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Abstract

Carbon nanotubes display characteristics that are potentially useful in their development as
scaffolds for vaccine compositions. These features include stability in vivo, lack of intrinsic
immunogenicity, low toxicity, and the ability to be appended with multiple copies of antigens. In
addition, the particulate nature of carbon nanotubes and their unusual properties of rapid entry into
antigen-presenting cells, such as dendritic cells, make them especially useful as carriers of
antigens. Early attempts demonstrating carbon nanotube-based vaccines can be used in both
infectious disease settings and cancer are promising.

1.0 Introduction

Vaccines are drugs designed to elicit a specific, active immune response in a host that will
prevent a disease from starting, or lessen the effects of a disease after it has begun. In the
field of infectious diseases, nearly all vaccines are administered prophylactically. Such
approaches have provided some of the most important advances in human health over the
last century. Many attempts also have been made to generate “therapeutic” cancer vaccines
for patients who already have a cancer, which could be used to reduce tumor burden, or
prevent or slow recurrence of cancers. No such effective specific cancer vaccines are
marketed in the USA today.

The immune system is designed to recognize and react with foreign antigens and vaccines
are drugs that are engineered to mimic these foreign molecules, so as to direct the specific
immune response for therapeutic purposes. Antigens presented by microbes and bacteria are
typically more potently immunogenic than self-antigens derived form cancers. In cancer
vaccines, the antigens are not foreign, and are usually over-expressed proteins or sugars on
the surface or inside the tumor cell. Intracellular proteins from microbes, viruses or cancers
can be presented on the cell surface in the context of MHC molecules for T cell
recognition 2. Presentation by dendritic cells (DCs), which are the most effective antigen
presenting cells (APCs)3 4, drives the initiation of a strong response. Self-antigens are
generally weakly immunogenic and the immune system of animals or patients with cancer
either does not recognize the antigen, is tolerant to it, or can not mount an adequate
cytocidal response® 6. Soluble molecules are usually weak immunogens; therefore, delivery
formulations that include carrier molecules and adjuvants can make more effective
immunization strategies. Adjuvants promote a more potent immune response, such as
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cytokines’, saponins, CpG motifs8, and heat shock proteins®. Synthetic and natural
materials, such as dendrimers or keyhole limpet hemocyanin (KLH), have been used as
carrier moleculest0 11,

Vaccine carriers that efficiently deliver the antigens into professional antigen presenting
cells such as dendritic cells, would be most useful, as presentation of peptide antigens by the
MHC molecules of dendritic cells (APC’s) is essential to mounting a potent immune
response. Particulate vaccines are a promising approach to improve the immunogenicity of
proteins, as the particles improve immune responses. Interestingly, the response is highest
when the particles are on the nano-scale, which may relate to the ability of cells to best
interact with the vaccine particle of this size121314 Nanoparticulate formulations also can
serve as an extracellular or intracellular depot of antigen, which prolongs immune
activation.

Carbon nanotubes (CNT) offer a number of features that make them interesting candidate
materials for vaccine compositions, as a scaffold to carry the specific antigenic target and to
facilitate its presentation to the immune system. CNT are relatively inert and non-
immunogenic and non-toxic®18 by themselves. They are highly stable on the shelf and in
vivo. Their unique structures allow highly efficient conjugation of many antigens,
simultaneously, and to multiple different antigens at once, to their surfaces. Interestingly,
100% of the structure of single wall CNT is surface atoms. In addition, CNT can be made
particulate and insoluble, thereby prolonging effects in vivo as a depot, and promoting
engulfment by phagocytic cells involved in the generation of the immune response. Finally,
CNT have the interesting property of rapid entry into cells, including dendritic cells, which
are essential to the stimulation of effective immune responses19-21,

In this review we discuss various approaches to vaccine development, the current methods
to isolate and purify CNT for this purpose, methods to covalently functionalize them with
biologically active molecules such as protein antigens, and the early attempt to make
vaccines with CNT. The biomedical applications of CNT, including their use as carries for
antigens, as immune stimulants, or as inflammatory molecules, have been reviewed several
times recently or in this issuel® 18.22-24 \We encourage readers to seek these papers for a
broader look at the biomedical applications of CNT.

