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Caged Protein Nanoparticles for Drug Delivery
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Department of Chemical Engineering and Materials Science, University of California, 916
Engineering Tower, Irvine, CA 92697-2575

Abstract

Caged protein nanoparticles possess many desirable features for drug delivery, such as ideal sizes

for endocytosis, non-toxic biodegradability, and the ability to functionalize at three distinct

interfaces (external, internal, and inter-subunit) using the tools of protein engineering. Researchers

have harnessed these attributes by covalently and non-covalently loading therapeutic molecules

through mechanisms that facilitate release within specific microenvironments. Effective delivery

depends on several factors, including specific targeting, cell uptake, release kinetics, and systemic

clearance. The innate ability of the immune system to recognize and respond to proteins has

recently been exploited to deliver therapeutic compounds with these platforms for

immunomodulation. The diversity of drugs, loading/release mechanisms, therapeutic targets, and

therapeutic efficacy are discussed in this review.

Introduction

Nanoparticles have the potential to address important issues related drug delivery, such as (i)

reducing drug toxicity, (ii) protection from drug degradation/sequestration, (iii) increasing

circulation times, (iv) targeting, and (v) increasing bioavailability [1–3]. Key particle

variables, including size, surface charge, geometry, and the susceptibility to opsonization, all

affect pharmacokinetic profiles [4]. Additionally, small size distributions of the

nanomaterial allow for uniformity in drug dosing, with the size range of ~25–50 nm being

optimal for receptor-mediated endocytosis (RME) and membrane wrapping kinetics of

target cells [5]. Also critical for drug delivery success using nanoparticles is the capability to

functionalize with multiple elements in a uniform and precise manner.

Conventional materials investigated for drug delivery include synthetic polymeric and

liposomal nanoparticles [3]. These, however, may have limitations such as wide size

distributions, difficulty in site-specific functionalization, low drug loading, and instability.

Caged proteins represent a class of nanomaterial that may address many of these concerns

[2,6–8]. Since the earliest example in drug delivery [9], advances have been made in

understanding the architecture, assembly, physical properties, and biomedical applicability
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of these nanoparticulate systems. Recent progress towards drug delivery using caged protein

scaffolds will be covered in this review.

Advantages of Caged Protein Nanocapsules for Drug Delivery

Caged protein complexes are hollow structures comprised of self-assembling protein

subunits that produce nanocapsules with a nearly monodisperse size distribution. The

individual asymmetrical subunits may comprise a single protein, as with pyruvate

dehydrogenase E2 [10], or multiple proteins, such as with cowpea mosaic virus (CPMV)

[11]. Typical sizes of protein nanocages range from 10–100 nm, and they display repetitive

symmetrical features, both of which are ideal structural features for RME [5].

Protein cages are often produced in living hosts (e.g., E. coli, plants, mammalian cells), and

therefore the tools of protein engineering may be applied to impart functional elements at

three distinct interfaces (i.e., internal, external, and inter-subunit) [7]. This permits fine

control over surface charge, drug encapsulation, ligand display, and particle stability.

Classes of protein cages used in drug delivery include those derived from viruses, enzymes,

the ferritin superfamily, and heat shock proteins [6,7]. While virus-like particles (VLPs)

have found early applications as vehicles for gene therapy [12] and vaccines for infectious

agents [13], this review will focus on delivery of therapeutic drugs.

Drug Loading and Release

Key aspects in nanoparticle drug delivery technologies are the containment and release of

drugs within the particle, and these mechanisms are often related. The strategies available

for a particulate system are dictated by its structure and dynamics, the type of drug loaded,

and environment the nanoparticle is expected to encounter. Many avenues exist for

functionalizing a protein cage, and the primary approaches are described below (Figure 1).

Protein Engineering of Nanoparticles

One main advantage of using protein nanoparticles over other systems is the fine precision

afforded by genetic engineering of functional sites at distinct locations on the nanoparticles,

such as introduction of non-native amino acids [8]. For instance, a single cysteine point

mutation introduces an exact number of new attachment sites, providing unique positions for

drug conjugation and additional control in loading amounts [10]. The physicochemical

character of the nanoparticle's hollow interior cavity can also be re-engineered to

accommodate non-native hydrophobic [*14] or charged molecules [*15]. Knowledge of the

protein crystal structure allows recombinant incorporation of peptides and/or entire proteins

as N- or C-terminal chimeras or within loop regions [16–20]. Recombinant incorporation of

peptide/protein therapeutics may prove to be one of the most effective loading mechanisms;

once the genetic code for the cage-drug chimera has been modified, the nanoparticle

requires little or no additional processing for use as a drug delivery vehicle. Complexities

may arise, however, if recombinant incorporation of these peptides or proteins affects

nanoparticle stability or assembly.
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Chemical Immobilization and Release

Covalent protein-drug conjugates are a common method of drug loading, and we refer to a

prior review with thorough discussions of these strategies [8]. The tools of chemistry allow

post-translational bioconjugation of small molecules to amino acid side chains (either native

or recombinantly engineered), such as amines [11,*21–23], carboxyls [11,24–26], cysteines

[10,23,27,28], tyrosines [29], and non-native side chains through click chemistry [8,*21].

