. 
The ratio of B cell epitope to T cell epitope has also been shown 
to significantly impact antibody titers against B cell epitopes in 
self-assembling peptide systems95,107. While the exact mechanism of 
this phenomenon is still not completely understood, it is becoming 
clear that B cell epitope density is critical both for the activation of B 
cells and for their role as APCs in coordinating humoral and cellular 
immune responses. For example, recent work has shown that B cells 
are the key APCs for orchestrating immune responses to VLPs and 
can function independently of dendritic cells to generate germinal 
centre responses108.

The effects of nanomaterial-multimerized antigens on antibody 
repertoire have been observed in several infectious disease vaccine 
design settings. Tethering the Plasmodium vivax circumsporozoite 
antigen VMP001 to multi-layered liposomes improved the avidity, 
durability and breadth of antibody responses compared to soluble 
antigen when adjuvanted with the Toll-like receptor (TLR) agonist 
MPLA58. HIV trimers tethered to liposomal carriers induced anti-
bodies against more regions on the target antigen109 and more HIV 
viral proteins110 compared to non-multimeric vaccines. This increase 
in antibody breadth was hypothesized to be caused by activating a 
more diverse set of B cells by clustering relatively low-affinity BCRs.

Recently, self-assembling two-component protein nanoparticles 
have been utilized for the display of viral antigens to elicit immune 
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responses against strategically displayed B cell epitopes111,112. These 
particles also allow for detailed study of how the number of antigens 
affects immune response, as varying ratios of assembling compo-
nents can be expressed without an antigen. Although not directed 
against TB, HIV or malaria, the work is illustrative, as increasing 
copies of antigen per particle were shown to improve neutralization 
of viral strains after immunization with the RSV antigen DS-Cav1. 
More highly multivalent particles also enhanced the numbers of 

TFH cells and germinal centre B cells111. Fully decorated particles,  
bearing 20 copies of DS-Cav1 promoted neutralizing antibody 
responses 10-fold higher than soluble DS-Cav1111, demonstrating 
the potential for highly multivalent nanoparticle vaccines to elicit 
protective immune responses.

Recent work with multivalent HIV nanovaccines has shed light 
on some of the mechanisms by which repetitive antigen presenta-
tion enhances the retention of vaccine particles within germinal 
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Fig. 3 | Multivalency effects in nanomaterial vaccines. Multivalent displays of proteins, carbohydrates and B cell epitopes activate immune cells through 

a variety of pathways. a, Several modes of immune cell engagement occur via complement activation through binding of complement protein C3 or its 

cleavage product C3b to nucleophilic groups on surfaces and polymers, or by binding of ficolin or mannose-binding lectin to carbohydrates. Complement 

activation leads to association of C3d and C3b with nanomaterials, which bind to complement receptors 1 (CR1) and 2 (CR2), respectively. b, Activation 

of complement causes nanomaterials to be shuttled to follicular dendritic cells, where they can be displayed for long periods of time82. c, Macrophages 

in the subcapsular sinus also capture particulate antigens and transfer them to follicular B cells in a complement-dependent manner166. Both b and c are 

processes that drive affinity maturation. d, Multivalent particles can also activate B cells directly by crosslinking B cell receptors to increase uptake and 

activation by signalling through immunoreceptor tyrosine-based activation motifs (ITAMs)103.
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centres and improves B cell activation compared to soluble proteins  
(Fig. 3)82,110. Recently Tokatlian, Irvine and co-workers demon-
strated that immune responses to multivalent protein nanopar-
ticles were complement-dependent and significantly influenced 
by the repetitive displays of glycans on the particle surface82. They 
illustrated that multivalent saccharides promoted the binding 
of mannose binding lectin (MBL), which subsequently induced 
complement-dependent trafficking of the particles to the follicular 
dendritic cell network within LNs. This shuttling led to an increased 
association of antigen with follicles and induced higher numbers 
of germinal centre B cells. In other work, conjugation of triman-
nose groups to polystyrene nanoparticles facilitated shuttling of 
these materials to follicles82. This articulation of a key mechanism of 
nanomaterial multivalency now enables the engineering and opti-
mization of this process using carefully controlled patterns of sac-
charides on the materials’ surfaces.

Despite the marked improvements endowed by nanomaterials in 
many examples, some authors have reported minimal improvement 
of immune responses in other situations113,114. Based on the studies 
described above, it appears likely that fine adjustments of protein 
density, spacing and orientation coupled with optimized saccharide 
identity and arrangement will be key aspects determining the level 
of success of this approach.