2.0 Vaccines and adjuvants

Development and application of vaccines against pathogens have achieved a significant
success in controlling and preventing life-threatening infectious diseases in the past
century?>26_ Similarly, the development of cancer vaccines has been of intense research
interest in the past few decades and has provided approaches to adjuvant therapy in
conjunction with other anti-cancer therapies?’. Vaccines normally consist of three
components. The first component is represented by one or more specific antigens that can be
encoded by DNAS, or are peptides and proteins, or carbohydrates, derived from immune-
dominant epitopes identified in pathogens or cancer cells. Upon vaccination, these specific
antigens are able to generate specific and long-lasting immune responses against the host
cells, whereby destroying either pathogens or cancer cells. The second component of
vaccines, which is not always necessary, is a carrier. This is a scaffold, which may be
immunogenic on its own and that is used to deliver the antigen to appropriate cells in vivo or
retain it at a site. The third important component of vaccines is the adjuvant, which is
required for effective vaccine delivery and for inducing robust inflammatory responses.

Effective adjuvants act through multiple mechanisms, including the generation of antigen
depots, activation of antigen-presenting cells (APCs) via pattern recognition receptors
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(PRRs) such as toll-like receptors (TLRs) and enhancing the presentation of vaccine
antigens by APCs28:29, In addition to adjuvants with biological functions, the carrier
delivery systems included in the vaccine formulation can also help to achieve desired
targeting ability, depot and inflammation3C. Adjuvants can be generally divided into two
categories: immune-stimulatory molecules and antigen delivery vehicles. However, they can
exhibit both characteristics simultaneously. Vaccines and adjuvants used in earlier studies
are either attenuated pathogens (for example: Coley’s toxins) or adjuvants that are the
mixtures of bacterial walls and mineral oil, such as complete or incomplete Freund’s
adjuvants. Although it had been a wide-spread practice for immunologists to use adjuvants
together with specific vaccines to generate effective immune responses, the mechanisms of
their action were poorly understood. The discovery of the TLRs in 1990s, significantly
increased the understating of how adjuvants stimulate innate immunity and bridge it to
adaptive immunity. Recent advances in nanotechnology have also made it possible for
specific, effective and controlled delivery of the vaccines to immune system3°,

2.1 Immuno-stimulatory adjuvants

2.1.1 TLR agonists—The immune system recognizes pathogen-associated molecular
patterns (PAMPs) expressed by wide variety of infectious microorganisms, by PRRs, which
include TLRs, NOD-like receptors (NLRs) and RIG-I-like receptors (RLRs). The use of
TLR agonists as adjuvants is based on the knowledge that several TLR ligands are known as
PAMPs, and engagement of receptor-ligands activate DCs, macrophages and other innate
immune systems that express TLRs on their cell surface or in their intracellular endosomes.
Activation of DCs and macrophages results in enhanced phagocytosis of antigens, cytokine
production, and up-regulation of co-stimulatory molecules. Subsequently, the host mounts
an adaptive immune response, characterized by the expansion of antigen-specific T and B
cells, activation of T helper and cytotoxic T cells and production of antibodies, that insure
long-lasting immunological memory to protect against infection and cancers. Twelve TLRs
and their ligands have been identified in humans3L. For example: TLR-3 binds to double
strand RNA (dsRNA) in virus, which has been known to induce type | interferons, enhances
antigen presentation and the cytotoxicity of NK and T cells. The synthetic dSRNA
polyinosinic-polycytidylic acid (Poly 1:C) has been tested in pre-clinical studies and in
numbers of human clinical trials as an adjuvant to anti-cancer vaccines3233, TLR4 binds to
bacteria lipopolysaccharide (LPS), which is a potent non-specific immunostimulator and is
presented in various adjuvants. TLR5 binds to flagellin 3* and TLR9 to unmethylated CPG
oligodeoxynucleotide bacterial DNA. TLR-9 agonist CPG-OD represents the most studied
and advanced adjuvant candidate3°. When used as an adjuvant, CPG motifs stimulate cells
that express TLR-9, primarily plasmacytoid DC and B cells, to produce Th1 cytokines,
enhances antigen presentation and induction of long-lasting CD8 T cells and Ab production.
CPG-ODN has been evaluated as adjuvant in a wide variety of preclinical models and in
human clinical trials in both infectious diseases and cancer vaccine therapies3°-49,