Not all chemistries applied to drug conjugation are straightforward or facile. Therefore,

while providing novel and interesting drug delivery platforms, chemical strategies should be

carefully chosen to avoid difficult conjugation schemes that may result in low yields, protein

denaturation or disassembly, and a downstream requirement for lengthy purification steps.

Covalent attachment also allows for control over release kinetics. For example, molecules

immobilized to adenovirus and ferritin through stable amide or thioether bonds are retained

during physiologic conditions, but may be released during biodegradation [11,26,30]. Labile

disulfide linkages permit drug release in reducing environments, and hydrazone bonds

enable release in mildly acidic environments, both reported to occur during endocytosis

[10,11,27,28]. The selection of release mechanism depends on the chemical properties of the

drug-protein conjugate (e.g., chemical stability, release kinetics) and physiological needs

(e.g., the microenvironment encountered by nanoparticles).

Non-Covalent Interactions in Drug Loading and Release

Protein particles often possess internal cavity surfaces with natural affinities for molecules

such as nucleic acids or metals, and drugs with similar physical properties may be retained

within the core. For example, single-stranded DNA can be encapsulated in hepatitis B VLPs

(HBV) and Qβ nanoparticles through electrostatic interactions [31], and ferritin can chelate

metal-based drugs like cisplatin [32]. Alternatively, the interior of protein nanoparticles may

be redesigned to bind non-native molecules, such as in the genetic engineering of the

internal E2 cavity to create a hydrophobic pocket for drug adsorption [*14], introduction of

siRNA binding motifs in HBV [33], or the directed evolution of lumazine synthase to

increase the affinity for infectious HIV protease through electrostatic interactions [*15].

Drugs may also interact through non-specific physical interactions with a secondary carrier

molecule, which has an affinity for the protein cage interior. For instance, after diffusing

through natural pores, DOX and proflavin associate with the native RNA of cucumber

mosaic virus and CPMV, respectively [*34,*35]. Forming a complex between drug and

negatively-charged polymeric or metallic carriers may yield encapsulation of drug within the

protein [36–*39]. More stable encapsulation can be achieved through covalent ligation of

drug to the secondary carrier molecules (e.g., MS2 bacteriophage RNA) [**40–44], or of the

protein capsule to the carrier molecule [45].

Utilizing non-specific interactions for encapsulation usually allows the slow non-triggered

release of drug over time under physiologic conditions. Specific environmental conditions,

however, can facilitate increased release rates. For example, the mildly acidic environment

of the endosome increased drug solubility and accelerated release of hydrophobically-
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associated DOX [*14], and glutathione reduction of cyclodextrins conjugated to protein

nanoparticles enabled the release of the paclitaxel-cyclodextrin complexes [45].

Environmentally-Triggered Structural Changes of Nanoparticles

In loading mechanisms requiring diffusion of drug molecules, often native pores of the

caged structure enable access to the hollow interior. Some VLPs have gated pores, whereby

low salt concentrations [46], basic pH [7], or osmotic shock [47] can cause the pores to

swell open, allowing entry of the drug. Reversal of conditions then retains drug, preventing

outward diffusion. In red clover necrotic mosaic VLPs, low magnesium and calcium levels,

like that of the cytosol, promote opening of pores for intracellular drug release [46].

Native disassembly and reassembly of the protein cage under specific conditions also allows

for drug encapsulation [32,33,**40,41,48]. Protein nanoparticle assembly behavior can also

be manipulated by reengineering the protein subunit interfaces [49]. Alternatively, VLPs

may be isolated as subunits and assembled following purification, although this method can

produce particles with size heterogeneity [25]. For drug release, this type of encapsulation

may require biodegradation or introduction of repulsive interactions at inter-subunit

interfaces to induce environmentally-triggered disassembly [**40,41,49,50]. For

downstream applications, loading mechanisms should be relatively fast, straightforward, and

require little additional protein cage manipulation that may cause increased formulation

heterogeneity or loss of product. Disassembly-reassembly loading mechanisms may prove to

be particularly challenging; for example, Yang et al. obtained higher product recovery when

platinum-containing drugs were generated in situ within the intact apoferritin core,

compared to a strategy of simultaneous assembly of protein with drug [32].

Targeting Drugs to the Therapeutic Site

While protein cages have a tremendous degree of flexibility for drug containment and

release, a potential drawback of their small size is loading capacity. However, accumulation

of drug-containing nanoparticles at the therapeutic site may reduce the amount of drug-

protein complexes required for therapeutic effect. Biodistribution studies with

intravenously-administrated CPMV, CCMV, and heat shock protein have demonstrated a

broad in vivo distribution and rapid clearance in a non-pathogenic model [51,52], and

subcutaneous injection of Qβ VLPs show passive transport to the lymphatic system for

interaction with immune components [53,54]. In the biodistribution for cancer, the enhanced

permeation and retention effect (EPR) may allow accumulation of nanoparticles within the

tumor vicinity through the leaky vasculature [2]. Although it is likely that the protein

nanoparticle source and administration route may affect biodistribution, one conclusion from

these studies is that protein cages can preferentially accumulate in distinct locations.