Beyond delivery aspects and multivalency, the tethering of an 
antigen to a nanomaterial surface affords the opportunity to ori-
ent the antigen in a strategic way. By burying undesirable epitopes 
and exposing choice epitopes, the resultant antibody response can 
be shaped. Being able to influence the epitope specificity of vaccines 
presenting folded proteins is critical for minimizing responses to 
immunodominant, non-neutralizing regions of antigens, such as 
the base and V3 loop tip of HIV trimers115. The use of nanomate-
rials to alter protein display has been utilized for vaccines against 
Epstein–Barr virus (EBV)113 and has recently been exploited by 
screening for protein displays that bind neutralizing antibodies116. 
By tethering the EBV antigen gp350 to a ferritin or encapsulin 
core, antibodies were directed to a desired binding site to inter-
fere with the virus’s ability to bind its target, complement receptor 
2 on B cells, thus significantly improving neutralization compared 
to a soluble control.113 To screen for vaccine materials that would 
induce neutralizing antibodies, Bazzill et al. used a method termed 
NanoFACS to demonstrate that neutralization capacity of various 
protein–nanoparticle vaccines could be predicted by their binding 
to neutralizing antibodies in vitro, which likely varied according to 
the orientation of the protein on the particle surface116.

The impact of protein orientation was also demonstrated by 
Martinez-Murillo et al. when HIV trimers were presented in high 
density on the surface of liposomes117. Similar to other nanoparticle 
vaccines, vaccines based on liposomes increased the size of germi-
nal centres and the average number of TFH cells contained within 
each germinal centre117. Interestingly, the antibodies produced by 
an animal with high Tier 2 neutralization showed a unique mode 
of binding to the trimer, resembling the binding displayed by bnAb 
VRC01117. Tier 2 indicates viruses moderately sensitive to neutral-
ization, is typical of most circulating strains, and is a high priority for 
vaccination. This binding, characterized by horizontal access to the 
V2 cap, is not typically observed in antibodies elicited by soluble tri-
mer vaccines, and it indicated that presentation of antigen on multi-
valent surfaces may direct the antibody response towards antigenic 
regions, which are typically sub-dominant117. Another system in 
which epitope accessibility can be controlled is the two-component 
protein nanoparticles described above112. This structural tailoring 
directly influences the specificity of antibodies toward surface prox-
imal epitopes, as epitopes closer to the base are masked by other 
components of the nanoparticle112. Similar strategies to orient anti-
gens have been based on multimerizing proteins such as ferritin, 
virus-like particles, and other de novo proteins118–120.

Examples of nanomaterial vaccines for infectious diseases
In this section, we will describe nanomaterials of various classes and 
provide examples how each are being employed towards vaccines 
against HIV, TB and malaria. Many of these vaccines make use of 
the mechanisms and design aspects discussed previously.

To design vaccines capable of maximally engaging the immu-
nological processes sensitive to multivalency, many approaches 
for arraying antigens on surfaces have received intense interest, 
with self-assembling protein nanoparticles being among the most 
promising class. Ferritin, a protein utilized by most living organ-
isms for iron storage, assembles into a 24-member spherical cage 
structure (Fig. 1a). Antigen–ferritin fusion proteins can form 
spherical nanoparticles with the antigens displayed on the particle 
surface in a multivalent fashion121. Multimeric proteins, such as tri-
meric HIV-1 Env, can be presented on the particles’ surface as well, 
with eight multimers displayed per particle. Such particles have 
improved immunogenicity compared to soluble trimers alone122. As 
discussed in the section ‘The impact of multivalent protein display 
by nanomaterials’, ferritin nanoparticles were recently employed 
to demonstrate that multivalency facilitated the trafficking of HIV 
native-like Env trimers to the follicular dendritic cell regions in 
draining LNs, likely through the activation of the complement sys-
tem via the mannose-binding lectin pathway82. Display of HIV Env 
trimers on ferritin nanoparticles also showed increased immuno-
genicity in mice and rabbits, inducing higher neutralizing antibody 
responses including against the autologous Tier-2 virus122. While 
this strategy has not yet been shown to induce broad neutraliza-
tion, the results are encouraging and warrant further exploration of 
similar approaches for elicitation of bnAbs. Recently, Saunders and 
co-workers used SOSIP trimers displayed on ferritin nanoparticles 
to select for B cell clones that share BCR mutations with bnAb pre-
cursors123. This study demonstrated significant progress in design-
ing immunogens that could be capable of inducing bnAbs when 
viral antigens are displayed on nanoparticle surfaces.

