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Abstract

Vaccine delivery can be achieved by linking antigen to CNT and by inducing antibody response. Use of CNTs can improve
immune response. Tailoring the physical properties of MWNT-based vaccine delivery systems may increase their efficiency
in inducing potent T cell immune responses against challenging infectious or cancer diseases. Tumour-specific, immune-
based therapeutic interventions can be considered as safe and effective approaches for cancer therapy. Exploitation of
nano-vaccinology to intensify the cancer vaccine potency may overcome the need for administration of high vaccine doses
or additional adjuvants and therefore could be a more efficient approach. Carbon nanotubes (CNTs) have shown marked
capabilities in enhancing antigen delivery to antigen presenting cells. However, proper understanding of how altering the
physical properties of CNTs may influence antigen uptake by antigen presenting cells, such as dendritic cells (DCs), has
not been established yet.

Although anti-cancerimmuno-based combinatorial therapeuticapproaches have shown promising results, efficient tumour
eradication demands further intensification of anti-tumour immune response. With the emerging field of nanovaccinology,
multi-walled carbon nanotubes (MWNTs) have manifested prominent potentials as tumour antigen nanocarriers.
Nevertheless, the utilization of MWNTs in co-delivering antigen along with different types of immunoadjuvants to antigen
presenting cells (APCs) has not been investigated yet.

Keywords: Carbon Nanotubes, Vaccine Delivery, Cancer Immunotherapy, Antigen Presenting Cells and Dendritic
Cells.

CNTs activate the class Il Major Immuno-compatibility Com-
plex (MHC) in antigen presenting cells which can, in turn,
promote an antibody-based response. The linkage of either a
bacterial or viral antigen to CNTs allows the maintenance of
antigen conformation integrity, thereby, inducing antibody
response increasing both the specificity and the sensitivity

[3].

1. Delivery of vaccines by CNTs

Carbon nanotube (CNT) can be described as carbon sheet(s)
rolled up into a cylinder that is nanometers wide and nano-
meters to micrometers long. Stemming from the observed
capacities of CNTs to enter various types of cells via diver-
sified mechanisms utilizing energy-dependent and/or pas-
sive routes of cell uptake, the use of CNTs for the delivery of
therapeutic agents has drawn increasing interests over the

last decade. It has also been suggested that SWNT conjugated with un-

methylated CpG DNA motifs can be used as an adjuvant in

Functionalized CNTs can be used in vaccination procedures. vaccines. Functionalized CNTs have been demonstrated to

CNTs were shown to activate cells deriving from the innate
immune system, such as monocytes, macrophages, and
dendritic cells [1]. Microarray profiling of a monocytic cell
line, THP-1, showed that CNTs, both functionalized and non-
functionalized, activate several genes involved in monocyte
response to infection or vaccination, such as nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«kB), in-
terleukin-1p (IL-1pB), IL-6, tumor necrosis factor-a (TNF-a),
among others [2].

be able to act as carriers for antimicrobial agents, such as the
antifungal amphotericin B. CNTs covalently attached to am-
photericin B reduced the undesired toxicity by about 40% as
compared to the free drug [4].

Moreover, CNTs themselves might have antimicrobial activi-
ty through oxidation of the intracellular antioxidant glutathi-
one, resulting in increased oxidative stress on the bacterial
cells and eventual pathogen death [3].
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Efforts are continuing to develop novel systems for the de-
livery of protective antigens. The basic idea of using CNTs in
vaccine delivery entails linking an antigene to CNTs, without
losing its conformation, thereby inducing an antibody re-
sponse with the right specificity. However, it is equally im-
portant that the incorporated CNTs do not possess intrinsic
immunogenicity and, hence, trigger an immune response.
CNTs therefore act as templates, upon which chiral mole-
cules are attached, which in turn act as centers for molecular
recognition (Figure 1, A, pathway 2) [5- 9]. Reported the use
of CNTs in eliciting an improved immune response. Peptides
derived from VP1 protein of the foot-and-mouth-disease vi-
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rus (FMDV) were coupled to SWNTs [07, 10]. Serum samples
from inoculated (by injection with CNT conjugates) Balb/c
mice were collected and analyzed by enzyme-linked immu-
nosorbent assay for presence of antipeptide antibodies. Pep-
tide-CNT complexes were shown to elicit greater immune
response against the peptides, with no detectable cross-re-
activity to the CNTs, confirming the no immunogenicity of
the carrier. It was also observed that the CNT-protein com-
plex enhanced the immune response when attached to an
antigen, which strengthens the possibility of incorporating
CNTs in vaccines.
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Figure 1: Conceptual diagrams of selected pharmaceutical and biomedical applications of CNTs. (A),

The two approaches for in vitro delivery of pharmaceuti-
cally active moieties into cells via endocytosis. Pathway 1
exploits the propensity of cationic f-CNTs to penetrate cells
and their ability to bind these moieties as carriers for deliv-
ery. Pathway 2 uses f-CNTs for cell targeting by incorporat-
ing moieties that bind selectively to epitopes or receptors
on cells. (B), The concept of hyperthermic cell destruction,
either by irradiating “endocytosed” CNTs directly or by trig-
gering a hyperthermic device within the endocytosed CNTs.
(The latter example is shown.) In either case, specific cell
destruction is achieved without harming surrounding cells.
(C), The use of CNTs/aligned CNTs as templates, as signal
transfer substrates, and as nonbiodegradable substrates
for the growth and support of neurons. CNT templates have
been demonstrated to promote the growth and extension
of neural extensions, as illustrated by the extensive neurite
branching that follows the contour of the CNT bundle. CNTs
can conduct electricity, so a neural signal can be detected
and recorded by placing a probe on a conducting CNT matrix.
(D), Spearing of immobilized cells with nickel-embedded fer-
romagnetic CNTs under the influence of a rotating magnetic
field. CNTs spear cells cultured on a coverslip.

Bianco et al [7] demonstrated that the presence of cation-
ic f-CNTs in the delivery of synthetic oligodeoxynucleotides
containing CpG motifs (ODN-CpGs) improve the immuno-
stimulatory properties of ODN-CpGs in vitro [07, 10]. Syn-
thetic oligonucleotides containing CpGs are reported to con-
fer nonspecific protection against cellular pathogens and
enhance antigen-specific immune responses. These prop-
erties have made them target candidates for incorporation
in vaccines. To evaluate the immunostimulatory properties
of CNTs, various ratios of CNT-ODN CpG complexes were in-
cubated with splenocytes. The efficiency of the process was
measured by the amount of interleukin-6 (IL-6), a proinflam-
matory cytokine whose production is stimulated by ODN-
CpG secretion in the supernatant of the culture. The results
showed higher levels of IL-6 when f-CNTs were in complex
with ODN-CpGs than when only ODN-CpGs were incubated
with splenocytes. From the foregoing, f-CNTs could poten-
tially be used as nonreplicating vectors for proteins, peptide
antigens, and CpGs.

2. Carbon Nanotubes in Cancer Vaccines
Conventional treatments for cancer include surgery, chemo-
therapy and radiotherapy. Surgical operations can be associ-
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ated with complications arising from damaging the tissues
surrounding the tumour site. Radiotherapy, which relies
on the application of ionising radiation to the tumour sites,
leading to DNA damage and inhibition of cancer cell prolif-
eration, can also affect the division of normal cells such as
blood forming cells in bone marrow [11,12]. In addition, can-
cer surgery and radiotherapy are only efficient in treating
localised tumour. In cases where cancer cells have metasta-
sised, i.e. gained access to sites distal to the primary tumour,
chemotherapeutic drugs, e.g. cisplatin, are administered to
slow down cancer cell proliferation and prolong patient sur-
vival [13]. Chemotherapeutic agents are typically non-spe-
cific and can also inhibit the proliferation of normal cells
leading to serious side effects such as myelosuppression and
immunosuppression, which can limit the administration of
higher doses to achieve better efficacy [12,14].

The human body is equipped with a number of defensive
mechanisms that can be harnessed to fight the cancer cells.
In fact, it is hypothesised that the immune system is in a con-
tinuous state of cancer immune surveillance [15]. According
to this concept, professional antigen presenting cells (APCs)
such as the dendritic cells (DCs) sample all tissues for the
presence of stress signals such as danger-associated molec-
ular patterns which are upregulated in tumour tissues. The
presence of such stress signals activates the innate immune
system and the resulting immune response keeps tumour
growth in check. Once the cancer cells acquire mutations
that let them escape the control by the immune system they
acquire the ability to establish tumours. Given this, the use of
immunotherapy for cancer has attracted significant interests
over the last decades culminating in numerous clinical trials
[16].

Cancer vaccines are one such intervention. Like traditional
vaccines against infectious disease, cancer vaccines are com-
prised of cancer cell-derived antigens formulated in such a
fashion as to provoke a potent immune response. Typically,
the antigenic payload of these vaccines is either mutated
proteins arising as a direct result or as a byproduct of tu-
morigenesis (so called neo antigens), proteins which are
overexpressed in tumours or proteins which are the result
of aberrant expression of embryonic genes in tumours [17-
19]. The anti-tumour immune responses elicited by the can-
cer vaccine are aimed to systemically target the cancer cells
throughout the whole body; hence cancer immunotherapy
can be used to treat metastatic tumours [20]. Moreover, im-
munisation with cancer vaccines can induce persistent T cell
memory-specific against the tumour cells, providing long-
lived protection and prolonged patient survival [21].

Unfortunately, while in preclinical model’s cancer vaccine
has proven efficacious there has been limited progress in
the development of human cancer vaccines, with a number
of high-profile candidates failing to meet their end points in
clinical trials [22]. This is, in part due to the failure to over-
come tumour-induced immunosuppression [23, 24]. How-
ever, there has been a surge of renewed interest in the field
since the advent of checkpoint blockade and increased un-
derstanding of the immune suppressive tumour micro-envi-
ronment [25].

It is likely that a successful cancer vaccine will be composed
of three components: the antigen, the adjuvant and the de-
livery vehicle. This regime may or may not be supplement-
ed with a checkpoint inhibitor. Speculating further it may
be proposed that cancer vaccines will require novel formu-
lations distinct from formulations previously used for infec-
tious disease (such as alum absorbed antigen) as cancer im-
munity will primarily be driven by cell-mediated cytotoxic
responses rather than antibody-mediated humoral respons-
es [16]. This chapter discusses one such formulation; carbon
nanotubes in the context of cancer vaccines. Here we review
the previous studies that demonstrated the possible benefits
of these cylindrical nano-vectors as cancer vaccine delivery
systems as well as the obstacles their clinical application is
facing.

3. Carbon Nanotubes (CNTs) as Nanocarriers

Nanotubes are a type of fullerene and are molecular-scale
tubes of carbon arranged similarly to the layers in graphite.
Carbon nanotubes have a very high melting point, as each
carbon atom is joined to three other carbon atoms by strong
covalent bonds. This also leaves each carbon atom with a
spare electron, which forms a sea of delocalized electrons
within the tube, meaning nanotubes can conduct electricity.

CNTs are synthetic allotropes of carbon. Allotropy is de-
scribed as the chemical elements ability to exist in more
than one form. Three allotropic forms have been identified
for carbon. The natural carbon allotropes include diamond,
graphite (several layers of graphene) and amorphous carbon
(non-crystalline form of carbon) [26]. The synthetic car-
bon allotropes that have been discovered include fullerene
(sphere of carbon atoms), graphene (single layer of graphite)
and CNT (cylinder consisting of rolled graphene layer(s))
(Fig. 2) [27-29]. Morphologically, CNTs can be described as
cylinders that are nanometers wide and nanometers to mi-
crometers long, consisting of graphene rolled up in the form
of single or multiple concentric layer(s) that are referred to
as single-walled CNT (SWNT) or multi-walled CNT (MWNT),
respectively [30].
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Figure 2: Carbon allotropes and related materials CNT.

3.1. Spheres vs. Tubes vs. Sheets as Nanocarriers

In terms of carbonaceous nanomaterials two carriers
have been widely employed, namely CNT and the carbon
nanosheet Graphene oxide (GO). Unlike most other materials
there has been minimal work assessing the spherical form of
carbon: fullerenes, as a carrier [31]. Therefore, it is difficult
to attribute the observed effects to morphology or material
composition when comparing CNT to other carriers. How-
ever, morphology dependent behaviour can be observed
in other systems. For instance, Trewyn et al. compared the
cellular uptake of silica nanoparticles that were either tube-
shaped (100 nm wide and 600 nm long) or spherical shaped
(115 nm in diameter) of comparable surface charges [32].
The tube-shaped silica nanoparticles demonstrated higher
uptake by CHO cells or fibroblast cells, in vitro, compared to
the spherical ones. Similarly, Huang et al. have reported that
internalization of rod-shaped silica nanoparticles (100 nm
wide and 450 nm long) by the epithelial A375 line in vitro
was higher compared to the spherical nanoparticles (100
nm in diameter) [33]. Whether the carrier’s morphology-de-
pendent cellular uptake affects the biological response in-
duced by the loaded cargo demands future investigations. In
light of these findings and hypotheses, comparative studies
need to be carried out to investigate the cellular uptake and
immunogenicity of CNTs versus spherical nanoparticles,
ideally fullerenes but also the extensively studied poly (lac-
tic-co-glycolic acid) (PLGA) nanoparticles and liposomes.
The findings of such studies will undoubtedly contribute to
the nanovaccinology field and further searches for nano-car-
riers with optimal morphological properties capable of effi-
cient vaccine delivery.