To overcome the natural biodistribution, attachment of targeting ligands can increase

tropism and avidity for target tissues. This can be particularly effective with protein cages

because of their unique geometry, allowing repeated and patterned display of targeting

ligands. For example, the RGD amino acid motif, naturally present on adenoviruses, has

affinity for upregulated integrin receptors of endothelial cells of tumor vessels; incorporation

of this peptide to the surface of protein nanoparticles was shown to target drugs to tumor
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[*39,55]. Certain cancer cells are known to upregulate their expression of folate, glycan, or

growth factor receptors, and therefore attachment of receptor-specific ligands on the

nanoparticle surface has also been investigated [*21,**22,25,38]. Other ligands for

biological targeting have included peptides [**40,46], DNA aptamers [56], and antibodies

[30]. Ligand density also plays an important role in targeting, and this can easily be

controlled on protein cage surfaces [**40].

Effectiveness of Protein Cage-Delivered Therapeutics

A diverse collection of virus-like and non-viral particles has been examined for delivery of a

variety of drugs (summarized in Table 1). Therapeutic efficacy can vary widely, even when

the same drug molecule is used. As a point of comparison, doxorubicin (DOX) has been

often used as a model drug. Many in vitro studies show that cytotoxicity of protein cage-

delivered DOX is similar to or even less effective to that of the free drug, but are

comparable with IC50 values from DOX-loaded polymeric nanoparticles [10]. When

combining active targeting, protein nanocages were shown to specifically deliver DOX via

the folate or integrin receptors. In some cases, increased cytotoxicity and enhanced anti-

tumor effects were observed, compared to free drug [*35,*39]. However, others have

demonstrated no cytotoxicity increase in vitro of folate-targeted DOX-loaded protein

nanoparticles despite a significantly higher cellular uptake due to folate; this is likely due to

the mismatch between rates of in vitro uptake and of intracellular drug release [57].

The variability observed in experimental results between protein particles appears to be

affected by the different combinations of conditions, such as drug loading capacities and

mechanisms, drug release kinetics, and rates of cellular uptake. This suggests that conditions

need to be tested and optimized for each system. We note that this range of results is not

unique for protein-based nanoparticles, but is also observed for experiments utilizing

conventional polymeric nanoparticle systems.

Drugs with relatively poor passage through cellular membranes, such as interfering RNA

[**40,42,43,47,55], bleomycin [26], and proteins [**19,**40], can exhibit a clear enhanced

therapeutic benefit when delivered within a protein cage, even in the absence of specific

targeting. For these types of drugs, the increased propensity for RME of protein cages

enhances intracellular accumulation and therefore the potency of the drug. Other drugs with

low efficacy in free unbound formulation, like peptides and photosensitizing drugs, show

enhanced function when delivered with protein cages to their biological target

[17,*21,23,**40,58].

Immunological aspects of protein nanoparticles

A major concern with protein nanoparticles, which exhibit repeating virus-like structural

patterns, is immunogenicity. Relatively high IgG titers and B-cell numbers were observed

following single administrations of cowpea chlorotic mottle virus, CPMV, and heat shock

protein [51,52]. Elevated immune responses, especially following multiple administrations,

could induce rapid clearance or neutralization of a drug delivery system or create potentially

severe inflammatory responses [51,52].
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Since the FDA approval of Doxil, the attachment of polyethylene glycol (PEG) to

nanoparticles is conventionally investigated for immune evasion and enhanced

pharmacokinetics. PEGylation can reduce immune cell uptake in adenovirus and other

protein cages [59,60], and varying the molecular weight of the PEG modulates the extent of

reduced immune recognition [59]. While the effect of PEGylation on access to the protein

cage interior has not been directly investigated, in vitro studies did not demonstrate any

inhibitory effects of polymer attachment on the intracellular release of encapsulated drug,

indicating that small molecules are not blocked from passage through native pores

[**40,57]. Additionally, PEGylation of CPMV and E2 cages did not alter the physical

structure or stability of the nanoparticles, nor did it prevent unfolding of the E2 nanoparticle

under extreme conditions [59,61]. Recent investigations, however, have also shown

evidence for anti-PEG immune responses, with PEG-coated nanoparticles mediating

increased complement activation and IgM antibody production [61,62]. Alternative methods

are being explored, such as coating with polyketals [63] or glycan shielding [64], and the

future clinical success of protein cages as drug delivery vehicles will rely on the ability to

safely tune and harness immune responses.