2.1.2 Cytokines—Cytokines produced by immune cells are important immune-modulators
in both innate and adaptive immune responses. Therefore, a number of cytokines have been
used as adjuvants to enhance vaccine efficacy4!. Granulocyte-macrophage colony-
stimulating factor (GM-CSF) is the most widely used adjuvant in human trials, primarily
because it can activate macrophages and induce DC differentiation, thus to help initiating an
effective Ag-specific immune response. Some reports showed that GM-CSF may induce
myeloid suppressor cells, however, the vast majority of studies have shown that GM-CSF
enhances cancer vaccine-induced immune responses, when used as an adjuvant#243, We
have evaluated the effects of GM-CSF in MHC class | peptide vaccines derived from
BCR.ABL in a mouse model, in combination with TiterMax adjuvant. The mice immunized
with peptide/TiterMax plus GM-CSF showed stronger IFN-y secretion by CD8 T cells than
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the group without GM-CSF (unpublished). In addition, type I IFNs (IFN-a/p) are pleoitropic
innate cytokines that are secreted in response to viral infection. IFN—a/p can up-regulate
MHC class | and Il expression, induce Th1 T cell helper responses and activate NK cells and
CD8 T cell cytotoxicity and therefore, can be the most powerful natural adjuvants of the
immune system. IFN-a has successfully been shown to improve the protective immunity of
peptide and vector-based vaccines in experimental models. When type | IFNs were used an
adjuvant in clinical trials in patients with cancers, both immunological and clinical responses
were observed36:44. In addition, interleukin -2 and -12 (IL-2 and 1L-12) have also been used
as adjuvants in cancer therapy, as both cytokines are potent stimulators for cytotoxicity of
CD8 T cells. However, the cytokines have short half-life in vivo, and cause toxicity if
administered repeatedly and systemically*®4/.

2.1.3 Other adjuvants—QS-21 is a saponin-derived soluble adjuvant. It interacts with
cholesterol of cell membrane leading to pore-formation on the membranes thereby
enhancing antigen-uptake. QS-21 has been shown to enhance both cellular and humoral
immune responses and has been used as an adjuvant in a number of clinical trials, in cancer
vaccines including chronic myeloid leukemia (CML), breast, prostate and melanoma, as
well as in infectious diseases, such as malaria, influenza and hepatitis B#°. However, it can
cause pain at injection sites and hemolysis, which limits its use. Interestingly, in our work,
when mice were immunized with class | peptide vaccines with QS-21 via footpads, the CD8
T cell response was significantly weaker, compared to the vaccines that included TiterMax
(unpublished). This study suggests that better uptake of the antigens is not sufficient; the
antigenic depot effect and immune-stimulatory effects provided by TiterMax are also
required for inducing a robust vaccine-induced cellular immune response. In addition,
aluminum salt-based adjuvants (alum) have been used in many vaccine formulation and are
the most widely used adjuvants in humans, including hepatitis B virus (HBV), hepatitis A
virus, diphtheria, tetanus, human papilloma virus (HPV), etc*849. Similarly, Montanide, a
mineral oil-based adjuvant, has been widely used in human trials in both cancer vaccines
and infectious diseases®®. The mechanisms of the action for these adjuvants have been
attributed to their ability to provide a long-lasting depot effect, effective Ag uptake and
presentation by APCs and activation of APCs®C.

2.2 Delivery vehicles as adjuvants

Besides the addition of adjuvants with biological functions, vaccine delivery by use of a
carrier system can significantly impact vaccine efficacy, by achieving target specificity,
controlling the quantity end timing of vaccines, reducing the unwanted non-specific immune
response and enhancing the vaccine-specific immunogenicity. Carriers, such as liposomes,
microspheres, proteasomes, virosomes and virus-like particles (VLPs), antigen cochleates,
dendrimers and carbon nanotubes have been widely explored for vaccine delivery30:52-54,
Single-wall carbon nanotubes (SWNTS) have emerged as a potential vaccine delivery
vehicle, given their unique physical and chemical properties. (see discussion in section 5
below.) In choosing a nanomaterial as an adjuvant or carrier one needs to carefully consider
the properties of the material as they relate to depot effects (that is, does it retain the antigen
in the same site for long periods and does it release the material and by what kinetics?) and
inflammatory effects (is the carrier immunogenic by itself or will it enhance or detract from
the immunogenicity of the carried antigen?) In principle, an optimal carrier would carry
large numbers of antigens and many types of antigens, would retain antigens with slow
release over time to allow inflammation at the site, would promote internalization of the
antigen into the antigen presenting cell such as a dendritic cell and would not incite a
dominant response to itself,

Adv Drug Deliv Rev. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scheinberg et al.