The other commonly used carbon allotrope is the carbon
nanosheet; GO [34-37]. The use of GO, as a cancer vaccine
carrier, has been assessed by several groups. Yue et al. demon-
strated that a subcutaneous injection of GO-OVA in C57BL/6
mice showed significantly elevated OVA-specific CTL re-
sponse in comparison to OVA alone [38]. Furthermore, in a
thymoma model immunisation of the aforementioned mice
with GO-OVA was more efficient than OVA alone in limiting
the growth of E. G7-0OVA lymphoma cells. Testing the abil-
ity to induce protective anti-tumour immunity, Sinha et al.
have reported that compared to C57BL/6 mice immunised
with OVA alone, mice vaccinated with dextran-functionalised
GO-0VA showed smaller tumour sizes after challenging with
subcutaneous injection of OVA-expressing melanoma B16
cells [39]. These findings presented GO as a competent vac-
cine nanocarrier.

Both CNTs and GO possess attractive properties of being
able to incorporate the biomolecules of interest via simple
surface adsorption. However, the proficiency of these carbon
nanosheets (GO) compared to the CNTs in delivering vac-
cines remains in question. Zhang et al. have demonstrated
that radiolabeled oxidized MWNTSs were taken up in higher
amounts compared to radiolabeled GO, by HeLa cells in vitro
[40]. The degree of cellular uptake is a key, but is not the only,
factor determining the intensity of elicited immune response.
Proper comparative assessment of CNTs and GO uptake by
the APCs and the subsequent impact on the induced immune
response will assist future researches on further developing
carbon nanocarriers suitable for vaccine delivery.
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3.2. Mechanisms of CNTs’ Cellular Uptake

Pristine (unmodified) CNTs are hydrophobic in nature and
are thus characterised by their low dispersibility and high
tendency to form aggregates in aqueous media. CNT bun-
dle formation is attributed to the non-covalent interactions
between the nanotubes such as the n-m stacking that occur
between the aromatic rings of adjacent nanotubes. There-
by, it was essential to find chemical approaches that can
improve the CNTs biocompatibility by enhancing the CNTs
degree of individualization and dispersibility in physiologi-
cal fluids. The chemical approaches that have been applied
to functionalise CNTs can be classified into covalent and
non-covalent functionalization [41,42]. For instance, utiliz-
ing covalent functionalization, pristine CNTs sonication in a
mixture of acids (e.g., sulphuric and nitric acids) can incor-
porate carboxylic groups that can be activated using carbo-
diimide-based approach which can be further derivatised
with amine-terminated linkers yielding functionalised CNT
with improved hydrophilicity [42-44]. Relying on non-co-
valent interactions, Zheng et al. have shown that SWNT dis-
persibility in aqueous solution was improved by sonication
with single stranded DNA (ssDNA) [45]. Wang et al. have also
demonstrated that bovine serum albumin non-covalent con-
jugation with oxidised MWNTs led to an enhanced dispers-
ibility in phosphate-buffered saline [46].

In order to assess the possible benefits that can be obtained
from using CNTs as therapeutics delivery vector, it was im-
portant to study the mechanisms by which these nanoscopic
scaffolds can enter the cells. CNTs have demonstrated high
ability to enter various types of cells [47-49]. It has been
previously reported that polymeric spherical nanoparticles,
e.g. PLGA nanoparticles, mainly utilise energy-dependent
mechanisms of cellular uptake rather than energy-indepen-
dentones [33,50, 51]. However, there is good data to suggest
the efficiency and uptake route of CNTs is highly dependent
on morphology and surface chemistry.

For instance, Shi Kam et al. showed that the cellular uptake
of fluorescent labelled streptavidin protein, by HL60 leu-
kaemia cells, was improved by its conjugation to oxidized
SWNTs [52, 53]. The uptake of the SWNT-streptavidin
conjugate was reduced when cells were placed at 4 °C, sug-
gesting that the internalisation of SWNT was carried out via
endocytosis, which is an energy-dependent mechanism. In
addition, staining the endosomes with a fluorescent mark-
er followed by confocal microscopy revealed the presence of
SWNT-streptavidin in the endocytic vesicles of these cells,
which further supported the proposed endocytosis mecha-
nism. Relying on the detection of SWNTs intrinsic near in-
fra-red fluorescence to assess the cellular uptake, Cherukuri
et al. have shown that the uptake of pristine SWNTs, dis-
persed in Pluronic surfactant, by mouse macrophage cells in
vitro was dramatically reduced by incubating the cells at 27
°C rather than 37 °C [54]. This finding also suggested an en-
docytosis-dependent mechanism for SWNTs uptake.

On the other hand, other studies have suggested that the
cellular uptake of CNTs is mainly achieved via passive dif-
fusion through the cell membrane. Pantarotto et al. have

demonstrated that amine-functionalised SWNTs improved
the internalisation of fluorescent labeled peptide by human
3 T6 fibroblasts incubated at 37 °C, as determined by epi-
fluorescence microscopy that also revealed the presence
of the SWNTs in the nucleus [55]. Inhibiting the metabolic
functions of cell by incubation at 4 °C or treatment with so-
dium azide did not affect the cellular uptake of the SWNTs,
which suggested an energy-independent mechanism of cell
uptake. The CNT’s ability to penetrate through the cell mem-
brane, like nano-needles, could be explained by the nano-
syringe mechanism theoretically simulated by Lopez et al.
for nanotubes insertion into the lipid bilayer [56]. Molecular
dynamics presented by Lopez et al. showed that hydropho-
bic nanotube with hydrophilic tips firstly adsorbs, in a hori-
zontal plane, onto a model membrane [56]. Partial insertion
of the nanotube into the model bilayer is then followed by
spontaneous change in the nanotube orientation from the
horizontal into the vertical alignment, forming a transmem-
brane pore-like orientation through the bilayer. Insertion
into the membrane bilayer could be then followed by trans-
location to the intracellular compartments as reported by
Pantarotto et al. In another study, further investigation of the
energy-independent CNT uptake was carried out, and con-
focal microscopy images revealed the internalisation of fluo-
rescent labelled and amine-functionalised MWNTSs by fungal
(Saccharomyces cerevisiae) and yeast cells.

(Cryptococcus neoformans) [57]. The functionalized MWNTSs
internalization by these prokaryotic cells (which normally
lack the ability to carry out active processes such as endocy-
tosis) highlighted the MWNTSs’ utilization of mechanisms oth-
er than endocytosis for cell entry. In addition, it was shown
that Jurkat leukaemic T cells incubation with the function-
alized MWNTs at 4 °C in the presence of sodium azide did
not inhibit the cellular uptake of MWNTSs, which confirmed
the involvement of passive cellular uptake mechanism. The
contradicting mechanisms of CNTs cellular uptake reported
by different authors could be attributed to the properties of
the CNTs used in these studies such as the CNTs’ degree of
individualization and dispersibility in the cell culture media,
which is highly dependent on the CNTs’ functionalization
density.

Mu et al. have studied the uptake of functionalised MWNTs
by HEK293 epithelial cells using TEM [58]. In this study,
single MWNT were imaged penetrating the cell membrane,
while MWNTs bundles were found intracellular surrounded
by endosome membrane. Single MWNT released from the
MWNTs bundle entrapped in endosomes were also imaged
while penetrating the endosome membrane, to enter the cy-
tosol.

Collectively, from these studies it could be concluded that
CNTs can access the intracellular compartments via more
than one mechanism of cell entry. This could be attribut-
ed to the length to width ratio of the CNTs that allows the,
nanoneedle-shaped, CNTs to passively penetrate the cell
membrane utilizing the hypothesized and experimentally
demonstrated nanosyringe mechanism, in addition to the
active endocytosis mechanism. The role of uptake cannot be
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understated as the ultimate goal of cancer vaccines is to in-
duce tumour-specific cytotoxic and memory CD8+ T cells re-
sponses, capable of eradicating the established tumours and
providing long-term protection, respectively [22]. Promoting
antigen translocation to the DC’s cytosol, where proteasome
processing occurs, could enhance antigen cross-presenta-
tion and, subsequently, the induction of antigen-specific
CD8+ T cell response [59]. The fact that CNTs can passively
diffuse through the cell membrane and reach the cytosol or
leak through the endosomes into the cytosol following inter-
nalizations via endocytosis could suggest that CNTs are qual-
ified, as delivery vector, to translocate their loaded antigen
to the cytosolic compartments (Fig. 3) [55, 57, 58]. The CNTs
ability to penetrate the cell membrane might be assigned to
their nanoneedle-like structure which arises from their high
aspect ratio (length to width ratio) [56]. Nevertheless, en-
dosomal membrane disruption associated with CNTs endo-
somal escape could induce cell damage [60, 61]. Membrane
disruption could activate NLRP3 inflammasome and conse-
quently induce pyroptotic cell death, and is a concern that
should not be overlooked on designing a CNT-based vaccine
delivery system [60, 61], and is a concern that should not be
overlooked on designing a CNT-based vaccine delivery sys-
tem.
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Figure 3: Proposed pathways for MHC presentation of
CNTs-delivered antigens. CNTs could deliver the incorporat-
ed antigen to the cytosol of the DCs, via two proposed routes,
where degradation by proteasome and subsequent MHC
class I presentation occur. The ability of CNT-antigen con-
jugates to passively diffuse through the cell membrane could
directly deliver the loaded antigen to the cytosol.

Alternatively, following the active uptake of CNT-antigen
conjugates by DCs and the subsequent endosome escape;
the incorporated antigen could gain entry into the cytosol.
In addition, overcoming the need for endosomes escape,
antigenic fragments yielded from antigens processed in the
endosomes by endosome proteases could be loaded onto the
MHC class I molecules recycled from the plasma membrane.
Furthermore, professional cross-priming DCs could trans-
locate endocytosis antigenic cargo to the MHC class I path-
way via the utilization of cross-presentation mechanism.
Lysosomal degradation of CNTs-delivered antigens that fail
to escape the endosomes could be followed by MHC class 11
presentation.

3.3. CNTs’ biocompatibility in Vitro

3.3.1. Effect of CNTs’ chemical Functionalization
Residual transition metal catalysts such as iron, cobalt or
nickel contained in the pristine CNTs can catalyze the in-
tracellular formation of free radicals and oxidative stress
leading to cytotoxic effects. For instance, treating HEK293
human kidney embryo cells with pristine SWNTs induced
cell apoptosis and reduced cell proliferation, additionally in-
cubating Calu-3 human epithelial cells with pristine MWNTs
significantly reduced cell viability [62, 63]. However, chemi-
cally functionalized CNTs have shown better biocompatibil-
ity profiles compared to the pristine material. This could be
attributed to the fact that exposing pristine CNTs to chemical
reactions followed by successive washing in organic solvents
with the aid of bath sonication help in removing metal cat-
alysts adsorbed onto the CNTs wall. In addition, chemical
reactions, such as bath sonication-assisted acid oxidation,
that generate surface defects onto the CNTs help in removing
trapped metal catalysts [64].

Coccini et al. have shown that acid-oxidised MWNTSs pos-
sessed lower metal content and exerted minor effects on the
cell viability compared to the pristine MWNTs following in-
cubation with the epithelial A549 cells at 1pg/ml [65]. How-
ever, increasing the oxidized MWNT concentration in the
culture media was accompanied by dramatic decrease in the
A549 cells viability. Vukovi¢ et al. have reported that treating
fibroblast L929 cells with pristine MWNTSs at concentrations
ranging 3-12.5 pg/ml significantly reduced the cell prolifer-
ation, while incubation with carboxylic or amine-function-
alised MWNTs did not show this effect [66]. Despite this,
the proliferation of the L929 cells incubated with the func-
tionalised MWNTs at higher concentrations (25-100 pg/ml)
was significantly lower than the untreated cells. Incubating
human epidermal keratinocytes with acid-functionalised
SWNTs also showed a dose-dependent reduction in cell vi-
ability and increased production of the pro-inflammatory
cytokine IL-8 [67]. This observation could be attributed to
the rupture of CNT-contained endosomes that led to NLRP3
inflammasome activation and proptosis [60, 61].

It could be suggested that although chemical functionaliza-
tion can improve the CNTs purity and biocompatibility, the
associated increase in CNTs individualisation increased their
cellular uptake thus the possibility of causing cytotoxic ef-
fects with increased dosage. In a similar fashion, Li et al. have
demonstrated that as the positivity of chemically function-
alized MWNTs was increased (by manipulating the surface
chemistry), the cellular uptake by THP-1 cell (monocytic
cell line) and BEAS-2B cells (bronchial epithelial cell line)
was enhanced causing production of pro-inflammatory cy-
tokines [68].