Other examples of multimerized protein self-assemblies include 
those employing IMX313, an oligomerizing domain based on 
chicken complement inhibitor C4b-binding protein124. IMX313 
spontaneously forms soluble seven-member assemblies with each 
subunit carrying a fused antigen. This system has been explored 
towards the design of vaccines against malaria124–126 and TB127,128. 
For example, the malaria sexual stage antigen Pfs25 was fused to 
IMX313, forming heptameric protein nanoparticles. Antibodies 
induced by the Psf25-IMX313 nanoparticles were durable and 
capable of binding native antigen expressed on malaria ookine-
tes125. Moreover, in the presence of adjuvants, IgG purified from 
Psf25-IMX313-immunized mouse sera was more capable of block-
ing the formation of oocysts in mosquitos compared to IgG from 
Psf25-immunized mouse sera. Advantages of the IMX313 system 
are the small size of the oligomerizing domain (55 amino acids) and 
encouraging safety data in humans128.

Because ferritin can display 8 trimers or 24 subunits, and 
IMX313 can display seven subunits, larger particles with greater 
numbers of subunits are also being explored, including dihydroli-
poyl acetyltransferase (E2p) and lumazine synthase (LS), both of 
which form 60-member spherical structures. Towards HIV vacci-
nation, after designing a novel immunogen to induce VRC01-class 
bnAbs based on a minimal, engineered outer domain, Schief and 
co-workers fused their designed antigen to lumazine synthase120. 
The protein was expressed in mammalian cells with good yield 
and self-assembled into 60-member spherical nanoparticles120. 
The monomeric form of their designed antigen, eOD-GT6, failed 
to activate germline or mature B cells bearing VRC01 IgM, even 
though it bound germline VRC01 with KD below 50 nM, but the 
LS-based nanoparticles potently activated the VRC01 IgM germ-
line and mature B cells120. The examples of ferritin, IMX313, E2p, 
and LS indicate that multimerization on a protein particle can have  
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powerful effects on immunogenicity. It remains to be seen what 
spacing, number of antigens and particle sizes will maximize pro-
tective responses in the various contexts under investigation.

VLPs are non-infectious, non-replicating virions that resemble 
viruses in structure but lack a viral genome129. Over the past few 
decades they have contributed tremendously to vaccine develop-
ment and have been reviewed comprehensively130,131, so they will be 
discussed briefly here in the context of the diseases of interest. A wide 
variety of virus families have been used to construct VLPs, and like 
the oligomerizing proteins previously discussed, antigens presented 
by them can retain their native conformation, allowing for multiva-
lent antigen presentation. Owing to successful clinical translation in 
the form of licensed vaccines against human papilloma virus, hepa-
titis B and E, and influenza, VLPs make attractive candidates for 
further development as vaccines against HIV, TB and malaria. In 
fact the first licensed malaria vaccine, RTS,S, is VLP-based, employ-
ing the hepatitis B surface antigen platform119. In a recent example 
of VLP design for HIV vaccination, HIV Env proteins displayed 
on VLPs have been shown to activate B cells producing the bnAb 
VRC01 in vitro132. McCurley et al. employed a sequential vaccina-
tion regimen on macaques with a series of VLPs displaying differ-
ent HIV Env proteins to mimic the natural developmental pathway 
of the CH505 bnAbs133. Although this experiment failed to induce 
bnAbs, half of the vaccinated animals developed antibodies that 
neutralized the autologous tier 2 virus with a neutralization mecha-
nism similar to CH505. Advantages of VLPs include their long track 
record of successful development towards many different diseases 
and well-established expression protocols. Self-assembled protein 
nanoparticles (Fig. 1c)96,97, which have been designed using predict-
ably oligomerizing coiled coil domains, have also been explored 
towards vaccines against malaria96,97,134. When self-assembled pro-
tein nanoparticles bearing B- and CD8+ T cell epitopes from the 
P.falciparum circumsporozoite protein and the universal CD4 T 
helper epitope PADRE were delivered in saline without adjuvant, 
high-titer, long-lasting protective antibody responses were observed 
against P. berghei infection in a rodent model134.