Page 5

3.0 Purification of Nanotubes

Medical applications of CNT require highly pure and well characterized materials. Whether
selecting for length, diameter, chirality, number of walls, metallicity, degree of modification
or fidelity, the purification of carbon nanotubes has been a challenge since their discovery,
and is today the largest obstacle to their swift translation into useful products. In the
following section a number of techniques will be examined in the effective purification of
carbon nanotubes that could be useful for vaccines.

3.1 Synthetic Purity

The goal of obviating purification altogether through a uniform synthesis has eluded
scientists for the last two decades; however, a number of partially selective syntheses have
been developed. Nanotubes are produced by arc discharge using carbon based electrodes
impregnated with metal catalysts, or by catalytic methods such as chemical vapor deposition
(CVD) and high pressure carbon monoxide (HiPCO) process®®. Other techniques such as
laser-vaporization and high-temperature heat treatments also exist, but are not as
commercially popular®6.

These techniques have important general differences in the products they generate. For
instance, multi-walled tubes generated by arc discharge tend to have a higher fidelity (fewer
defects) than other methods, but their synthesis is not as scalable for mass production as are
catalytic synthetic methods. Single wall tubes, however, have similar fidelity regardless of
production method®’. Such general differences are a starting point for choosing which tubes
to purchase.

Within these categories, there are many options for modifying the product. The modification
of atmosphere, pressure, temperature, flow rates, catalyst, distance between electrodes,
voltage, and electrode doping, among others have influences on the qualities of the
nanotubes generated®®.

One aspect of selection that has met with success through synthetic modifications is the
number of walls in tubes. This has permitted the preferential creation of single, double, and
less defined multi-walled tubes. As an example, the selective creation of double-walled
tubes was discovered by the inclusion of sulphur in anode catalyst mixtures at low
pressures?9.60,

Single-walled tubes can be created at greater than 90% exclusivity with control of pressure
and the addition of Nickel and Cobalt to Iron catalysts61:62, or by restricting the size of tube
seeding nanodots®3 . Though far from completely selective, nanotubes have been
synthesized with preferential chiralities as well®4. Chirality of nanotubes, especially single-
walled tubes, determines their electronic properties, and must be controlled if they are to be
used in computer chips.

Nanotubes are generated by a variety of methods; each approach has its own profile of
properties, proportions and residual impurities. Ultimately, one of the more important
aspects of planning a nanotube purification is deciding which type of tubes to purchase
initially. If residual metals are more of a concern HiPCO tubes should be avoided as they are
furnished with a higher iron content5®, If amorphous carbon contamination to multi-walled
tubes is an issue then CVD6® tubes should be substituted with those manufactured by arc-
discharge.
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3.2 The Removal of Amorphous and Graphitic Carbon, and Catalysts from Nanotubes

For medical applications the CNT must be rigorously pure, reproducible and well defined
before regulatory agencies will allow their use in humans. The method by which nanotubes
are generated, as discussed above, not only determines the properties of the tubes, but also
the proportions of metals and other impurities that may need to be removed before the
nanotubes can be employed. For instance, metals can interfere with conductivity and
radiolabelling, and inclusion of amorphous carbon weakens the mechanical and thermal
conductivity properties of nanofibers. Myriad methodologies have been developed to
separate carbon nanotubes from metals, sp2 carbon species, graphitic carbon species, and
multi-form amorphous carbon. Techniques taking advantage of physical, chemical and
electrical differences between tubes and their contaminants have met with success and are
often used in combination to produce “pure” (but generally heterogeneous in length and
chirality). These methods include acid treatments to remove metals®’:68, oxidations to open
end caps8%70 and to break the tubes at points of imperfection’%:72, filtrations to remove
small, often imperfect carbon fragments’3, centrifugation’4, and covalent and non-covalent
modifications that allow separations on the basis of solubility through extraction, gel
permeation, filtration, and chromatography’>-81, Nanotubes have been heated (annealing)®?
or LASERed to high temperatures which also works to remove imperfections and restore
conjugation to bent or broken regions through isomerization. A technique currently being
development by the Scheinberg lab takes advantage of the bundling properties of
functionalized tubes in order to remove impurities through aqueous dialysis (unpublished).
In the case of vaccines, once a immunoreactive peptide has been attached to the nanotube,
purification of successfully labeled nanotubes could be accomplished through use of affinity
columns, though no such work has yet been published on this method.