3.3.2. Biocompatibility with Immune Cells

Cytotoxic effects of CNTs on immune cells have been investi-
gated in various studies. Using TEM imaging, it was demon-
strated that carboxylated SWNTs formed less intracellular
aggregates following incubation with human monocyte-de-
rived macrophages and exerted lower effects on the cell via-
bility than pristine SWNTs [69]. Treating murine RAW 264.7
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macrophages with pristine SWNTs (26wt% of iron) led to
significant depletion of glutathione (oxidative stress bio-
marker) compared to treatment with carboxylated SWNTs
(0.23 wt% of iron) [70]. The higher iron content of pris-
tine SWNT than carboxylated SWNTs also led to significant
increase in the formation of intracellular reactive oxygen
species following incubation with rat NR8383 macrophages
[71]. The length of the CNT could also determine the CNTs’
biocompatibility. LPS-primed, human primary macrophages
treated with long pristine MWNT (~13um) showed higher
production of the NLRP3 inflammasome-mediated inflam-
matory cytokine IL-1f than shorter pristine MWNTs (1-
10pum) treated macrophages [61,72].

Wang et al. have shown that treating human monocyte-de-
rived DCs with carboxylated-MWNTs at 10-100 pg/ml for
48 h was not associated with a significant decrease in cell vi-
ability [73]. In addition, the carboxylated-MWNT treatment
did not increase the DCs expression of the CD80 or CD86 co-
stimulatory molecules that suggested lack of MWNTs adju-
vanticity. However, cytokines production by MWNTs-treated
DCs was not evaluated in this study. Dumortier et al. have
demonstrated that culturing mice-derived B or T lympho-
cytes in the presence of SWNTs functionalized using 1,3-di-
polar cycloaddition reaction did not induce cell death, pro-
voke cell proliferation or stimulate IFN-y production [74].
Nevertheless, SWNTs functionalized via acid-oxidation and
amide coupling reactions that exhibited lower aqueous dis-
persibility stimulated the production of TNF-a and IL-6 by
macrophages in vitro. Although this study highlighted the ef-
fect of SWNTs surface chemistry, and consequently the aque-
ous dispersibility, on the cytokine production by immune
cells in vitro, it would be also useful to investigate the effect
of different sized SWNTs.

Pescatori et al. have also reported that incubating carboxyl-
ate or amine-functionalized MWNTSs with Jurkat T cell line
or THP-1 monocytic cell line did not induce cell apoptosis
[75]. The uptake of the functionalized MWNTSs by the THP-1
monocytic cells, but not the Jurkat T cells, increased the pro-
duction of IL-6 and TNF-a Pro-inflammatory cytokines. On
the other hand, Medepalli et al. have found that DNA-func-
tionalized SWNTs did not alter the cell phenotypes or acti-
vation markers expression following the incubation with
human blood-derived monocytes or lymphocytes [76]. Such
discrepancy could be attributed to the CNTs’ functionaliza-
tion density, the used doses and incubation time.

These studies, therefore, suggested that the increased purity
of functionalized CNTs could be accompanied by improved
cytocompatibility. However, functionalized CNTs could still
exert dose-dependent cytotoxic effects.

3.4. CNTs’ Biodistribution

Biodistribution and clearance of the CNTs are considered
among the main obstacles clinical application of CNTs is
facing. The utilization of CNTs for the delivery of therapeu-
tic agents demanded studying their biodistribution to de-
termine their organ accumulation and toxicity following
systemic administration. Yang et al. have demonstrated that

pristine SWNTs intravenously injected to KM mice were dis-
tributed mainly to liver, spleen and lung 24 h post injection
[77]. The pristine SWNTs were retained in these organs at
high levels over a period of 28 days post injection. In addi-
tion, the pristine SWNTs were un--detectable in the urine or
feces samples collected from injected mice, which further in-
dicated the retention and accumulation of the injected pris-
tine SWNTs in the mentioned organs.

It has been shown that the functionalization density of
MWNTs affected their biodistribution and excretion follow-
ing intravenous injection in BALB/c mice [78]. On compar-
ing three types of 111In--radiolabelled MWNTSs that were
amine-functionalized to varying degree, the highest bladder
accumulation and lowest liver retention detected at 0.5 h and
24 h post injection, respectively, were demonstrated by the
MWNT that possessed the highest content of amine moieties.
Thus, it was suggested that increasing the amine-functional-
ization density of MWNTs assisted their individualizations,
hence glomerular filtration and renal clearance. However,
other factors that are, theoretically, expected to affect the
MWNTs biodistribution such as frequency of administration
and injected doses were not studied.

Liu et al. used Raman spectroscopy to qualitatively and quan-
titatively assess the long-term fate of SWNTs functionalized
with polyethylene glycol (PEG) of varying chain length intra-
venously administered to BALB/c mice [79]. Raman spectro-
scopicanalysis of ex vivo tissues isolated 1 day post-injection
of 20 pg SWNTs/mouse showed retention of SWNTs-PEG
mainly in liver and spleen. The retained SWNTs-PEG, espe-
cially if functionalized with a long PEG chain, were almost
cleared from the liver and spleen 3 months after injection
with no apparent toxic effects detected in histology speci-
mens and blood chemistry. Administration of higher doses
(100 pg/mouse), presumably due to improvement in signal-
to-noise-ratio, provided evidence of SWNTSs presence in the
bladder and feces at 24 h post-injection suggesting elimina-
tion via the renal and biliary routes. On the other hand, the
biodistribution and clearance of the injected 100 pg SWNTs
over longer period of time, e.g. 1 and 3 months, were not
evaluated.

Schipper et al. have reported that on monitoring the blood
count of nude mice over a period of 4 months after the in-
travenous injection of PEG-functionalized SWNTs, no sig-
nificant differences were detected between the naive and
SWNT-injected mice groups [80]. Histological analysis of
tissues from the organs excised 4 months post SWNT injec-
tion showed the presence of dark aggregates that were con-
firmed by Raman spectroscopy to be SWNTs in the liver and
spleen macrophages with no obvious pathological features.
This observation comes despite the fact that mice were in-
jected with SWNTs two times (on day 0 and 7), the injected
dose of SWNTs was 17 pg/mouse. It is quite probably that
higher doses of SWNTs as nanocarriers will be required and
this could be addressed in future work using a similar model.

Guo et al. studied the biodistribution and excretion of ra-
diolabelled glucosamine-functionalized MWNTs following
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intraperitoneal administration to mice [81]. Tracing the
radioactivity 1 h post injection revealed the distribution of
MWNTs-glucosamine to the main organs and almost com-
plete clearance after 24 h with less than 70% of the total
initial radioactivity excreted in urine and feces. However,
free radiolabelled glucosamine released from the function-
alized MWNTs in vivo could provide misleading data about
the MWNTs biodistribution, thus a more reliable method, e.g.
detection of MWNTs Raman signals, could have been applied
to further support the presented conclusion.

Meng et al. investigated the organ toxicity and immunolog-
ical reactions induced following subcutaneous administra-
tion of 1 mg of carboxylated MWNTs to BALB/c mice [82].
Histological analysis of heart, liver; kidney and spleen excised
from the mice over a period of 2 to 90 days post MWNTs in-
jection revealed normal histology with no apparent accu-
mulation of MWNTs. However, histological examination of
axillary lymph nodes excised 30 days post injection showed
accumulation of MWNTs that increased and then decreased
60 and 90 days, respectively. Nevertheless, the administered
MWNTs were not completely eliminated and the study did
not investigate the fate of the accumulated MWNTs. Levels of
pro-inflammatory cytokines such as TNF-a and IL-17 were
detected at a higher level in the sera of the MWNT-injected
mice compared to naive mice 2 days post injection, however,
the cytokine levels returned to normal 7 days post injection
[82].

In light of the research gaps highlighted in the mentioned
studies, future studies could provide more conclusive as-
sessment of the CNTs by considering critical factors such as
administered doses, frequency of administration, reliability
of the methods applied to track the injected CNTs and long-
term tracking following administration.

3.5. CNTs’ biodegradability

Once the loaded cargo is delivered to its intended intracellu-
lar target, CNTs need to be eliminated from the cells. To this
end, there have been growing interests in studying the CNTs
biodegradability and susceptibility to enzymatic degrada-
tion. Allen et al. have shown that oxidized SWNTs incubation
with the plant-derived horseradish peroxidase enzyme at 4
°C in the presence of hydrogen peroxide (H202) led to length
shortening and then complete loss of the tubular structure
of the SWNTs, as revealed by TEM imaging, over a period of
12 weeks [83]. It was suggested that the SWNTs were sub-
jected to biodegradation that was further demonstrated us-
ing other methods such as mass spectrometry. Despite the
harsh conditions applied, complete biodegradation was not
observed as the TEM images revealed the presence of the
carbonaceous material at the end of the 12 weeks. In addi-
tion, the biodegradation of the SWNTs at conditions resem-
bling the intracellular environment was not evaluated. The
described mechanism behind this degradation relies on the
interaction of the peroxidase enzyme with H202 to gener-
ate potent oxidizing intermediates that oxidize the CNTs into
aromatic oxidized fragments and eventually carbon dioxide.

Kagan et al. have demonstrated that incubating human neu-

trophil- derived myeloperoxidase enzyme and H202 with a
suspension of oxidized SWNTs in buffered saline changed the
dark SWNTs suspension into a translucent solution after 24
h [84]. The SWNT biodegradation was assessed by the com-
plete disappearance of the tubular SWNT structure in TEM
images and the distortion of the characteristic SWNT Raman
signals. Raman spectroscopic analysis of SWNTs internalized
by neutrophils in vitro was also used to assess intracellular
biodegradation. However, the disappearance of the SWNTs
characteristic tubular structure or Raman signals cannot be
considered as the carbonaceous material persists. The study
investigated the biocompatibility of the carbonaceous ma-
terial by demonstrating that administration of 40 pg of the
biodegraded SWNTs via pharyngeal aspiration was not asso-
ciated with acute pro-inflammatory response in mice. Nev-
ertheless, factors such as other administration routes, higher
doses and possibility of chronic toxicity were not studied. In
a similar manner, the same group has also studied the bio-
degradation of oxidized SWNTs following incubation with
eosinophil peroxidase enzyme and H202 or internalisation
by murine-derived eosinophils in vitro [85]. It would have
been interesting to assess the biodegradation of various
SWNTs doses following incubation with the eosinophils at
different time points. Furthermore, the biocompatibility of
the persisted carbonaceous material was not assessed in vi-
tro or in vivo.

Interestingly, Shvedova et al. found that pulmonary inflam-
matory responses induced by pharyngeal aspiration of oxi-
dised SWNTs were more intense in myeloperoxidase enzyme
knockout B6.129x1 mice compared to wild type C57BL/6
mice [86]. The authors attributed this observation to the
SWNTs intracellular degradation by myeloperoxidase en-
zyme in the C57BL/6 mice. This was supported by the pres-
ence of a high proportion of SWNTs with shortened length
and oxidative defects, in solubilized lung sample prepara-
tions, 28 days following exposure to the SWNTs as revealed
from TEM and Raman spectroscopic analysis. However, the
carbon material that withstood degradation appeared aggre-
gated under TEM and the biocompatibility of the persisted
material over the long term was not assessed. Moreover, bio-
degradation of the SWNTs following repeated administration
or administration via other routes that are more frequently
used in the biological applications of CNTs, e.g. intravenous
or subcutaneous injection, were not investigated.

Ithasbeen previously studied the degradation of amine-func-
tionalized MWNTs in brain tissue following stereotactic brain
injection [87]. TEM analysis of mouse brain tissue 2 days
after the MWNTs administration (0.5 pg/mouse) showed
the existence of intact cylindrical nanotubes and clustered
non-tubular material in the microglia’s cytoplasm, suggest-
ing MWNTs biodegradation. This observation was further
investigated via Raman spectroscopic analysis of brain tis-
sues 2- and 14-days post MWNTs administration. Decreased
intensity was observed in the MWNTSs characteristic Raman
spectra that could be attributed to biodegradation-induced
defects, further suggesting degradation in brain tissue. How-
ever, dose-dependent degradation of the MWNTs and the
possibility of complete degradation were not investigated.
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Although the findings of these studies provide evidence for
the tendency of CNTs towards intracellular biodegradation,
the studies did not resolve the issue of the carbon-based ma-
terial cellular persistence. Future studies have to investigate
the cellular capacity to fully degrade the carbonaceous ma-
terial and to find out how long would it take to completely
degrade and eliminate a specified amount of CNTs. Further-
more, complete degradation of CNTs should not be the only
concern of future studies, as the previous studies reported
that CNTs biodegradation is achieved by the aid of intracel-
lular-generated reactive oxygen species. Thus, it is also im-
portant to carry out a Long-term assessment of the cellular
damage that may occur as a result of the increased oxidative
stress following cellular uptake of CNTs.