Polymeric materials have received interest as non-protein-based 
vaccine platforms owing to their advantages of being straightfor-
ward to synthesize and generally non-immunogenic by themselves 
(Box 1). Numerous types of polymeric materials have been investi-
gated, including chitosan, polyesters such as PLGA and polyamides 
such as gamma polyglutamic acid (γ-PGA). In addition to nanopar-
ticles, polyelectrolyte multilayers (PEM) and dendrimers have 
received interest for vaccine delivery. These have been reviewed 
elsewhere as well135,136.

Hydrolysable polyesters such as PLGA have been employed 
within nanomaterials to encapsulate protein antigens along with 
adjuvants137,138. PLGA encapsulation offers a number of advan-
tages, including the ability to co-deliver multiple antigens or adju-
vanting molecules such as TLR ligands in a prolonged fashion. In 
engineered vaccines requiring shaping of the immune response 
beyond that which is elicited during natural infection, this property 
is advantageous. For example, Pulendran and co-workers recently 
showed that encapsulation of simian immunodeficiency virus (SIV) 
antigens and multiple agonists for TLR7/8 and TLR4 within PLGA 
nanoparticles induced robust and durable antigen-specific antibody 
responses in macaques139. Interestingly, macaques immunized with 
the PLGA-encapsulated SIV vaccine had higher levels of protection 
against repeated, low-dose vaginal challenges with a heterologous 
SIV strain than animals immunized with SIV antigens adjuvanted 
with Alum. Nevertheless, one challenge with using PLGA as a 
vaccine carrier is that solvents utilized during the production of 
particles may potentially denature antigens and diminish their anti-
genicity. To address this issue, a ‘self-healing encapsulation’ technol-
ogy was recently developed to allow the antigens to be loaded in 
a relatively mild, aqueous condition. Bailey and colleagues showed 

that ovalbumin delivered by this nanoparticle can induce strong 
CD8+ T cell and antibody responses140,141.

Polymeric nanoparticles have also been used to deliver DNA vac-
cines, where delivered genetic material leads to antigen expression 
in vivo, in strategies to increase immunogenicity and half-life. For 
example, polyamides such as γ-PGA have been utilized to design a 
plasmid DNA vaccine encoding the erythrocytic stage malarial anti-
gen merozoite surface protein-1 (MSP-1)142. Chitosan has also been 
utilized for DNA vaccines, as it can complex with DNA and protect 
it from nuclease degradation143. DNA coding for T cell epitopes from 
the TB antigen early secretory antigenic target-6 (ESAT-6) encap-
sulated in chitosan nanoparticles induced higher T cell functional-
ities, including cytokine secretion and cytolytic activity, compared 
to the Bacillus Calmette–Guérin (BCG) vaccine, and offered greater 
resistance to infectious challenge144. Chitosan nanoparticles have 
also been used to increase immune responses at mucosal sites, in 
order to improve pulmonary immunity against TB75. Although lin-
ear polymers are commonly used within nanomaterials for vaccine 
delivery, highly branched structures such as dendrimers have also 
been explored. Strikingly, a single dose of dendrimer-encapsulated 
mRNA encoding viral surface antigens conferred protection against 
influenza, Ebola virus and toxoplasma gondii, an approach that may 
be applicable to HIV, malaria or TB145.

Other uses of polymers as nanostructured vaccines include 
polyelectrolyte multilayers (PEM), where layered structures are cre-
ated with macromolecules of alternating charge. PEM construction 
occurs in mild aqueous conditions suitable for biomolecular car-
gos, and depending on the method used, nanoparticles or films can 
be produced146,147. For example, DeMuth and colleagues reported a 
microneedle array iteratively coated by layers of SIV gag-expressing 
plasmids and poly (I:C) as the adjuvant. After administration to 
mouse skin, the microneedle vaccine induced a potent CD8+ T cell 
response and antibody responses 10 times higher than injection/
electroporation147.