One emerging area of research is to exploit the immune system's ability to recognize and

interact with these protein platforms. Since subcutaneously-injected protein cages passively

target lymphatics and are naturally recognized by many cells of the immune system, protein

cages are particularly well-suited for delivering immune-modulating drugs for applications

such as cancer immunotherapies or autoimmune disease treatment. For example, co-delivery

of CpG DNA motifs and antigen in the E2 nanoparticle yields increased dendritic cell (DC)

uptake and activation, and increased antigen cross-presentation, compared to free forms of

the drug [*65]. CpG has also been non-specifically loaded to Qβ and HBV VLPs for in vivo

delivery to DCs, and the inflammatory side-effects associated with the drug were alleviated

[31]. Other immune-modulating drugs, such as IL-2 and IFN-γ, have also been explored for

similar purposes [18,**19] (Table 1).

Summary and Future Outlook

Caged protein nanoparticles allow the introduction of multiple functional elements at precise

interfacial locations. This has enabled different mechanisms of drug encapsulation,

controlled release, and specific targeting, the combinations of which have shown benefit to

treatment of tumors in vivo [**22,*39]. A new strategy being explored is the rational design

of protein cages in silico [66], which has the potential to redesign native cages or develop

novel cages tailored to a specific application.

Many recent studies have shown that the effectiveness of drugs can be comparable to or

even better than that of free drug while reducing side effects, especially when targeted to a

therapeutic site. While immune recognition is a concern for some applications, researchers

have begun to harness this natural effect by delivering immune-modulating drugs to various

cell types. It may be that protein cages are particularly well-suited for immune-based

treatments, and clinical trials involving Qβ VLP-mediated delivery of CpG drug molecule

have emerged for application in cancer immunotherapy [*67]. We are now starting to see the
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emergence of these nanoplatforms for therapeutic applications, and future studies should

further reveal their niche in the clinical realm of drug delivery.

Acknowledgments

This work was supported by NIH (R21 EB010161) and UC Irvine's I3 Fund.

References

1. Farokhzad OC, Langer R. Impact of nanotechnology on drug delivery. ACS Nano. 2009; 3:16–20.
[PubMed: 19206243]

2. Maham A, Tang Z, Wu H, Wang J, Lin Y. Protein-based nanomedicine platforms for drug delivery.
Small. 2009; 5:1706–1721. [PubMed: 19572330]

3. Wagner V, Dullaart A, Bock AK, Zweck A. The emerging nanomedicine landscape. Nat
Biotechnol. 2006; 24:1211–1217. [PubMed: 17033654]

4. Li SD, Huang L. Pharmacokinetics and biodistribution of nanoparticles. Mol Pharmaceutics. 2008;
5:496–504.

5. Albanese A, Tang PS, Chan WC. The effect of nanoparticle size, shape, and surface chemistry on
biological systems. Annu Rev Biomed Eng. 2012; 14:1–16. [PubMed: 22524388]

6. Yildiz I, Shukla S, Steinmetz NF. Applications of viral nanoparticles in medicine. Curr Opin
Biotechnol. 2011; 22:901–908. [PubMed: 21592772]

7. Uchida M, Klem MT, Allen M, Suci P, Flenniken M, Gillitzer E, Varpness Z, Liepold LO, Young
M, Douglas T. Biological containers: Protein cages as multifunctional nanoplatforms. Adv Mater.
2007; 19:1025–1042.

8. Smith MT, Hawes AK, Bundy BC. Reengineering viruses and virus-like particles through chemical
functionalization strategies. Curr Opin Biotechnol. 2013; 24:620–626. [PubMed: 23465756]

9. Wu M, Brown WL, Stockley PG. Cell-specific delivery of bacteriophage-encapsidated ricin A
chain. Bioconjug Chem. 1995; 6:587–595. [PubMed: 8974458]

10. Ren DM, Kratz F, Wang SW. Protein Nanocapsules Containing Doxorubicin as a pH-Responsive
Delivery System. Small. 2011; 7:1051–1060. [PubMed: 21456086]

11. Aljabali AA, Shukla S, Lomonossoff GP, Steinmetz NF, Evans DJ. CPMV-DOX delivers. Mol
Pharm. 2013; 10:3–10. [PubMed: 22827473]

12. Heilbronn R, Weger S. Viral vectors for gene transfer: current status of gene therapeutics. Handb
Exp Pharmacol. 2010:143–170. [PubMed: 20217529]

13. Plummer EM, Manchester M. Viral nanoparticles and virus-like particles: platforms for
contemporary vaccine design. Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2010

14. Ren DM, Dalmau M, Randall A, Shindel MM, Baldi P, Wang SW. Biomimetic Design of Protein
Nanomaterials for Hydrophobic Molecular Transport. Adv Funct Mater. 2012; 22:3170–3180.
[PubMed: 23526705] The interior the E2 protein cage was genetically re-engineered to display
hydrophobic residues for non-covalent encapsulation of DOX and delivery to cancer cells.