Biodegradability and elimination can be considered as one
of the major hurdles that could impede the clinical assess-
ment of CNTs as delivery carriers to therapeutics. In a re-
cent study published by Alidori et al., SWNTs functionalized
using 1,3-dipolar cycloaddition were intravenously admin-
istered to non-human primates (cynomolgus monkey), the
injected SWNTs exhibited biodistribution profile and rapid
renal elimination in a manner similar to that observed in
mice [88]. Despite such encouraging results, clinical inves-
tigations of the CNTs proficiency as nanocarriers might not
be possible until pre-clinical assessments of their biosafety,
biodegradation and elimination are conclusive. In addition,
clinical application of functionalized CNTs-based delivery
systems could be also hindered by the necessity to produce
them according to the current Good Manufacturing Prac-
tices. Hence, several obstacles will need to be overcome in
order to meet these standards including uniformity of CNTs
dimensions, functionalization density and antigen loading.

4.SWCNTs in Cancer Therapy

Platinum-based Phase Il and Phase III anticancer drugs hold
promise in the treatment of cancer with new drugs being
discovered, some of which are still under clinical trials. The
two main limitations in use of Pt-based anticancer drugs are
the anticancer drugs undergo poor circulation in tissue cells
and its activity is reduced with time due to the complex for-
mation with plasma and tissue cells, and tumor cells demon-
strate resistance toward Pt-based drugs under prolonged
exposure, rendering them ineffective as potent anti-tumor
agents. Lippard and co-workers incorporated capped f-CNT
as longboat delivery vehicles for cisplatin anticancer drug
through clathrin-dependent endocytosis and measured the
changes in redox potential before and after release of the
drug. The substituted c, c, t [Pt(NH3)2CI2(OEt)(02CCH2CH-
2CO0H)] pro-drug was attached to SWCNT functionalized
with phospholipid tethered amine with PEG to solubilize the
nanotube [89-93]. Investigated the encapsulation of cispla-
tin in a phospholipid formulation. The lipid-coated cispla-
tin nanocapsules exhibit drug-lipid ratio and in vitro cyto-

toxicity 1000 times higher than free cisplatin. This method
thus formed an effective approach in drug delivery and the
means of producing lipid-based nanocapsules for encapsu-
lating different bio- and therapeutic molecules. Hilter and
Hill suggested three preferred orientations of cisplatin to-
ward the entry into CNT and probable interactions using
mechanical principles and mathematical modeling [94]. The
atomic interaction between nanotubes and cisplatin was
calculated using hybrid-discrete-continuum approximation.
In this approximation, cisplatin was taken as a collection
of discrete atoms and the CNT was treated as a continuum
body of repeating carbon atoms. Non-bonded interaction,
suction, and acceptance energies were calculated using the
Lennard-Jones (L]) potential. For nanotube radius of 5.3 4,
cisplatin exhibited maximum suction energy, depending on
the orientation of nanotubes as a function of radii.

It has been performed density functional studies on the non-
covalent functionalization of non-Pt-based anticancer drug
camptothecin (CPT) on graphene-based nanomaterials and
its prototypes, including graphene oxide (GO) [95]. The non-
covalent adsorption of CPT induces a significant strain with-
in the nanosheets and the interaction was thermodynamical-
ly favored from energetics perspective. In case of GO, surface
incorporation of functional groups resulted in significant
crumpling along the basal plane and the interaction was me-
diated by H-bonding rather than n-m stacking. The molecular
docking studies of CPT onto Top1 (Figure 4a) showed CPT to
be stacked between the Watson Crick AT and GC base pairs
and the interaction was mediated via m-m stacking (Figure
4b). For the binding of CPT functionalized graphene and GO
with topoisomerase I (top 1) CPT interacts through m stack-
ing with AT and GC base pairs of DNA. The optimum interact-
ing distance of CPT from AT and GC bases was calculated at
3.87 and 3.38 A, from the central aromatic rings (Figure 4b).
The re-rank score of bare CPT drug was calculated as -89.01
a.u. with an H-bond score of -2.53 a.u. as shown in Table 1.

CPT drug docked within the DNA, (b) interacting distance
between CPT and the DNA base pairs of top 1. Reprinted
with permission from Ref. [95]. Copyright 2017, Elsevier.
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Table 1: The re-rank scores and H-bond scores for the best docked conformations of CPT and CPT/8 x 8 graphene,

and CPT/8 x 8 GO sheets, respectively.

Re-rank score CPT

Re-rank score

H-bond score CPT H-bond score

nanosheet nanosheet
CPT_Top1l -89.01 — -2.53 —
8 x 8 graphene/CPT -89.10 95.87 -2.57 0.00
docked onto Top1
8 x 8 GO/CPT docked |-90.21 126.21 -2.29 -4.44
onto Top1l

Likewise, for the docking of CPT/8 x 8 graphene with Top1
(Figure 5a) CPT gets docked between the AT and GC base
pairs. However, graphene gets docked along the phosphate
backbone of the ds-DNA helix as shown from Figure 5b in-
dicating a strong interaction between the polar phosphate
groups of the DNA helix. Compared to the docking of bare
CPT drug, presence of graphene stabilizes the intercalation
of CPT between the AT and GC base pairs, as observed from
the increase in re-rank score values.

.. [~ e | ¥ 3]
Figure 5: (a) Secondary structure of Top1 with the CPT/8 x 8
graphene sheet docked within the DNA, (b) binding of CPT/8
x 8 graphene sheet with DNA base pairs of top 1. Reprinted
with permission from Ref. [95]. Copyright 2017, Elsevier.

The docking of CPT/GO with Top1 as illustrated in Figure
63, depicts CPT to get docked between AT and GC base pairs
of DNA, mediated by m-Tt stacking interaction similar to that
observed for bare CPT and CPT/8 x 8 graphene. However, in
the presence of GO, GO undergoes strong interactions with
DNA bases and gets docked between the DNA helix and the
interaction is stabilized by intermolecular H-bond between
polar functional units on the basal plane of GO and DNA
nucleobases (Figure 6b). The molecular docking studies on
bare CPT and CPT functionalized graphene and GO systems
showed that the interaction of CPT with Top1l is mediated
by m-stacking interaction between the aromatic rings of CPT
and the A and C bases of DNA. In presence of graphene and
GO, CPT undergoes a similar trend in adsorption while the
graphene and GO nanomaterial gets docked along the phos-
phate backbone indicating a strong preferential interaction
with DNA.

S \_, e
Figure 6: (a) Secondary structure of Top1 protein with the
CPT/8 x 8 GO sheet docked within the DNA, (b) the binding
of CPT/8 x 8 GO sheet with DNA base pairs of top 1. Reprint-
ed with permission from Ref. [95]. Copyright 2017, Elsevier.

Boucetta et al. [96] investigated the supramolecular
MWCNT-DOX-copolymer complex for anticancer activities.
Since DOX, a clinically acclaimed anticancer drug belonging
to the family of anthracyclines exhibit fluorescence proper-
ties, its uptake and interaction with nanotubes upon admin-
istration can be monitored using fluorescent spectrophotom-
etry. The copolymer coated MWCNT formed supramolecular
complexes with DOX via m-stacking and revealed enhanced
cytotoxicity leading to highly efficient cell killing efficiency
[97]. reported the use of DOX loaded PEG functionalized CNT
for targeted delivery of anticancer drugs in tumor cells [97].
The SWCNT was pre-functionalized with PEG and DOX and a
fluorescence probe (fluorescein) was loaded onto the nano-
tube via T stacking. The loading and subsequent release of
DOX were found to be pH dependent; decrease in pH from 9
to 5 showed a decrease in DOX loading. Under acidic condi-
tions (pH 5.5), DOX exhibited increased hydrophilicity and
solubility with lysosomes and endosomes, facilitating the
release of drug molecules from the nanotube. On decreasing
the pH, surface loading of DOX onto nanotube surface low-
ered and at lower acidic pH, amine group of DOX underwent
protonation resulting in increased solubility of DOX mole-
cules.

5. Functionalized CNTs as Cancer Vaccine Delivery
System

Various types of particulate carriers have been utilized in
vaccine delivery [98-102]. The efficacy of particulate vac-
cines has been assigned to a number of suggested mecha-
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nisms. Particulate delivery systems can accommodate multi-
ple copies of the antigen and adjuvant. Hence, the uptake of
particulate vaccine delivery systems by APCs could increase
the antigen and adjuvant intracellular concentrations, thus
the presented antigen density.

Potent anti-tumour immune response induction could be
achieved via combinatorial therapeutic approaches con-
sisting of tumour antigens and immune modulators capa-
ble of overcoming tumour-induced immune suppression
[16, 103]. Examples of nanoscopic particulates previously
employed to co-deliver tumour-derived antigen and adju-
vant include liposomes (spherical vesicles consisting of lip-
id bilayers enclosing an aqueous core), lip polyplexes (lip-
id and DNA complex), nanoparticles made up of emulsified
poly(lactic-co-glycolic acid) (PLGA), virus-like nanoparti-
cles (self-assembled capsid protein lacking the viral nucleic
acids), albumin-based nanoparticles or mesoporous silica
nanoparticles (synthetic nanoparticles possessing porous
structure) [109]. Examples of micro-sized carriers exploited
in tumour antigen and adjuvant simultaneous delivery are
polymeric systems consisting of PLGA or diamino sulfide
polymers. Despite the differences in the composition and
size of these nanoparticles or microparticles, they share the
property of being spherical in shape. The efficacy of particu-
late delivery systems to deliver cancer vaccines comprised of
antigen and adjuvant has been investigated in various stud-
ies [104-120]. These studies have shown that nanoparticles
(e.g. liposomes, PLGA nanoparticles or albumin nanoparti-
cles) or microparticles (e.g. PLGA or diamino sulfide-based
microparticles) co-incorporating antigen and adjuvant de-
layed the growth of cancer cells inoculated in mice. This ob-
servation was attributed to the capacity of the nanoparticles
or microparticles to augment the antigen-specific CD8+ T
cell immune response elicited by the co-loaded antigen and
adjuvant as demonstrated in these studies in vitro or in vivo
[106,108-120].

Inspired by the demonstrated potentials of the conventional
spherical nano-systems as vaccine delivery vectors and by
the CNTs capacity to enter the cells via different mechanisms,
various studies have investigated the exploitation of CNTs as
vaccine nanocarriers. As summarized in, these studies fo-
cused on functionalized CNTs using various approaches to
deliver antigens expressed by cancer cells and/or adjuvants
to APCs and tested the efficacy of the CNTs-delivered vac-
cines through the assessment of specific immune responses
elicited in vitro and in vivo [121].

5.1. Functionalized CNTs as delivery vector for tu-
mour-derived antigen

As a cancer vaccine delivery system, Sun et al. investigated
the use of carboxylated MWNTs to deliver MCF7 breast can-
cer cells-derived tumour lysate protein (TumourP) to APCs,
specifically the DCs [122]. Flow cytometry showed that the
MWNTs improved the uptake of the covalently incorporated
TumourP by DCs in vitro. Furthermore, DCs pre-treated with
MWNT-TumourP were more efficient than DCs pre-treated
with free TumourP in inducing lymphocyte-mediated cyto-

toxicity against the MCF7 cells in vitro. However, the capabil-
ity of MWNT-TumourP in retarding the MCF7 breast cancer
cells growth in vivo was not studied.

Assessed the potentials of carboxylated MWNTs to augment
the anti-tumour immune response elicited against covalently
immobilised H22 liver cancer cell-derived tumour lysate pro-
tein (H22P) [123]. The H22 cells were subcutaneously inoc-
ulated into BALB/c mice and the mice were subcutaneously
injected with MWNT-H22P or free H22P starting 2 days post
H22 cells inoculation. The injected treatments were further
potentiated by the additional administration of inactivated
H22 tumour cells as a tumour cell vaccine. The maximum
anti-tumour response was observed in mice injected with
MWNT-H22P. Lymphocytes isolated from MWNT-H22P in-
jected mice showed higher cytotoxicity against the H22 cells
in vitro than lymphocytes isolated from free H22P-injected
mice. Additionally, some of the mice free of H22 tumour, as
result of MWNT-H22P treatment, successfully inhibited H22
cell growth following re-administration. This was due to the
induction of antigen-specific memory T cells, since challeng-
ing ‘cured’ mice with the unrelated breast cancer cell line
EMT led to successful tumour growth. The authors suggest-
ed that the augmented antigen-specific immune response
elicited by MWNT-H22P was due to increased uptake of
MWNT-conjugated H22P by the APCs, however, the MWNTs
ability to enhance antigen uptake by the APCs in vivo was
not tested. In addition, to evaluate the therapeutic efficien-
cy of MWNT-H22P, it would have been informative to treat
H22-tumour bearing mice with the vaccine rather than to
challenge mice with tumour cells post vaccination.