As with polymer-based nanocarriers, liposomal delivery systems 
allow for the combination and co-delivery of multiple antigens and 
adjuvant molecules. They also offer opportunities to adjust size, 
charge, number of antigen copies and other physical parameters 
that influence trafficking and the immune responses elicited. As 
emphasized throughout this Review, such properties are especially 
beneficial for infectious diseases with unclear immune correlate for 
protection such as HIV, malaria and TB, because they allow iterative 
engineering of the vaccine. Further, liposomes allow for antigen to 
be displayed on the surface of a membrane, which for some antigens 
may be more representative of native conformations on viral par-
ticles, and there is sufficient surface area for the display to be highly 
multivalent, capitalizing on the mechanisms discussed above. 
Successful adjuvant systems based on liposomes have included 
AS01, used for example as part of the RTS,S and M72/AS01E malaria 
vaccines55. AS01 contains in addition to liposomes the saponin 
QS-21 and the TLR-4 agonist 3-O-desacyl-4′-monophosphoryl 
lipid A. The ISCOMATRIX system also has similar components 
(phospholipids, saponins and cholesterol) and forms particulate 
assemblies on the order of 50 nm114. Designed lipid-based nano-
materials have built on the properties of these previous adjuvants 
by tailoring the assembly of antigens within them. For example, 
HIV Env trimers presented on interbilayer-cross-linked multi-
lamellar vesicles (ICMVs, Fig. 1g,h) could induce IgG against a  
conserved epitope on the trimer close to the HIV envelope mem-
brane termed the membrane-proximal external region (MPER), 
whereas such IgG was not induced in animals immunized with 
the soluble trimer109. In a separate study, Env trimers formed a 
well-ordered high-density array on liposomes, resulting in not only 
higher levels of B cell activation but the production of neutralizing 
antibodies against neutralization-resistant HIV strains (tier 2) in 
rodents110. As mentioned above, ICMVs have also been employed 
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by Moon and co-workers to design a recombinant malaria vaccine 
using the antigen VMP00158. Liposomal enhancement of humoral 
responses may result from increased germinal centre formation, 
because higher numbers of germinal centres and antigen-specific 
Tfh cells were found in mice immunized with the ICMV vaccines.

Two additional advantages of liposomal nanomaterials include 
the ability to incorporate multiple antigens and the ability to tune 
and study the effects of vesicle stability. As an example of the for-
mer, Huang, Lovell and co-workers developed a liposomal vac-
cine platform where cobalt porphyrin-phospholide (CoPoP) was 
incorporated within the lipid membrane, so antigens expressed 
with a polyhistidine tag could be coupled to the liposomal sur-
face88. They demonstrated that malaria Psf25 coupled to liposomes 
containing CoPoP and a TLR4 agonist could induce higher mag-
nitudes of malaria oocyst-blocking antibodies than Psf25 adju-
vanted with Alum. This platform then was explored with multiple 
antigens coupled to the liposomes, raising balanced responses 
against the antigens Pfg27, Pfs25, AMA-1, Psf30 and NANP, 
which are expressed in different stages of the malaria life cycle. 
Immunization with the same combination of antigens using Alum 
only induced antibodies against Pfs230. The authors surmised 
that the balanced multi-antigen response may have related to the 
low antigen dose used in the liposomal formulations or improved 
antigen uptake by APCs. To study how vesicle stability influenced 
immunogenicity against stabilized HIV gp140 trimers (BG505 
MD39), Tokatlian, Irvine, and co-workers investigated synthetic 
liposomes variously incorporating sphingomyelin (Fig. 1k,l), 
which augmented both the stability of the liposomes and germinal 
centre and antibody responses148.

Gold nanoparticles, with their control over size, shape and surface 
properties, have received interest as vaccines149. For example, Kumar 
and colleagues developed malaria transmission-blocking vaccines 
based on the sexual stage antigen Pfs25 conjugated to gold nanopar-
ticles150. The vaccine constructs were stable at 4°C over an 18-month 
period, and mice immunized with the nanoparticle-conjugated-Pfs25 
vaccines developed robust antibody responses. Interestingly, the 
immunogenicity and IgG subclass distribution of the vaccine-elicited 
antibodies varied with the size, shape and other physico-chemical 
properties of the nanoparticles, with only some nanoparticle for-
mulations able to achieve antibody titers comparable to that of mice 
immunized with Alum-adjuvanted Pfs25.

Gold nanoparticles modified with viral glycans can also serve as 
dendritic cell-targeting vaccine carriers, facilitating antigen presen-
tation to T cells and thus inducing more potent cellular antiviral 
immunity. In the context of HIV, Climent and colleagues engineered 
gold nanoparticles with high-mannoside derivatives that resemble 
the N-linked high-mannose glycan clusters on HIV gp120 targeted 
by DC-SIGN receptors on DCs. They pulsed monocyte-derived 
dendritic cells isolated from HIV-positive patients with HIV anti-
gen gag p17 conjugated onto the high-mannoside-modified gold 
nanoparticles, finding that the nanoparticulate formulation induced 
more potent ex vivo proliferation of the autologous CD8+ T cells 
than soluble antigen151.