15. Worsdorfer B, Woycechowsky KJ, Hilvert D. Directed evolution of a protein container. Science.
2011; 331:589–592. [PubMed: 21292977] Lumazine synthase’s interior cavity was engineered for
increased electrostatic affinity and sequestration of toxic HIV-1 protease through directed
evolution of the protein cage.

16. Franco D, Liu W, Gardiner DF, Hahn BH, Ho DD. CD40L-containing virus-like particle as a
candidate HIV-1 vaccine targeting dendritic cells. J Acquir Immune Defic Syndr. 2011; 56:393–
400. [PubMed: 21239998]

17. Jeon JO, Kim S, Choi E, Shin K, Cha K, So IS, Kim SJ, Jun E, Kim D, Ahn HJ, et al. Designed
Nanocage Displaying Ligand-Specific Peptide Bunches for High Affinity and Biological Activity.
ACS Nano. 2013

18. Juarez V, Pasolli HA, Hellwig A, Garbi N, Arregui AC. Virus-Like Particles Harboring CCL19,
IL-2 and HPV16 E7 Elicit Protective T Cell Responses in HLA-A2 Transgenic Mice. Open Virol
J. 2012; 6:270–276. [PubMed: 23341863]

Molino and Wang Page 7

Curr Opin Biotechnol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



19. Kaczmarczyk SJ, Sitaraman K, Young HA, Hughes SH, Chatterjee DK. Protein delivery using
engineered virus-like particles. Proc Natl Acad Sci U S A. 2011; 108:16998–17003. [PubMed:
21949376] Immune modulating proteins were displayed on the surface and active enzymes were
encapsulated within an avian VLP for efficient receptor interaction intracellular release.

20. Zhang R, Zhang S, Li M, Chen C, Yao Q. Incorporation of CD40 ligand into SHIV virus-like
particles (VLP) enhances SHIV-VLP-induced dendritic cell activation and boosts immune
responses against HIV. Vaccine. 2010; 28:5114–5127. [PubMed: 20471443]

21. Rhee JK, Baksh M, Nycholat C, Paulson JC, Kitagishi H, Finn MG. Glycan-targeted virus-like
nanoparticles for photodynamic therapy. Biomacromolecules. 2012; 13:2333–2338. [PubMed:
22827531] The photosensitizer porphyrin was targeted by sialic acid to CD22 expressing cells
with the Qβ VLP.

22. Shan L, Cui S, Du C, Wan S, Qian Z, Achilefu S, Gu Y. A paclitaxel-conjugated adenovirus vector
for targeted drug delivery for tumor therapy. Biomaterials. 2012; 33:146–162. [PubMed:
21959006] Covalent-bound paclitaxel was targeted to folate-expressing cancer cells in vivo, with
reduction in toxic side-effects and increased anti-tumor responses, compared to free drug.

23. Suci P, Kang S, Gmur R, Douglas T, Young M. Targeted Delivery of a Photosensitizer to
Aggregatibacter actinomycetemcomitans Biofilm. Antimicrob Agents Chemother. 2010; 54:2489–
2496. [PubMed: 20385858]

24. Abbing A, Blaschke UK, Grein S, Kretschmar M, Stark CM, Thies MJ, Walter J, Weigand M,
Woith DC, Hess J, et al. Efficient intracellular delivery of a protein and a low molecular weight
substance via recombinant polyomavirus-like particles. J Biol Chem. 2004; 279:27410–27421.
[PubMed: 15102846]

25. Zhao Q, Chen W, Chen Y, Zhang L, Zhang J, Zhang Z. Self-assembled virus-like particles from
rotavirus structural protein VP6 for targeted drug delivery. Bioconjug Chem. 2011; 22:346–352.
[PubMed: 21338097]

26. Zochowska M, Paca A, Schoehn G, Andrieu JP, Chroboczek J, Dublet B, Szolajska E. Adenovirus
dodecahedron, as a drug delivery vector. PLoS One. 2009; 4:e5569. [PubMed: 19440379]

27. Flenniken ML, Liepold LO, Crowley BE, Willits DA, Young MJ, Douglas T. Selective attachment
and release of a chemotherapeutic agent from the interior of a protein cage architecture. Chem
Commun (Camb). 2005:447–449. [PubMed: 15654365]

28. Toita R, Murata M, Abe K, Narahara S, Piao JS, Kang JH, Ohuchida K, Hashizume M. Biological
evaluation of protein nanocapsules containing doxorubicin. Int J Nanomed. 2013; 8:1989–1999.

29. Kovacs EW, Hooker JM, Romanini DW, Holder PG, Berry KE, Francis MB. Dual-surface-
modified bacteriophage MS2 as an ideal scaffold for a viral capsid-based drug delivery system.
Bioconjugate Chem. 2007; 18:1140–1147.