In order to potentiate the immune response elicited by the
poorly immunogenic Wilms’ tumour protein (WT1) Vil-
la et al. covalently conjugated WT1-derived peptide with
amine-functionalized SWNTs [124]. The SWNTs were inter-
nalized by the DCs in vitro, as determined using live confo-
cal imaging, with no effects exerted on cell viability. The free
WT1 peptide or SWNT-WT1 peptide conjugate were mixed
with an oil-based adjuvant and then subcutaneously admin-
istered to BALB/c mice. The highest levels of anti-WT1 pep-
tide IgG were detected in the sera collected from mice vacci-
nated with SWNT-WT1 peptide. However, tumour therapy
experiments using WT-1 expressing cells were not carried
out.

5.2. Functionalized CNTs as Delivery Vector for Adju-
vants

Appropriate activation of APCs is crucial for unlocking their
full T cell stimulatory capacity [125]. Innate activation of
APCs is mediated by pattern recognition receptors (PRRs)
such as Toll-like receptors (TLRs), C-type lectin receptors
(CLRs) and NOD-like receptors (NLRs) [126, 127]. These
receptors recognize ligands associated invading pathogens
known as pathogen-associated molecular patterns (PAMP).
Naturally occurring PAMPs or their synthetic analogues have
been widely explored in vaccine formulations as adjuvants
with the aim to promote immunity induction [127,128]. In
particular, synthetic TLR9 agonists in form of oligodeoxynu-
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cleotides (ODN) containing unmethylated deoxycytidine-de-
oxy guanosine dinucleotide (CpG) motifs have been included
as adjuvant in many clinically investigated cancers vaccine
formulations (Fig. 7) [129, 130].
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Figure 7: Immune stimulatory activities of CpG. Stimulation
of the DCs’ TLR9 by CpG induces DC maturation by upreg-
ulating the MHC, CD40 and CD86 expression, and provokes
the immune stimulatory cytokines production that ultimate-
ly determines the DC ability to induce CD4+ and CD8+ T cells
priming. Adapted by permission from Nature (Nature Re-
views Immunology) ref. [131] (© 2004).

The delivery of TLR9 agonist to APCs using CNTs has also
been studied. Zhao et al. investigated whether SWNT-medi-
ated delivery of CpG ODN could enhance the cellular uptake
and the immune stimulatory properties of the vaccine and
promote potent anti-tumour immune response induction
[132]. The authors showed that the uptake of fluorescent-
ly labeled CpG by bone marrow-derived monocytes in vitro
was increased by its non-covalent conjugation to SWNTs.
The SWNT-CpG conjugate also increased the CpG-induced
production of interleukin (IL)-12 and tumour necrosis factor
(TNF)-a by the monocytes in vitro. Moreover, intratumoural
injection of the SWNT-CpG conjugate effectively delayed the
growth of GL261 glioma cells intracranially-implanted in
mice, which was not observed in mice injected with SWNT
alone or free CpG. SWNT-CpG treatment failed to delay the
growth of GL261 glioma cells intracranially implanted into
mice depleted of CD8+ T cells or natural Killer cells. This ob-
servation indicates the joint involvement of these cells in the
induction of anti-tumour immune responses by SWNT-CpG
conjugate.

Fan et al. have reported that intracranial administration of
SWNT-CpG could also inhibit metastatic tumour growth in
C57BL/6 mice [133]. This was demonstrated by showing

that injection of SWNT-CpG was more efficient than free
CpG in delaying the growth of subcutaneous and intracrani-
al inoculated B16F10 melanoma cells. Furthermore, testing
the therapeutic efficacy against a more challenging glioma
model, Ouyang et al. have shown that SWNT-CpG along with
the chemotherapeutic drug temozolomide, intratumoral-
ly administered, to mice bearing intracranial K-Luc glioma
cells led to significantly prolonged survival in contrast to the
injection of free CpG and temozolomide [134].

5.3. Functionalized CNTs as Delivery Vector for both Tu-
mour-Derived Antigen and Adjuvants

In 2014 Faria et al. have reported the delivery of antigen and
adjuvant to APCs using CNTs [135]. In this study the model
antigen OVA and the TLR9 agonist CpG were both non-co-
valently linked to carboxylated MWNTs. Mice immunised
with MWNT-conjugated OVA and CpG showed higher sera
levels of anti-OVA IgG and IFNy production by ex vivo stim-
ulated splenocytes than mice immunized with free OVA and
CpG. The authors also tested the ability of the carboxylated
MWNTs to co-deliver NY-ESO-1 (tumour antigen expressed
in various human cancers) in combination with CpG to the
APCs. The immune response induced in vivo by NY- ESO-1
and CpG was intensified following their non-covalent linkage
to MWNTs. In addition, testing the ability to induce protective
immunity, mice pre-injected with NY-ESO-1 and CpG-loaded
MWNTs demonstrated a markedly retarded growth of NY-
ESO-1 expressing B16F10 melanoma cells in subcutaneous
tumour model. However, to assess the therapeutic efficacy of
the designed MWNT-based vaccine, tumour-inoculated mice
were vaccinated three days post tumour cell inoculation,
when tumour growth was still undetectable. Therefore, it is
unclear whether therapeutic vaccination with carboxylate
MWNTs co-delivering antigen in combination to CpG ODN
would lead to effective remission of a well establish tumour.

In a previous study, it has been compared the efficacy of
MWNTs functionalized using 1,3-dipolar cycloaddition, oxi-
dation or amide coupling reactions in delivering non-cova-
lently immobilised OVA to APCs [136]. The MWNTs function-
alized via amide coupling were more efficient in enhancing
the OVA-specific immune response both in vitro and in vivo.
In a follow-up study, the functionalized MWNT possessing
surface chemistry that was found optimal for OVA delivery
was then utilized for the co-delivery of OVA along with the
adjuvants CpG and anti-CD40 antibody (a«CD40) to the APCs
in form of a (aCD40) MWNT (OVA-CpG) conjugate [137].
In addition to the immune stimulatory properties that can
be acquired by the inclusion of aCD40 [103,138,139], it has
been hypothesised that aCD40 contained in the aforemen-
tioned conjugate will target it to the CD40 receptor on APCs,
including cross-priming DC subsets, and thereby further en-
hance antigen cross-presentation to CD8+ T cells. Previous
studies have demonstrated the ability aCD40-antigen conju-
gates to mediate uptake via CD40 receptor and enable trans-
location of the conjugate to the early endosomes [140-142].
It has been suggested that antigen translocation to early en-
dosomes could support antigen escape into the cytosol and
thereby promote antigen cross-presentation (Fig. 8). It was
observed that DCs treated with (aCD40) MWNT (OVA-CpGQG)
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in vitro possessed significantly lower surface expression of
CD40 receptor compared to DCs treated with MWNT (OVA-
CpG). This finding could support the hypothesis that CD40
receptor was internalized following its ligation with the
aCD40 contained in (aCD40) MWNT (OVA-CpG) [140, 141].
However, to conclusively support this hypothesis it would
be interesting to investigate the intracellular trafficking
of the CD40 receptor following the incubation of DCs with
(aCD40) MWNT (OVA-CpG). Antigen presentation to CD8+ T
cells in vitro was more efficient when DCs were treated with
(aCD40) MWNT(OVA-CpG) compared to treatment with free
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aCD40 in combination with MWNT(OVA-CpG). The («CD40)
MWNT (OVA-CpG) conjugate also amplified the OVA-specific
CTL response in vivo at reduced OVA and CpG doses. Lastly,
(aCD40) MWNT (OVA-CpG) demonstrated significant profi-
ciency in delaying tumour growth in the subcutaneous and
lung pseudo-metastatic B16F10-OVA tumour models. How-
ever, it is unclear whether antigen-specific memory was in-
duced in this model since tumour-inoculated mice treated
with («CD40) MWNT (OVA-CpG) that remained tumour-free
were not re-challenged with B16F10-OVA tumour cells.
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Figure 8: Impact of intracellular routing of antibody-conjugated antigen on antigen presentation. Delivering antigens
through a linked targeting antibody to a specific receptor expressed by APCs is followed by cellular internalization of the
formed cargo. Relying on the targeted receptor, the internalized cargo could be routed to a specific intracellular compart-
ment. For instance, it has been found that mannose and CD40 receptors are intracellular routed to the early endosomes,
whereas CD205 receptor is routed to the late endosomes. In the late lysosome-containing endosomes, internalized antigen
is subjected to rapid degradation by the lysosome enzymes and presentation of the processed antigenic fragments via MHC
class Il molecules. In the early endosomes, the slow rate by which antigen is degraded could facilitate antigen escape from
the endosome to cytosolic compartments that allows proteasome antigen degradation and, subsequently, presentation via
the MHC class I molecules. The thicker arrow denotes that this route of presentation of processed antigen is more predomi-
nant than the other pathway. Adapted by permission from Nature (Nature Reviews Immunology) ref. [142] (© 2014).

6. Carbon Nanotubes’ Surface Chemistry Deter-
mines their Potency as Vaccine Nanocarriers in Vi-
tro and in Vivo

It has been hypothesized that altering the physical proper-
ties of multi-walled CNTs (MWNTs)-antigen conjugates, e.g.
length and surface charge, can affect the internalization of
MWNT-antigen by DCs, hence the induced immune response
potency. For this purpose, pristine MWNTs (p-MWNTs)
were exposed to various chemical reactions to modify their
physical properties then conjugated to ovalbumin (OVA), a
model antigen. The yielded MWNTs-OVA conjugates were
long MWNT-OVA (~386 nm), bearing net positive charge
(5.8mV), or short MWNTs-OVA (~122 nm) of increasing
negative charges (-23.4, -35.8 or -39 mV). Compared to
the short MWNTs-OVA bearing high negative charges, short
MWNT-OVA with the lowest negative charge demonstrated
better cellular uptake and OVA specific immune response
both in vitro and in vivo. However, long positively-charged
MWNT-OVA showed limited cellular uptake and OVA spe-
cific immune response in contrast to short MWNT-OVA dis-

playing the least negative charge. It has been suggested that
reduction in charge negativity of MWNT-antigen conjugate
enhances cellular uptake and thus the elicited immune re-
sponse intensity. Nevertheless, lengths of MWNT-antigen
conjugate might also affect the cellular uptake and immune
response potency; highlighting the importance of physical
properties as a consideration in designing a MWNT-based
vaccine delivery system.

Spherical nanosized vaccine delivery systems, ranging from
15 to 1000 nm, have demonstrated a marked capability in
augmenting immune response against the delivered anti-
gens [143-145]. This has led to clinical investigations of
these delivery systems with respect to enhancing the body’s
immune response against challenging diseases such as can-
cer [146, 147]. Cylindrical-shaped nanosized delivery sys-
tems have also attracted increased interest over the last de-
cades [148]. CNTs are among the most extensively studied
cylindrical-shaped delivery systems in the biomedical field
[149, 150]. CNTs, owing to high aspect ratio (length to width
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ratio), have been shown to internalize into cells utilizing
both energy-dependent and independent routes. For exam-
ple, single walled CNT (SWNT) conjugated to fluorescently
labeled-DNA or protein was shown to be internalized by
HeLa cells via energy-dependent endocytosis [151]. Another
study reported the internalization of fluorescently labeled
ammonium-functionalized-MWNTs in Jurkat cells, under
endocytosis inhibiting conditions, suggesting utilization of
energy independent uptake mechanisms [152].

CNTs have been reported as antigen delivery systems in
a number of studies for enhancing the immune response
against infectious agents or cancer. In one study, peptide
derived from the foot and mouth disease virus (FMDV) was
conjugated to SWNT. The binding specificity and biological
activity were confirmed using surface Plasmon resonance,
in vitro and in vivo, respectively [153-155]. A stronger im-
mune response, shown by a higher level of anti-FMDV anti-
bodies, was obtained in BALB/C mice immunized with the
SWNT-FMDV conjugate compared to the free FMDV [154].
Another study illustrated that conjugation of a malaria-de-
rived peptide to MWNTs induced higher levels of specific an-
tibodies in mice immunized with the conjugate compared to
the free peptide [156]. Furthermore, a shift from Th2 to Th1
immune response, marked by increased interferon gamma
(IFN-y) production, was obtained following immunization
with SWNT-conjugated tuberculin [157].

Cancer is another disease where CNTs have shown promise
as a vaccine delivery tool. Earlier studies explored enhanc-
ing delivery of cancer antigens using SWNT or MWNT. Meng
et al. reported that immunization with tumor lysate pro-
teins, derived from H22 liver cancer, conjugated to MWNT
reduced tumor volume and prolonged the survival of H22
tumor-bearing mice [158]. Conjugation of tumor lysate pro-
teins, derived from MCF7 breast cancer cells, to MWNTSs
resulted in enhanced DCs uptake and anti-tumor T cell re-
sponse in vitro [159]. Lastly, Villa et al. reported an augment-
ed humoral immune response against a weak immunogenic
peptide derived from Wilm’s tumor protein, following conju-
gation to SWNTs [160].