Other inorganic nanoparticles have also been used in TB and 
HIV vaccine development. Yu and colleagues developed an Ion 
(III) oxide (Fe2O3)-coated plasmid DNA TB vaccine expressing two 
immunodominant antigens of M. tuberculosis (Ag85A and ESAT-
6) along with IL-21152. Compared to the naked plasmid DNA, the 
NP-coated vaccine induced greater humoral and cellular responses 
in mice. Moreover, the bacterial burden in the lungs was significantly 
lower in animals immunized with the NP-coated vaccine than in 
animals immunized either with the naked plasmid vaccine or with 
BCG. The use of fullerenols (Fig. 1i,j) for the delivery of a HIV-1 
Env-expressing plasmid DNA vaccine also led to improved T cell 
responses in mice, but this approach only marginally enhanced the 
humoral immune response153.

Our group has investigated fibrillar assemblies of short syn-
thetic peptides, and while they have only begun to be explored in 
the context of the diseases of interest in this Review154–156, initial 
work has indicated that they possess a number of useful proper-
ties including considerable multivalency that allows them to raise 
strong T-cell and B-cell responses without requiring supplemental 
adjuvants157,158, synthetic definition and the ability to mix multiple 
epitopes or antigens. Several fibre-forming peptide systems have 
been reported including those based on β-sheet fibrillizing pep-
tides such as Q11 or KFE891,95,159,160, or α-helical fibrillar assemblies 
such as Coil29161. In each of these systems, peptide epitopes can 
be conjugated to fibrillizing assembly domains, which spontane-
ously self-assemble into defined nanofibres displaying the epitopes 
on their surfaces. Recent work has explored several facets of these 
materials, including surface properties necessary for maximizing or 
minimizing their immunogenicity160, applying them towards intra-
nasal vaccination159, and applying them towards therapeutic vac-
cines countering inflammation95. To expand the capacity of fibrillar 
peptide assemblies to incorporate large, folded protein antigens, we 
have also developed strategies based on the capture enzyme cutin-
ase162 and designed expression tags termed β-tails163.

One of the challenges in developing vaccines towards malaria, 
HIV and TB is the global distribution of the diseases and their con-
centration in tropical and developing locations of the world. All cur-
rent vaccines require uninterrupted maintenance between 4–8 °C, 
the so-called cold chain, adding additional practical challenges to 
the already daunting task of designing an effective vaccine. Peptide 
assemblies carrying peptide epitopes from the M. tuberculosis anti-
gen ESAT-6 were strongly immunogenic even after storage at 45 °C 
for six months, indicating that this class of materials has advanta-
geous thermal stability154. The repetitive malaria antigen (NANP)3 
from the falciparum circumsporozoite protein has also been found 
to be immunogenic on self-assembled β-sheet nanofibres156, and 
ESAT-6 has also been explored on nanofibres of the self-assembling 
peptide KFE8155. Collectively these studies indicate that fibrillar 
peptide assemblies are attractive platforms not only for enhancing 
vaccine immunogenicity but also for facilitating vaccine implemen-
tation in resource-limited areas.

Conclusion and outlook
There has been an explosion of nanomaterials explored as new vac-
cines. Coupled with parallel advances in antigen design, it is possi-
ble that multiple nanomaterial platforms may ultimately be capable 
of identifying and reliably raising the defined, engineered immune 
responses necessary for protection against HIV/AIDS, malaria or 
TB. Once appropriate immunogens are discovered, more than one 
platform may likewise offer increased thermal and environmen-
tal protection to enable distribution to the most resource-limited 
locations of the globe. A key question remaining, then, is how to 
efficiently sort through all of the different platforms and combina-
tions of adjuvants, immunomodulating compounds, delivery con-
siderations, dosing regimens and other factors that have been made 
available in recent years. In this endeavour, multifactorial Design of 
Experiment approaches may be particularly powerful. Additionally, 
benchmarking different platforms against each other during their 
development will have considerable advantages over more focused 
and self-referential investigations, as this will help clarify the rela-
tive strengths and weaknesses of specific platforms and materials. 
At present, some of the most valuable research outcomes achieved 
to date include the consolidation and articulation of concepts by 
which such materials raise useful immune responses. This basis 
of knowledge now supports the continued refinement of vaccines 
towards devastating global diseases. In parallel with advances in 
antigen design, we are optimistic that vaccines efficacious enough 
to significantly curtail the global impact of malaria, HIV and TB 
are within reach.
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