30. Kang YJ, Park DC, Shin HH, Park J, Kang S. Incorporation of Thrombin Cleavage Peptide into a
Protein Cage for Constructing a Protease-Responsive Multifunctional Delivery Nanoplatform.
Biomacromolecules. 2012; 13:4057–4064. [PubMed: 23163509]

31. Storni T, Ruedl C, Schwarz K, Schwendener RA, Renner WA, Bachmann MF. Nonmethylated CG
motifs packaged into virus-like particles induce protective cytotoxic T cell responses in the
absence of systemic side effects. J Immunol. 2004; 172:1777–1785. [PubMed: 14734761]

32. Yang Z, Wang XY, Diao HJ, Zhang JF, Li HY, Sun HZ, Guo ZJ. Encapsulation of platinum
anticancer drugs by apoferritin. Chem Commun. 2007:3453–3455.

33. Choi KM, Choi SH, Jeon H, Kim IS, Ahn HJ. Chimeric Capsid Protein as a Nanocarrier for siRNA
Delivery: Stability and Cellular Uptake of Encapsulated siRNA. ACS Nano. 2011; 5:8690–8699.
[PubMed: 21985460]

34. Yildiz I, Lee KL, Chen K, Shukla S, Steinmetz NF. Infusion of imaging and therapeutic molecules
into the plant virus-based carrier cowpea mosaic virus: Cargo-loading and delivery. J Controlled
Release. 2013; 172:568–578. Dye and proflavin were encapsulated within CPMV through
interaction with native RNA for intracellular cancer delivery.

35. Zeng Q, Wen H, Wen Q, Chen X, Wang Y, Xuan W, Liang J, Wan S. Cucumber mosaic virus as
drug delivery vehicle for doxorubicin. Biomaterials. 2013; 34:4632–4642. [PubMed: 23528229]
Encapsulated DOX was targeted to folate-expressing cancer cells in vivo, and showed reduced
cardiotoxicity and increased anti-tumor responses, compared to free drug.

Molino and Wang Page 8

Curr Opin Biotechnol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



36. Liu XY, Wei W, Huang SJ, Lin SS, Zhang X, Zhang CM, Du YG, Ma GH, Li M, Mann S, et al.
Bio-inspired protein-gold nanoconstruct with core-void-shell structure: beyond a chemo drug
carrier. J Mater Chem B. 2013; 1:3136–3143.

37. Ma-Ham AH, Wu H, Wang J, Kang XH, Zhang YY, Lin YH. Apoferritin-based nanomedicine
platform for drug delivery: equilibrium binding study of daunomycin with DNA. J Mater Chem.
2011; 21:8700–8708.

38. Ren Y, Wong SM, Lim LY. Folic acid-conjugated protein cages of a plant virus: a novel delivery
platform for doxorubicin. Bioconjug Chem. 2007; 18:836–843. [PubMed: 17407258]

39. Zhen ZP, Tang W, Chen HM, Lin X, Todd T, Wang G, Cowger T, Chen XY, Xie J. RGD-
Modified Apoferritin Nanoparticles for Efficient Drug Delivery to Tumors. ACS Nano. 2013;
7:4830–4837. [PubMed: 23718215] Copper-DOX complexes were loaded within ferritin, targeted
to tumors in vivo via RGD, showed significant reduction in tumor growth, compared to free drug.

40. Ashley CE, Carnes EC, Phillips GK, Durfee PN, Buley MD, Lino CA, Padilla DP, Phillips B,
Carter MB, Willman CL, et al. Cell-specific delivery of diverse cargos by bacteriophage MS2
virus-like particles. ACS Nano. 2011; 5:5729–5745. [PubMed: 21615170] The MS2 VLP was
used to encapsulate a range of therapeutic molecules by covalently combining with the viral RNA.
The SP94 peptide was used to target and deliver the cargo, and endosomal escape was facilitated
by display of a histidine-rich peptide.

41. Galaway FA, Stockley PG. MS2 viruslike particles: a robust, semisynthetic targeted drug delivery
platform. Mol Pharm. 2013; 10:59–68. [PubMed: 23110441]

42. Pan Y, Jia TT, Zhang Y, Zhang K, Zhang R, Li JM, Wang LN. MS2 VLP-based delivery of
microRNA-146a inhibits autoantibody production in lupus-prone mice. Int J Nanomed. 2012;
7:5957–5967.

43. Pan Y, Zhang Y, Jia T, Zhang K, Li J, Wang L. Development of a microRNA delivery system
based on bacteriophage MS2 virus-like particles. FEBS J. 2012; 279:1198–1208. [PubMed:
22309233]

44. Wu M, Sherwin T, Brown WL, Stockley PG. Delivery of antisense oligonucleotides to leukemia
cells by RNA bacteriophage capsids. Nanomedicine. 2005; 1:67–76. [PubMed: 17292060]

45. Niikura K, Sugimura N, Musashi Y, Mikuni S, Matsuo Y, Kobayashi S, Nagakawa K, Takahara S,
Takeuchi C, Sawa H, et al. Virus-like particles with removable cyclodextrins enable glutathione-
triggered drug release in cells. Mol Biosyst. 2013; 9:501–507. [PubMed: 23361582]