CNT have also been exploited for the delivery of immunoad-
juvants such as the synthetic oligodeoxynucleotides contain-
ing cytosine-phosphate-guanine motifs (CpG-ODN). Bianco
et al. demonstrated improved immune-stimulatory proper-
ties of CpG-ODN in vitro following non-covalent loading onto
cationic SWNTs [161]. Similarly, Zhao et al. reported en-
hanced cellular uptake of CpG-ODN in vitro and in vivo. This
was associated with an eradication of established intracrani-
ally implanted glioma in mice [162]. In a more sophisticated
approach, de Faria et al. utilized MWNTs for the co-delivery
of NY-ESO-1 (cancer testis antigen) and CpG-ODN (immuno-
adjuvant) to DCs in vivo. This approach resulted in reduced
tumor size and prolonged survival of NYESO-1-expressing
B16F10-tumor bearing mice challenged with this treatment
[135].

All the outlined studies highlighted the immune modulating
potential of these cylindrical-shaped nanocarriers and their

use as an emerging vaccine delivery system [163, 164]. De-
spite this, only one study has investigated the relationship
between CNT’s physical properties, specifically their dimen-
sion, and the elicited immune response [165]. In that study,
functionalized MWNTs (f-MWNTSs) of altered physical prop-
erties were synthesized to address the structure-activity
relationship with respect to influencing antigen presenting
cells uptake and immune response in vitro and in vivo [166].

In that study, it has been investigated the ability of MWNTs-
OVA with different surface functionalities and physical prop-
erties to induce antigen-specific immune responses follow-
ing internalization by the antigen presenting cell. In vitro
studies highlighted differences in T cell activation and cyto-
kine production, for both CD4+ and CD8+ T cells induced by
the different MWNTs-OVA conjugates, which correlated with
their cellular internalization. Interestingly, no change in the
expression of co-stimulatory molecules was detected among
BM-DCs treated with f-MWNTSs, and the same was observed
for MWNTs-OVA treated BMDCs. This lack of -MWNT’s ad-
juvant properties is in agreement with previously reported
studies [159, 161, 167,168]. These observations might indi-
cate that the pattern of induced immune response was deter-
mined by the conjugated antigen uptake by antigen present-
ing cell and not due to the adjuvanticity of f-MWNT. Lastly,
cellular uptake and CD8+ T cell responses observed in vivo
were in a good agreement with the in vitro studies.

p-MWNTs were exposed to various functionalization ap-
proaches that yielded long positively charged L+ or short
negatively charged S—--, S-/+ or S-. OVA conjugation with
the f-MWNTs yielded MWNTs-OVA of increased negativity.
This was in agreement with work reported by de. where an
increase in the negativity of oxidized MWNT following con-
jugation with OVA was observed [135]. This could be due to
the acidic amino acids content of OVA. Fadel et al. observed
the same behavior following the interaction of negatively
charged CNTs with streptavidin, neutravidin or avidin bear-
ing net negative, neutral or positive charges, respectively
[169]. Taking advantage of their high surface area and sur-
face hydrophobicity, CNTs have been shown to be able to
adsorb peptides or proteins of various molecular weights
[170]. Based on our findings, it has been concluded that OVA
and its MHC class I-restricted epitope SIN were non-cova-
lently conjugated to f-MWNT, possibly via m-m stacking or
hydrophobic interaction [171].

Assessed the immune response induced by CpG-ODN com-
plexed with either ammonium-functionalized SWNT (ammo-
nium-SWNT) or lysine-functionalized SWNT (lysine-MWNT).
The study demonstrated a higher enhancement in immuno-
stimulatory activity of CpG-ODN loaded on the lysine-SWNT
than ammonium-SWNT in vitro [161]. It was suggested
that the more positive lysine-SWNT neutralized the nega-
tive charge of CpG-ODN and enhanced its cellular uptake. Li
et al. examined the uptake efficiency of 4 types of MWNTs
functionalized using 1,3-dipolar cycloaddition (12.95 mV),
oxidation (-52.61 mV), amidation reaction (-2.35 mV) or
polyetherimide modification (53.33 mV) in BEAS-2B (epi-
thelial cells) and THP-1 (monocytes) cells in vitro [172]. A
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direct correlation between f-MWNT’s surface positivity and
cellular acquisition was found. It has been also reported
similar findings using a series of cationic dendron-modified
MWNT in cancer cells [173, 174]. This was attributed to the
enhanced electrostatic interactions between the anionic cell
membranes and the cationic f-MWNTs.

In case of the shortened f-MWNTs series, it is possible that
the differences in biological activity, DCs uptake and immune
response are due to reduction in the overall negative charge.
One, however, cannot ignore the differences in the chemi-
cal structures introduced, which may also have influenced
uptake in DC’s. Nevertheless, it can be concluded from this
study that alteration in f-MWNT’s surface chemistry may in-
fluence the degree of uptake in DC’s. The former is directly
proportional to the intensity of immune response produced,
agreeing with previously reported studies. Previous studies
have also demonstrated a correlation between enhanced
cellular uptake of positively charged particulate vaccine de-
livery systems and immune response augmentation. For in-
stance, cationic poly-L-lysine coated nanoparticles (1000 nm
in diameter) in vitro, polystyrene spheres (1000 nm) in vitro,
liposomes (200 nm) of varying lipid composition and surface
charges in vitro, PLGA microspheres loaded with hepatitis B
Ag (HBAg) in vivo, tetanus toxoid-loaded chitosan nanopar-
ticles (40-400 nm) in vivo or OVA-conjugated rod-shaped
hydrogel nanoparticles in vitro and in vivo [175-180].

“The positively charged L+(OVA) and L+(SIN) showed low-
er immune response intensity compared to the negatively
charged S—-/+(0VA) and S-/+(SIN), respectively. These ob-
servations might be related to the longer length possessed
by L+ (~386 nm) in contrast to S-/+ (~122 nm) affecting
cellular uptake. The effect of MWNT’s length on specific an-
tibody response was previously investigated in vivo in New
Zealand rabbits and BALB/c mice immunized with protein
hapten-MWNTs of two lengths but similar surface charge,
and shorter MWNTs (500 nm) induced higher antigen-spe-
cific antibody response than the longer MWNTs (>2 um)
[165].

Size-dependency was also reported for spherical nanopar-
ticles. Previous studies concluded that higher uptake by the
antigen presenting cells and a subsequently more potent
immune response was induced using smaller sized spheri-
cal-shaped particulate vaccine delivery systems [179,181-
183]. Interestingly, Foged et al. showed that 100 nm nanopar-
ticles, despite being negatively charged, can be taken up
more efficiently in DCs than positively charged nanoparticles
of bigger size (1000 nm) [176].

Results [166] are expressed as mean value * standard devi-
ation (S.D.). Statistical analysis was performed using Graph-
Pad Prism version 5.01, California, USA. Statistical differ-
ences were determined using one-way ANOVA followed by
Bonferroni post-test”.

6.1. Synthesis and characterization of functionalized MWNTs (f-MWNTs)
The synthetic steps to prepare f-MWNTs are described in Scheme 1[166].
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Scheme 1: Synthesis of -MWNTs,MWNTs-OVA andMWNTs-SIN. p-MWNT was functionalized either via 1,3-dipolar cycload-
dition or oxidation reactions yielding L+ (long f-MWNT) or S—- (shortened f-MWNT), respectively. S—— was used as a pre-
cursor for the synthesis of S—/+ that was further functionalized to yield S-. Non-covalent conjugation approach was used
for OVA loading onto L+, S——, or S—/+ yielding L+(OVA), S——(OVA), or S—/+(0VA), respectively. Similarly, non-covalent con-
jugation was applied for SIN loading onto L+, S——, or S—/+ yielding L+(SIN), S——(SIN), or S—/+(SIN), respectively. Covalent
conjugation was employed for OVA-SH or SIN-SH loading onto S-, yielding S-(OVA) or S—(SIN), respectively.
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Synthetic steps and NMR spectra of compounds 2, 3 and 4 are illustrated in Scheme 2 and Fig. 9, respectively. Details on the
synthesis of -MWNT and the compounds are described in Fig. 9.
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Scheme 2: Synthetic scheme of compounds 2 and 4.
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Figure 9: HINMR spectra of compounds 2, 3 and 4.

The surface of the p-MWNTs was chemically modified via the
incorporation of functional groups to yield f-MWNTs (Scheme
1). The first functionalization approach relied on reacting
the aromatic rings at the sidewalls of p-MWNTSs with com-
pound 4 utilizing the previously described 1,3-dipolar cyc-
loaddition reaction [150, 184, 185]. Yielding MWNT 1. The
Boc group protecting the amine of MWNT 1 was removed
using an acidic treatment that yielded L+ with positively
charged primary amine groups. The second functionaliza-
tion approach involved shortening p-MWNTs by treatment

with oxidizing acids that introduce surface defects and neg-
atively charged carboxylic acids yielding S-- [186-190].
MWNT 2 was synthesized by reacting compound 2 with S—
via amide coupling reaction [191, 192]. Boc-deprotection of
MWNT 2 liberated the primary amines of S-/+. To incorpo-
rate functional groups capable of establishing covalent inter-
action with OVA, S-/+ was reacted with a maleimide-termi-
nated spacer, yielding S-. Characterization of -MWNTSs was
achieved using TGA (Figs. 10 A and 11).
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Figure 10: Physicochemical characterlzatlon of -MWNTs and MWNTs-OVA. (A) Thermogravimetric profiles of f-MWNTs
(left) or MWNTs-OVA (right). A known weight of MWNT was exposed to gradually increasing temperature and the weight
loss was detected as the temperature increased. p-MWNTs were thermally stable up to 600 °C. The weight loss at 600 °C was
directly correlated to the amount of introduced functional groups or OVA. Representative thermogravimetric profiles are
shown (n = 3). (B) Morphology of f-MWNTs. Representative TEM images of L+ (left) and S-- (right), deposited on carbon
grid from aqueous dispersions. S—- displayed shorter lengths compared to L+. (C) Box plot of L+ or S—- length distribution.
The horizontal line inside the box indicates the median value; the black dots indicate values outside the 10-90 percentiles.
Measurements were carried out on 100 individualized nanotubes and analyzed using Image] software. (D) Polyacrylamide
gel electrophoresis of MWNTs-OVA. MWNTs-OVA were gel electrophoresed using 10% polyacrylamide gel under native gel
condition. 10 pg of free OVA or OVA conjugated with MWNTs were loaded in the well. OVA bands were detected by gel stain-
ing with brilliant-Coomassie blue. Matching band intensities were observed for both the free OVA and MWNT-conjugated
OVA.
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Figure 11: Characterization of f-MWNTs by TGA.

A known weight of MWNT was exposed to gradually increas-
ing temperature and the weight loss was detected as tem-
perature increased. p-MWNTs were thermally stable up to
6000C. The weight loss at 6000C was directly correlated to
the amount of introduced functional groups. Representative
Thermogravimetric profiles are shown (n=3).

TGA has shown to be one of the useful techniques to char-
acterize MWNT functionalization [193]. It is based on mea-
suring the weight of the sample being analysed upon ex-
posing it to a gradually increasing temperature under inert
gas (nitrogen). Normally, p-MWNTs are thermally stable up

to 600 °C above which they dramatically decompose. Func-
tional groups incorporated onto the surface of the f-MWNT
are, however, less thermally stable and decompose at lower
temperatures. The weight loss measured at 600 °C is directly
related to the functional groups loading density. The degree
of chemical functionalization was calculated using TGA and
are summarized in Table 2. Furthermore, the primary amine
content of S-/+ and S- was qualitatively determined using
Kaiser Test [194]. The UV-Vis spectra (Fig. 12A) confirmed
the reduced primary amine content of S— compared to S-/+
as a consequence of the maleimide-terminated spacer addi-
tion.

Table 2: Physicochemical properties of -MWNTs and MWNTs-OVA conjugate [166]
OVA loading (mg/g f-MWNT)

Initial primary amine [final

MWNT length®™® Zeta potential®

maleimide]** (umole/g TGAPe BCA assay"® (nm) (mV)

MWNT)
L+ 26372 — — 386 + 133 17.3+5.0
L+(0OVA) 26372 317 £31.1 329 £44.0 386 £133 58+3.2
S—- — — — 122 + 82 -21.2+34
S--(0VA) — 431 +40.0 449 + 32.5 122 + 82 -39.0+4.0
S-/+ 140 + 48 — — 122 + 82 -10.1+3.0
S-/+(0VA) |[140+48 435+ 28.6 441 = 36.0 122 + 82 -234+5.1
S- 140 + 48 [80 + 25] — — 122 + 82 -16.4+4.0
S-(0VA) 140 + 48 [80 £ 25] 438 + 30.5 445 + 42.2 122 + 82 -35.8+3.3

[ Analyzed by TGA.

Bl Data are represented as mean * SD.

[bn=3.

[ Determined from TEM images (n= 100 nanotubes).

] Analyzed by electrophoretic mobility using 10x diluted PBS buffer.
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Figure 12: Detection of primary amine or sulthydryl groups using Kaiser Test or Ellman’s assays, respectively.