3.3 Purifications of Chirality

Purifications of a mixture of zigzag, armchair and helical nanotubes are perhaps the most
challenging of all separations. It should be noted that perfect armchair and zigzag tubes are
not chiral species as they have a mirror plane, but are often spoken of as such in comparing
chiralities. Small amounts of tubes of a single chirality can now be separated through
ultracentrifugation8? and gel filtration4. Other processes have been developed to create
asymmetric tubes out of symmetric ones. Hongjie Dai suspended nanotubes in water in a
vertical monolayer and selectively oxidized the ends of the bundles beneath the surface of
the water creating a uniformly asymmetric species®. Finally, electric fields can be used to
align and order nanotubes both during and after their growth controlling conformation in this
case rather than chirality8®.

We propose an effective way to separate tubes by their chiralities through chromatographic
separation using tubes of a set chirality as a stationary phase. A hefty investment of chiral
tubes into a chromatography column with a nanotube stationary phase of set chirality could
provide a mechanism for the mass production of chiral tubes. One such product is already in
development.

3.4 Assessment of Purity

A number of methods are available to assess the purity of nanotubes and nanotube
constructs with the requisite standard being direct visualization through HRTEM, SEM and
AFM. Dynamic light scattering®’ is used to determine the length distribution of nanotubes;
Raman spectroscopy®8 elucidates the degree of fullerene-like carbon versus amorphous,
graphitic, or sp® carbon impurities. Near infrared studies8? are best used to determine the
gross purity of a sample for which direct visualization studies may be too myopic. The
characteristic absorption slope of nanotubes also provides supporting information as to the
degree of nanotube modifications. Degrees of modification can also be assessed through
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chemical tests such as the Kaiser/Sarin assay. When nanotubes are made soluble through
modification, HPLC is very useful in the assessment of purity, and can produce discreet
peaks even for substances as heterogeneous in structure as carbon nanotubes. Mechanical
techniques may also be used to appraise nanotube purity. Measurement of the Young’s
modulus, or thermal conductivity may be used as a gross assessment of nanotube purity, but
does not clearly identify the problematic factor. Thermogravimetic analysis can provide
information on long term stability and potential for oxidation under extreme conditions®9-92,

4.0 Functionalization of carbon nanotubes

Pristine carbon nanotubes are chemically inert and extensively aggregate into particulates in
aqueous solution under physiological conditions. Chemical modification must be performed
to introduce multiple reactive moieties onto either the single-walled and multi-walled CNT
surfaces. These reactive functionalities can be employed to further append antigenic
peptides, proteins and biologics. Chemical functionalization may also lead to better
dispersion of the vaccine and consequently improve antigen presentation in vivo. Needless
to say, chemical functionalization provides a means to covalently attach antigens to the CNT
platform which yields more stable vaccine composition and unique pharmacokinetic and
pharmacodynamic properties.

A rich synthetic organic chemistry of multi-wall and single-wall CNT scaffold modification
has been reviewed by Singh et al.%3 The introduction of carboxylic acid moieties can be
readily accomplished by treating the CNT with strong acid under oxidizing conditions.
These acidic groups can further undergo amidation or esterification reactions with thionyl
chloride or carbodiimide reagents, respectively to append other groups of biological value.
This approach has been used to covalently attach many copies of the polyelectrolyte
polyethylene imine® or proteins obtained from tumor lysates?. Another versatile route is
the addition of primary amine groups employing the 1,3-dipolar cycloaddition of reactive
azomethine ylides with the carbon-carbon double bonds of the CNT sidewall surface.% The
ylides are generated in situ by thermal condensation of aldehydes and a-amino acids that
upon reaction with the CNT surface yield pyrrolidine rings. This latter approach yields water
soluble, stable and well dispersed functionalized CNT. The CNT-(NH,), platform has been
used to append peptides via (i) condensation®”-%; (ii) chemoselective ligation using
bifunctional coupling reagents®’-%9; and (iii) bio-orthogonal coupling through a hydrazone
linkagel%. Interestingly, the resultant hydrazone linkage formed between the CNT and the
peptide yields a chromophore that can be quantified spectrophotometrically (Amax = 354 nm,
e = 29,000 M~1cm™1) and provides information on the amount of peptide attached per CNT.

CNT-based vaccines that have been built from the ground-up often require several synthetic
and purification steps over the course of the production. Thorough characterization of the
chemical identities of the starting materials, intermediates, and final products is important in
obtaining reproducible and interpretable biological results, given the inherent variability that
is observed in immunotherapeutic studies.