46. Lockney DM, Guenther RN, Loo L, Overton W, Antonelli R, Clark J, Hu M, Luft C, Lommel SA,
Franzen S. The Red clover necrotic mosaic virus capsid as a multifunctional cell targeting plant
viral nanoparticle. Bioconjug Chem. 2011; 22:67–73. [PubMed: 21126069]

47. Chou MI, Hsieh YF, Wang M, Chang JT, Chang D, Zouali M, Tsay GJ. In vitro and in vivo
targeted delivery of IL-10 interfering RNA by JC virus-like particles. J Biomed Sci. 2010; 17:51.
[PubMed: 20573280]

48. Ji XT, Huang L, Huang HQ. Construction of nanometer cisplatin core-ferritin (NCC-F) and
proteomic analysis of gastric cancer cell apoptosis induced with cisplatin released from the NCC-
F. J Proteomics. 2012; 75:3145–3157. [PubMed: 22480910]

49. Choi SH, Choi K, Kwon IC, Ahn HJ. The incorporation of GALA peptide into a protein cage for
an acid-inducible molecular switch. Biomaterials. 2010; 31:5191–5198. [PubMed: 20359742]

50. Dalmau M, Lim SR, Wang SW. Design of a pH-Dependent Molecular Switch in a Caged Protein
Platform. Nano Lett. 2009; 9:160–166. [PubMed: 19113890]

51. Kaiser CR, Flenniken ML, Gillitzer E, Harmsen AL, Harmsen AG, Jutila MA, Douglas T, Young
MJ. Biodistribution studies of protein cage nanoparticles demonstrate broad tissue distribution and
rapid clearance in vivo. Int J Nanomed. 2007; 2:715–733.

52. Singh P, Prasuhn D, Yeh RM, Destito G, Rae CS, Osborn K, Finn MG, Manchester M.
Biodistribution, toxicity and pathology of cowpea mosaic virus nanoparticles in vivo. J Controlled
Release. 2007; 120:41–50.

53. Bachmann MF, Jennings GT. Vaccine delivery: a matter of size, geometry, kinetics and molecular
patterns. Nat Rev Immunol. 2010; 10:787–796. [PubMed: 20948547]

Molino and Wang Page 9

Curr Opin Biotechnol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



54. Speiser DE, Schwarz K, Baumgaertner P, Manolova V, Devevre E, Sterry W, Walden P, Zippelius
A, Conzett KB, Senti G, et al. Memory and effector CD8 T-cell responses after nanoparticle
vaccination of melanoma patients. J Immunother. 2010; 33:848–858. [PubMed: 20842051]

55. Choi KM, Kim K, Kwon IC, Kim IS, Ahn HJ. Systemic delivery of siRNA by chimeric capsid
protein: tumor targeting and RNAi activity in vivo. Mol Pharm. 2013; 10:18–25. [PubMed:
22663765]

56. Stephanopoulos N, Tong GJ, Hsiao SC, Francis MB. Dual-Surface Modified Virus Capsids for
Targeted Delivery of Photodynamic Agents to Cancer Cells. ACS Nano. 2010; 4:6014–6020.
[PubMed: 20863095]

57. Ren DM, Kratz F, Wang SW. Engineered drug-protein nanoparticle complexes for folate receptor
targeting. Biochem Eng J. 2013 In Press.

58. Suci PA, Varpness Z, Gillitzer E, Douglas T, Young M. Targeting and photodynamic killing of a
microbial pathogen using protein cage architectures functionalized with a photosensitizer.
Langmuir. 2007; 23:12280–12286. [PubMed: 17949022]

59. Steinmetz NF, Manchester M. PEGylated viral nanoparticles for biomedicine: the impact of PEG
chain length on VNP cell interactions in vitro and ex vivo. Biomacromolecules. 2009; 10:784–792.
[PubMed: 19281149]

60. O'Riordan CR, Lachapelle A, Delgado C, Parkes V, Wadsworth SC, Smith AE, Francis GE.
PEGylation of adenovirus with retention of infectivity and protection from neutralizing antibody in
vitro and in vivo. Hum Gene Ther. 1999; 10:1349–1358. [PubMed: 10365665]

61. Molino NM, Bilotkach K, Fraser DA, Ren DM, Wang SW. Complement Activation and Cell
Uptake Responses Toward Polymer-Functionalized Protein Nanocapsules. Biomacromolecules.
2012; 13:974–981. [PubMed: 22416762]

62. Abu Lila AS, Kiwada H, Ishida T. The accelerated blood clearance (ABC) phenomenon: Clinical
challenge and approaches to manage. J Controlled Release. 2013; 172:38–47.