(A) UV-Vis spectra of the chromophoric compound formed between Ninhydrin and primary amines, showing the charac-
teristic absorbance at Amax of 570 nm (S-/+) that was reduced following the maleimide group introduction (S-). (B) UV-Vis
spectra of OVA, OVA-SH, SIN or SIN-SH following the reaction with Ellman’s reagent showing the increase in absorbance at
the Amax after modification with sulfthydryl groups using Traut’s reagent or cysteine as expected.

The morphology of an aqueous dispersion of f-MWNTs was studied using TEM (Figs. 10B-C and 13).
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Figure 13: Additional TEM images of L+ (A-B) or S-- (C-D), dispersed at 1 mg/ml in de-ionized water. The mean and median
lengths of L+ were found to be 386 *+ 133 nm and 380.6 nm, respectively, whereas S-- exhibited mean and median lengths

of 122 + 82 nm and 107.5 nm, respectively (Tables 2 and 3).

Table 3: Descriptive analysis of L+ or S—- length distribution.

Number of Minimum 25% Per- Median 75% Per- Maximum Lower Upper
nanotubes (nm) centile (nm) centile (nm) 95% 95%
measured (nm) (nm) confidence confidence
interval interval
of mean of mean
(nm) (nm)
L+ 100 136.131 292.6 380.6 465.9 761.3 359.6 412.8
S—- 100 28.607 70.1 107.5 146.9 610.0 106.5 139.3

Since S—- was the precursor for the synthesis of S-/+ and
S-, the mean length of S-/+ and S- was considered to be
122 + 82 nm. A maximum of one-minute sonication steps
were applied during washing cycles with organic solvents so
that further shortening of f-MWNT can be avoided. MWNT-
OVA and MWNT-SIN lengths were extrapolated from their
f-MWNT precursors. Zeta potential of f-MWNTs was mea-
sured and expressed in Table 2. The fact that S-/+ possessed
areduced overall negative charge compared to S-- indicated
the presence of residual un-reacted carboxylic acid moieties

in S-/+. Zeta potential values measured agreed with chemi-
cal structures.

6.2. Synthesis and Characterization of MWNTs-OVA and
MWNTs-SIN Conjugates

Initially the aim was to conjugate OVA or SIN to f-MWNTSs, us-
ing non-covalent or covalent approaches. Thiol-modification
of OVA was achieved using Traut’s reagent [195, 196]. SIN
and SIN-SH synthesized using solid phase peptide synthesis
were characterized using mass spectrometry (Fig. 14).
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Figure 14: MALDI Mass Spectra of SIN (MW= 963 g/mol) and SIN-SH (MW= 1066.29 g/mol).

The concentration of the sulfhydryl groups determined us-
ing Ellman’s assay [197] was 0.5pmol or 0.8 pmol per mg
of OVA-SH or SIN-SH, respectively (Fig. 12B). As depicted in
Scheme 1, L+(0OVA), S--(OVA) or S-/+(0OVA) were prepared
by non-covalent conjugation of non-modified OVA, while
thiol-modified OVA (OVA-SH) was used in preparation of S-
(OVA) [154, 194]. The same approaches were applied for the
conjugation of SIN with f-MWNTs yielding L+(SIN), S—-(SIN),
S-/+(SIN) or S—(SIN). Following their reaction with OVA or
SIN, the solids of MWNTs recovered by filtration were ana-
lyzed using TGA while the unreacted OVA or SIN contained in
the filtrates was quantified using BCA assay. From the ther-
mogravimetric profiles of MWNTs-OVA (Fig. 10A) and the
BCA assay, the OVA contents in MWNTs-OVA were calculated
and are summarized in Table 2. SIN loading values deter-
mined from the thermogravimetric profiles of MWNTs-SIN
(Fig. 15) or BCA assay are summarized in Table 4.
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Figure 15: Thermogravimetric profiles of MWNTs-SIN con-

jugates. Representative thermogravimetric profile of 3 runs
is shown.

Table 4: Physicochemical properties of f-MWNTs and MWNTs-SIN conjugates.

Initial primary amine SIN loading MWNT length®  Zeta potential™

[final maleimide]™ b1 (mg/ g f-MWNT) [l (nm) [1lel (mV)

(nmole/ g MWNT) TGAD! [c] BCA assay™ [l
L+ 26372 - - 386 + 133 17.3+£5.0
L+(SIN) 26372 57 +10.8 52 +15.1 386 + 133 12.3+3.6
S-- - - - 122 + 82 -21.2+3.4
S--(SIN) - 97 +27.6 86+ 32.0 122 + 82 -25.5+5.1
S-/+ 140 £ 48 - - 122 + 82 -10.1+£3.0
S-/+(SIN) 140 £ 48 88+ 16.6 83+278 122 £ 82 -13.1+4.3
S- 140 + 48 [80 + 25] - - 122 + 82 -16.4 £4.0
S-(SIN) 140 + 48 [80 + 25] 90+21.8 93 +25.4 122 + 82 -21.2 £39
] Analyzed by TGA.

[a

[b] Data are represented as mean * SD.
[c] n=3.
[
[

d] Determined from TEM images (n= 100 nanotubes).

e] Analyzed by electrophoretic light scattering using 10x diluted PBS buffer.
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TGA showed a mean OVA or SIN loading of 404 or 81 ug per
mg f-MWNT, respectively. The mean OVA or SIN loading de-
termined using BCA assay was 412 or 78 pg per mg f-MWNT,
respectively, in agreement with the loading values deter-
mined by TGA. reported a similar observation on determin-
ing the protein loading on CNTs using TGA or by measuring
the absorbance of unreacted protein using UV-vis spectros-
copy [194]. The surface charges of MWNTs-OVA or MWNTs-
SIN are summarized in Tables 2 or 4, respectively.

To further assess OVA and SIN interaction with f-MWNTs,
MWNTs-OVA and MWNTs-SIN was subjected to native gel
electrophoresis (PAGE). OVA contained in MWNTs-OVA ex-
hibited the same migration pattern and band intensity as
free OVA (Fig. 10D), suggesting that OVA conjugation with
the -MWNTs, even with S—, was achieved using non-covalent
conjugation. A similar trend was observed for MWNTs-SIN
(Fig. 16).
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Figure 16: Polyacrylamide gel electrophoresis of MWNTs-
SIN conjugates. MWNTs-SIN conjugates were gel electro-
phoresed using 15% polyacrylamide gel under native gel
condition. 10 pg of free SIN or SIN conjugated with MWNTs
were loaded in the well. SIN bands were detected by staining
the gel with brilliant-coomassie blue. Matching band intensi-
ties were observed for both free SIN and MWNT-conjugated
SIN.

6.3. Cellular Uptake of FF-MWNTs by BM-DC Does not Af-
fect their Viability or Phenotype in Vitro

In order to study the effect of -MWNTs on DCs, CD11c+ ve
BM-DCs were generated from the bone marrow of C57BL/6
mice (Fig. 17) [198,199].
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Figure 17: Characterization of BM-DCs by immunostain-

ing. The viable BM-DCs were gated (Left) to determine their
CD11c marker expression (Right) using flow cytometry.

First, whether these cells were able to uptake -MWNTs and
the effect on BM-DC viability was assessed prior to under-
taking further studies. Light microscopy images of f-MWNT
treated BM-DC revealed the association of the BM-DCs with
dark aggregates of f-MWNT; however, it was difficult to dis-
tinguish between cellular uptake of f-MWNTSs and aggrega-
tion of f-MWNTs on the cell surface (Fig. 18A). To further
assess the cellular uptake of the f-MWNTs, BM-DCs were
treated with 10 pg/ml of f-MWNTs for 24 h before Image
Stream analysis.

A
z
2
E
E|
3
=
7
B
ns.
_
o P
SETTY
- ash

"I I . A, L
g Z % 2 B

20 (ug/mi) ) e_ép Lo

|
)
[

<

BM-DC viability (%)
o % 8838
°o] b
% -
BM-DC viability (%)
B2 3 g
]
-
1
H

aq:

%%
N

$* (ugimi)

Figure 18: Viability of BM-DCs following treatment with
f-MWNTs. (A) Light microscopy images of BM-DCs after 24
h incubation with S-/+ at 10-100 pug/ml. Images were cap-
tured at 20 x magnification. (B) Assessment of -MWNT cyto-
toxicity using the modified LDH assay. 10% DMSO was used
as a positive control. LDH content in the viable BM-DCs was
determined in triplicates for each treatment. Results are ex-
pressed as mean  SD (n = 3).

To overcome the need for fluorescent probes, ImageStream
analysis have been previously used to quantify cellular up-
take of CNTs for an individual cell, utilizing the CNT ability to
absorb and scatter light [200-202].
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As illustrated in Fig. 194, the scatter plot of naive BM-DCs
appeared as main single population. Following the internal-
ization of -MWNTSs, and the associated light scattering, two
populations of BM-DCs, namely f-MWNT positive (F-MWNT+
ve) or negative (f-MWNT-ve) BM-DC population were ob-
served (Figs. 19B and 20). In contrast to the ffMWNT-ve
BM-DC population, the f-MWNT+ve BM-DC population had
light-absorptive black spots of internalized f-MWNTs (Fig.
19B). Employing the direct correlation between the reduc-
tion in the bright-field intensity and the increase in cellular

uptake of CNTs [200,201], the mean bright-field intensity of
BM-DCs treated with the various f-MWNTSs was measured to
quantify -MWNT internalization (Fig. 19C). ImageStream
analysis showed that S-/+ was significantly acquired by BM-
DCs in comparison to L+ or S——, while the difference in up-
take between S-/+ and S- was not significant. Interestingly,
positively charged long f-MWNT (L+) showed the least up-
take. The same trend was obtained for f-MWNT conjugated
to OVA with the highest uptake efficiency being attributed to
S-/+(OVA) (Fig. 19D).
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Figure 19: Intracellular uptake of f-MWNTs or MWNTs-0VA in vitro. BM-DCs were incubated with f-MWNTs or MWNTs-OVA
each at MWNT concentration of 10 ug/ml for 24 h then analyzed with image stream analysis. (A) Scatter plot of naive BM-
DCs. (B) Scatter plot of BM-DCs incubated with S—/+, as a representative plot for -MWNT treated BM-DC, showing the S—/+
positive and S-/+ negative BM-DC populations, identified from mean image intensity in the bright field and scatter channels
(cell images are shown in an inset). (C) Relative f-MWNTs uptake indirectly determined by measuring the bright field inten-
sity of BM-DCs following treatment with f-MWNT. Naive BM-DCs were used as a control. (D) Relative MWNTs-OVA uptake
indirectly determined by measuring the bright field intensity of BM-DCs following treatment with MWNTs-OVA. Soluble OVA
treated BM-DCs were used as a control. Results are expressed as mean * SD (n = 3).
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Figure 20: Intracellular uptake of -MWNTs in vitro. Scatter plot of BM-DCs incubated with L+, S-- or S-determined using Im-
age Stream analysis. Acquisition of these molecules was not associated with significant loss of BM-DC viability, as determined
by the modified LDH assay, even following incubation of these cells with 10-100 pg/ml S-/+ for up to 48 h (Fig. 18B) [203].
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Materials used in formulating particulate delivery system
might have an impact on the induced immune response. For
instance, it has previously been reported that DC treatment
with poly (lactic-co-glycolic acid) (PLGA) film or PLGA mi-
croparticles increased the expression of CD40, CD80 and
CD86 [204]. To evaluate whether treatment with f-MWNTs
or MWNTs-OVA for 24 h affected these co-stimulatory mol-
ecules as well as major histocompatibility complex (MHC)
levels, BM-DCs were assessed by flow cytometers following
incubation with antibodies specific to MHC class I, MHC class
I, CD40, CD80 or CD86 (Fig. 21). No significant difference in

expression of any of these molecules was detected following
f-MWNTs-treatment compared to untreated cells. Further-
more, no significant differences were observed following in-
cubation with MWNTs-OVA or OVA.

In conclusion, S-/+ and S-/+(0VA) treatment of BM-DCs re-
sulted in a higher uptake efficiency compared to f-MWNTs
and MWNTs-(OVA), respectively. Exposure to these com-
pounds did not affect BM-DC viability or maturation of these
cells.
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Figure 21: Effect of f-MWNTs or MWNTs-OVA on BM-DCs phenotypes. BM-DCs were left untreated or incubated with
f-MWNTs, OVA or MWNTs-OVA for 24 hr. LPS were used as a positive control. (A) Representative histograms for BM-DCs
stained with fluorescently labelled antibodies specific to MHC [, MHC II, CD40, CD80, CD86 or their respective isotype con-
trols. The mean florescence intensity (MFI) of the positive cells was determined for 10 x 104 cells with flow cytometry and
results were analysed using FLow]Jo 7.6.5 software. (B) The mean fold change in the MFI of each marker compared to naive

BM-DC. The mean values of results obtained from two separate experiments + SD are shown.
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6.4. Assessment of -MWNTs or MWNTs-OVA Cellular Up-
take in Vitro

A 1mg/ml dispersion of f-MWNTs or f-MWNTs conjugated
to OVA in PBS was prepared. Details on generation of DCs
from bone marrow of C57BL/6 are described in SI. Bone
marrow derived DCs (BM-DCs) were treated with f-MWNTs
or MWNTs-OVA each at 10 pg/ml. As a control, BM-DCs were
treated with PBS or OVA alone. After 24 h, BM-DCs were har-
vested, washed with RPMI 1640 medium (Life Technologies,
UK) then fixed by the incubation with 4% paraformaldehyde
and analyzed using Image Stream 100 cell analyzer (Amins
Corporation, USA).