5.0 Use of CNT as vaccines in vivo

The ability to link multiple copies of antigens or immune stimulants simultaneously to CNT
allows the design of diverse approaches for the use of CNT in vaccine construction. Viral,
bacterial and protozoal antigens as well as CpG adjuvants have been appended 9499.101 One
of the early attempts to apply CNT as a scaffold for vaccine development involved the
covalent attachment of foot-and-mouth disease viral envelope peptides to CNT97:98_ This
work showed that it was possible to retain the epitope structure in an immunogenic form
when attached to the CNT. Indeed, the CNT-viral protein molecular complexes were
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capable of generating specific immune responses in animal models. Pantarotto showed that
only the peptide-CNT elicited 1gG responses which are neutralizing®7-9.

Meng et al. used a tumor cell lysate conjugated to single-wall CNT as a therapeutic cancer
vaccine in mouse model hepatoma 9 The conjugated vaccine improved cure rates as
compared to lysates alone, apparently by improved activation of cytolytic T cells.

Single-wall CNT-PPD antigen was used to study the character of the T cell responses in
micel01. Interestingly, while traditional adjuvants such as PPD in Freund’s adjuvant
generated a predominately Th-2 response, the single-wall CNT-PPD response was biased
toward a Th-1 cytokine response (interferon and 1L-12.)

Mocan and others192 compared the effects of multi-wall CNT and embryonic stem cells,
injected separately into the same mice to suppress the growth of murine colon carcinoma.
This combination was more effective than either agent administered alone, and both CD4
and CD8 activation was enhanced, but whether there is an induction of a specific immune
response to the cancer cells was not studied.

The Wilm’s tumor protein (WT1) is over-expressed in many human leukemias and cancers
and it is widely used in human trials as a cancer vaccine®-104. 105 vi|la et al. aimed to
demonstrate that carbon nanotube-peptide constructs could improve the immunogenicity of
this weakly immunogenic, clinically relevant cancer-associated peptidel%. They used
spectrally quantifiable chemical approaches to covalently append large numbers of a 19
amino acid peptide onto solubilized single-wall carbon nanotubes. The nanotube scaffold
itself was non-cytotoxic to dendritic cells in vitro and appeared non-immunogenic in mice.
The peptide alone with an adjuvant did not induce an immune response in mice. The
peptide-single-wall CNT vaccine was internalized into dendritic cells and macrophages
within minutes in vitro, which should serve to promote immunization. Mice immunized with
the single-wall CNT-peptide vaccine and an adjuvant induced specific 1gG responses against
the peptide.

In addition they observed that uptake of the vaccine into the dendritic cells or macrophages
occurred in 5 min, followed 15 min later by accumulation of the peptide-single wall CNT in
a diffuse perinuclear compartment. Microscopic analyses suggested that CNT-peptide
constructs were concentrated in intracellular vesicles potentially enhancing peptide delivery
into APCs190,

6.0 Conclusions

Numerous approaches to vaccine development are under study including the use of
nanoparticles as carriers. Nanomaterials have features that allow them to be effective
carriers including multivalency, stability, and a likelihood of internalization into antigen
presenting cells. The use of CNT in this regard is just beginning. As carriers alone, or with
small molecules attached to them, they clear the blood via the kidney95. However, with
larger appended moieties or proteins they are retained within the blood stream. Their
unusual property of rapidly internalizing into antigen presenting cells while carrying their
cargo is a distinctive advantage to CNT. A better understanding of the specifications that
control this process, such as length, charge, hydrophabicity, are required to optimize their
use in this regard. Due to their stealthy characteristics, SWNT may not adequately stimulate
innate immunity alone as do classic adjuvants or carriers. Therefore, immunologic adjuvants
appear necessary for more potent immune responses to CNT-based vaccines, which is not
surprising, as adjuvants are necessary for eliciting antibody responses for other vaccines.
One advantage though is the ability to conjugate different molecules simultaneously to the
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nanotube. For example, one could attach both the antigen and the adjuvant or an immune-
stimulatory cytokine to the same construct. Importantly, conjugation of the antigen to CNT
appears to avoid the use of carrier proteins such as keyhole limpet hemocyanin (KLH). KLH
has some features in common with a nanomaterial, such large size and insolubility, but is a
biologic material and difficult to access from the sea. Considerable investigation remains to
understand the role of CNT in vaccine compositions in comparison to more traditional
carriers.
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