63. Cho SK, Kwon YJ. Simultaneous gene transduction and silencing using stimuli-responsive viral/
nonviral chimeric nanoparticles. Biomaterials. 2012; 33:3316–3323. [PubMed: 22281425]

64. Sampath S, Carrico C, Janes J, Gurumoorthy S, Gibson C, Melcher M, Chitnis CE, Wang R, Schief
WR, Smith JD. Glycan masking of Plasmodium vivax Duffy Binding Protein for probing protein
binding function and vaccine development. PLoS Pathog. 2013; 9:e1003420. [PubMed: 23853575]

65. Molino NM, Anderson AKL, Nelson EL, Wang SW. Biomimetic Protein Nanoparticles Facilitate
Enhanced Dendritic Cell Activation and Cross-Presentation. ACS Nano. 2013 In Press. CpG was
covalently loaded within the non-viral E2 cage for acid-triggered release in the TLR9-containing
endosome of the dendritic cell, which resulted in enhanced cell activation and cross-presentation
of antigens, compared to free drug and free antigen.

66. King NP, Sheffler W, Sawaya MR, Vollmar BS, Sumida JP, Andre I, Gonen T, Yeates TO, Baker
D. Computational design of self-assembling protein nanomaterials with atomic level accuracy.
Science. 2012; 336:1171–1174. [PubMed: 22654060]

67. Goldinger SM, Dummer R, Baumgaertner P, Mihic-Probst D, Schwarz K, Hammann-Haenni A,
Willers J, Geldhof C, Prior JO, Kundig TM, et al. Nano-particle vaccination combined with TLR-7
and -9 ligands triggers memory and effector CD8(+) T-cell responses in melanoma patients. Eur J
Immunol. 2012; 42:3049–3061. [PubMed: 22806397] This work describes a phase 2 clinical trial
for the delivery of a CpG-loaded Qβ VLP displaying tumor antigens for immunotherapy against
melanoma.

68. Pokorski JK, Hovlid ML, Finn MG. Cell targeting with hybrid Qbeta virus-like particles displaying
epidermal growth factor. Chembiochem. 2011; 12:2441–2447. [PubMed: 21956837]

69. Kang HJ, Kang YJ, Lee YM, Shin HH, Chung SJ, Kang S. Developing an antibody-binding
protein cage as a molecular recognition drug modular nanoplatform. Biomaterials. 2012; 33:5423–
5430. [PubMed: 22542610]

Molino and Wang Page 10

Curr Opin Biotechnol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Highlights for Molino & Wang review

• Caged proteins can overcome limitations of other nanoparticles for drug

delivery.

• Unique physical, chemical, and recombinant methods allow drug loading/

release.

• Simultaneously display of drug and targeting molecules can improve drug

efficacy.

• Caged proteins are well-suited for immunotherapy due to similarities with

viruses.
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Figure 1.
Summary of methods explored for drug loading (upper panel) and drug release (lower panel)

in protein nanoparticle cages. R = any reactive amino acid side chain; GSH = glutathione.

Representative protein cage scaffold is cowpea chlorotic mottle virus (PDB code 1CWP,

assembly from VIPERdb; http://viperdb.scripps.edu/).
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Table 1

Summary of various caged protein systems, both viral and non-viral, which have been explored as delivery

vehicles for therapeutics. The specific caged protein, drugs used, and the phase of research are given.

Protein cage Drug Phase of Recent
Investigations

References

Virus-like particle

Adenovirus bleomycin in vitro [26]

paclitaxel in vivo [**22]

Avian sarcoma leukosis virus Cre recombinase

in vitro [**19]

5-FU

Caspace-8

Ifn-γ

TRAIL

Cowpea chlorotic mottle virus Ru(bpy2)phen-IA in vitro [58]

Cowpea mosaic virus DOX in vitro [11]

proflavin [*34]

Cucumber mosaic virus DOX in vivo [*35]

Hepatitis B virus CCL19

in vivo

[18]
IL-2

CpG [31]

siRNA [55]

Hibiscus ringspot virus DOX in vitro [38]

HIV-1 CD40L in vivo [16]

JC polyomavirus paclitaxel in vitro [45]

siRNA in vivo [47]

MS2 Bacteriophage siRNA

in vitro

[**40,41,55]

DOX

[**40]5-fluorouracil

ricin toxin A-chain

miRNA in vivo [42,43]

antisense ssDNA [44]

Murine polyomavirus methotrexate in vitro [24]

Qβ EGF
in vitro

[68]

porphyrin [*21]

CpG phase 2 clinical trial [*67]

Red clover necrotic mosaic virus DOX in vitro [46]

Rotavirus DOX in vitro [25]

SHIV CD40L in vivo [20]

Non-viral particle

E2 subunit of pyruvate dehydrogenase DOX in vitro [10,57]
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Protein cage Drug Phase of Recent
Investigations

References

CpG [*65]

Ferritin duanomycin

in vitro

[37]

cisplatin [32]

5-fluorouracil [36]

trastuzumab [69]

AP-1 peptide
in vivo

[17]

DOX [*39]

DNA binding protein SnCe6 in vitro [23]

Heat shock protein DOX in vitro [27,28]
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