6.5. Assessment of the Immune Response Induced by
MWNTs-0VA in Vitro using 3H-Thymidine Incorporation
assay

A 0.5 mg/ml dispersion of OVA alone, OVA conjugated to
f-MWNTs in PBS was prepared. f MWNTs alone were dis-
persed in PBS at 1 mg/ml. BM-DCs were treated with each
of the conjugates at 5 pg/ml OVA. As a control, BM-DCs were
treated with PBS or uncoupled f-MWNTs. After 24 h, treat-
ed BM-DCs were harvested, washed and gamma-irradiated
(3000 Gys). CD8+ or CD4+ T cells were isolated from spleens
of OT-1 or OT-II mice, respectively, as described in SI. In a 96-
well round-bottom plate, CD8+ or CD4+ T cells were co-cul-
tured with the irradiated BMDCs at 1:4 in complete medium.
The 1:4 ratios were decided from optimization studies (SI).
CD8+ or CD4+ T cells cultured without BM-DCs or with naive
BM-DCs were used as controls. Cells were maintained for 3
days/37 °C and the proliferation was measured by adding 1
uCi of 3Hthymidine (Perkin Elmer, USA) per well for the last
18 h of culture. Proliferation of CD8+ or CD4+ T cells was
determined by measuring the radiation emitted from the
incorporated 3H-thymidine using liquid scintillation count-
er (Wallac 1205 Betaplate) and read as counts per minute

(c.p.m.).

6.6. Quantification of IFN-y Production using ELISA
IFN-y present in the culture supernatants collected from
BM-DC: T cell co-cultures was determined using anti-mouse
IFN-y sandwich ELISA kit following the manufacturer’s pro-
tocol (eBioscience). The ELISA plates were measured at 450
nm using FLUOstar Omega, BMG LABTECH (Germany).

6.7. MWNTs-OVA and MWNTs-SIN augment T cell specific
response in vitro with varying intensities

To further assess the efficiency of -MWNTSs, to deliver OVA or
the MHC I-restricted OVA peptide epitope (SIN) to BM-DCs,

we measured their ability to activate antigen specific T cell
proliferation and cytokine production. CD8+ or CD4+ T cells
were isolated from the spleens of mice expressing a T cell
receptor capable of recognizing OVA peptide SIN (OVA257-
264) or OVA323-339 presented by H-2Db (MHC I) or I-Ab
(MHC II), respectively (Fig. 22).
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Figure 22: Characterization of CD8+ T cells and CD4+ T cells
by immunostaining. (A) Purity of CD8+ T cell isolated from
spleen of OT1 Rag-/- using flow cytometryic analysis as-
sessed by CD8 (CD8+ T cell marker) expression and absence
of CD4 (CD4+ T cell marker). (B) Purity of CD4+ T cell isolat-
ed from spleen of OT2 Rag-/- using flow cytometric analysis
assessed by CD4 (CD4+ T cell marker) expression and ab-
sence of CD8 (CD8+ T cell marker).

Initially, it has been titrated the ratio of SIN pulsed BM-DCs
to CD8+ T cells and found a DC: T cell ration of 1:4 allowed
maximal activation of OVA-specific CD8+ T cells (Fig. 23A)
[166]. In addition, it has been titrated the concentration of
soluble OVA to determine maximum and minimal OVA con-
centration required to induce T cell stimulation (Fig. 23B). A
suboptimal concentration (5ug/ml) of soluble OVA or OVA
contained in MWNTs-OVA was used to determine the dif-
ferences in T cell activation induced by MWNTs-OVA. BM-
DC were cultured with OVA in free form or conjugated with
f-MWNT and T cell proliferation was assessed by 3H-thymi-
dine incorporation.
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Figure 23: Optimization of CD8+ T cell: DC ratio, OVA-dose and SIN-dose response in vitro. (A) 3H-Thymidine incorpora-
tion assay of CD8+ T cell co-cultured with BM-DCs, for determination of optimal CD8+ T cell: DC number ratio to be used in
subsequent studies. BM-DCs stimulated with 1 ug/ml SIN were co-cultured with CD8+ T cells at different cell number ratios.
CD8+ T cells proliferation was determined with 3H-thymidine incorporation in CD8+ T cells. (B) Determination of the in
vitro CD8+ T cell proliferation induced by OVA in a dose-dependent manner. BM-DCs were treated with OVA at concentration
ranging from 5 to 40 pg/ml, and then co-cultured with CD8+ T cells at 1:4 ratios. CD8+ T proliferation was measured using
3H-thymidine proliferation assay. Results are expressed as mean * SD (n=3). (C) Determination of the CD8+ T cells prolif-
eration induced by SIN in a dose-dependent manner. BM-DCs were treated with SIN at concentration ranging from 0.1 to 5
ug/ml, then co-cultured with CD8+ T cells at 1:4 ratio. CD8+ T proliferation was measured using 3H-thymidine proliferation
assay. Results are expressed as mean + SD (n=3).

As illustrated in Fig. 24A, MWNTs-OVA treated BM-DCs sig-
nificantly increased the proliferation of CD8+ antigen specif-

[166] showed that treatment of BM-DCs with MWNTs-OVA
derivatives lead to more efficient antigen presentation com-

ic T cells compared to soluble OVA treated BM-DCs. Howev-
er, significantly higher CD8+ T cell proliferation was induced
by S-/+(OVA) treated compared to L+(OVA), S--(OVA) or
S—(OVA) treated BM-DCs. A similar pattern of proliferation
was observed with antigen-specific CD4+ T cells. The results

pared to antigen in a soluble form and that L+(OVA) and
S—/+(0VA) pulsing induced the least and the highest T cell
proliferation rates, respectively. Additionally, IFN-y produc-
tion was assessed by ELISA. IFN-y production correlated
with T cell proliferation assay (Fig. 24A).
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Figure 24: Assessment of the immune response induced in vitro. (A, B; left) Determination of T cells proliferation using

3H-Thymidine incorporation assay. BM-DCs were incubated with OVA, SIN, MWNTs-OVA, or MWNTs-SIN, each at 5 pg/ml
OVA, 0.5 or 1 pg/ml SIN for 24 h. Incubated BM-DCs were harvested, irradiated then co-cultured with CD4+ or CD8+ T cells
at 1:4 ratio for 3 days. CD8+ and CD4+ T cells proliferation was assessed with 3H-thymidine incorporation assay. (A, B; right)
Measurement of IFN-y production in the supernatants of CD4+ or CD8+ T cells co-cultured for 3 days with OVA, SIN, MWNTs-
OVA, or MWNTSs-SIN stimulated BM-DCs, by ELISA. Results are expressed as the mean value * SD (n = 3).
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“A dose-dependent CD8+ T cell proliferation was obtained
on treating the BM-DCs with soluble SIN up to 1 pg/ml (Fig.
23(C). As illustrated in Fig. 24B, MWNTSs-SIN treated BM-DCs
induced significantly stronger CD8+ T cell proliferation com-
pared to SIN treated BM-DCs, at concentrations of 0.5 or 1
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pg/ml. Furthermore, S-/+(SIN) induced a significantly high-
er CD8+ T cell response compared to L+(SIN), S——(SIN) or
S—(SIN). The overall pattern of T cell stimulation and IFN-y
production elicited by MWNTs-SIN was similar to MWNTs-
OVA (Figs. 24B and 25).

Figure 25: Assessment of the immune response induced by MWNTs-SIN in vitro. BM-DCs were incubated with SIN or
MWNTs-SIN, each at 1 pg/ml SIN for 24 hr. Treated BM-DCs were harvested, irradiated then co-cultured with CD8+ T cells at
1:8 ratio for 3 days. (A) Assessment of CD8+ T cell proliferation with 3H-thymidine incorporation assay. (B) Measurement of
IFN-y production in the supernatants of CD8+ T cells co-cultured with stimulated BM-DCs, by ELISA.

Although it was demonstrated that the f-MWNTSs were not
capable of affecting the BM-DC phenotypes, further studies
were performed to assess the innate immune activation of
BM-DCs by f-MWNTs. To do this, S—/+ was added separately
to SIN-pulsed BM-DCs then co-cultured with CD8+ T cells. A
comparable CD8+ T cell proliferation was induced by SIN-
pulsed BM-DCs in presence or absence of S-/+ (Fig. 26)
[166] suggests that -MWNTs lack adjuvanticity and require
the antigen to be coupled to them.
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Figure 26: Assessment of CD8+ T cell proliferation induced
by SIN in presence or absence of S-/+. BM-DCs were treat-
ed with free SIN, SIN and S-/+ or S-/+(SIN), each at 1 ug/ml
SIN, then co-cultured with CD8+ T cells at 1:4 ratio. CD8+ T
cell proliferation was assessed with 3H-thymidine incorpo-
ration. Experiments were carried out in triplicates. Results
are expressed as mean * SD (n=3).

Taken together, from these observations we conclude that
MWNTSs-OVA derivatives were able to induce better CD8+
and CD4+ T cell responses than soluble OVA, with L+(0OVA)
and S-/+(OVA) inducing the least and highest T cell prolifer-
ation, respectively, which correlated with the cellular uptake

profile. Furthermore, and importantly, conjugation of anti-
gen to f-MWNT did not appear to interfere with the process
of antigen processing.

6.8. Assessment of f-MWNTs Uptake in Vivo
C57BL/6mice (n=3) were injected via the footpad with
100pg of -MWNTs. Mice were scarified 24 h post injection
and the draining popliteal lymph nodes were dissected. The
lymph node cells were isolated by incubating the harvested
lymph nodes with 50ul RPMI 1640 medium containing 5pl
of 40 mg/ml collagenase and 2l of 0.8 mg/ml DNase (Roche
Diagnostics, USA) for 30 min at 37 °C, followed by straining
the cells through a 70um cell strainer (Becton Dickinson,
USA) and washing in PBS (1x). Isolated lymph node cells
were resuspended in 150ul PBS and incubated for 30 min
at 4 °C with 0.86 pg/ml PEconjugated mAb against CD11c
(PE-CD11c) (Becton Dickinson, USA). Lymph node cells were
then washed in PBS and analyzed for side scatter and bright-
field intensity using Image Stream 100 cell analyzer (Amins
Corporation, USA).

6.9. Assessment of MWNTs (DQ-OVA) Uptake and Anti-
gen Processing by DCs in Vivo

MWNTs (DQ-OVA) were synthesized as described in SI.
C57BL/6 mice (n = 3) were injected via the footpad with
MWNTs (DQ-OVA) each containing 10 pug of DQ-OVA [205].
Mice were scarified 24 h post-injection, the draining poplite-
al lymph nodes were dissected, and cells were isolated and
stained with PE-CD11c as described before. Lymph node
cells were then analyzed on a FACSCalibur, using Cell Quest
software (BD Bioscience, CA). Subsequent analysis was done
using Flow]o software (Tree Star, Ashland, OR).

6.10. Assessment of the immune response induced by
the MWNTs-OVA in mice using in vivo specific cytotoxic
T lymphocyte killing assay

An in vivo cytotoxic T lymphocyte (CTL) killing assay was
performed using a previously reported method [206]. Brief-
ly, C57BL/6 mice (n=3) were injected via the footpad with
PBS, OVA or MWNTs-OVA, each at 50 pg OVA, on days 0, 7
and 14 [181]. On day 21, a 1:1 mixture of 0.5uM carboxy-
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fluorescein diacetate succinimidyl ester (CFSE, eBioscience,
UK)-labeled SIN-pulsed splenocytes and 5puMCFSE-labeled
un-pulsed splenocytes (prepared as described in SI) were
administered iv into treated or untreated mice. At 18 h
post-injection, mice were scarified; spleens were harvested
and splenocytes analyzed using flowcytometric analysis to
determine the percentage of SIN-pulsed (0.5uM CFSESIN)
and un-pulsed (5uM CFSEno SIN) cells present. Antigen spe-
cific killing was calculated using the following equation:

[Percentage of 0.5 pM CFSES!INFEKL]
[Percentage of 5 uM CFSEN© SHINFEKL]

| - 100

6.11. Cellular uptake of MWNTs-OVA is correlated with
the potency of CTL responses induced in vivo

To study the cellular uptake of f-MWNTs in vivo, C57BL/6
mice were injected with f-MWNTs and the popliteal lymph
nodes were dissected 24 h later [166]. Image Stream anal-
ysis revealed that the lymph node cells and the CD11c+ ve

lymph node cells internalized S-/+ in a significantly higher
manner compared to L+ or S- [Fig. 27A-B], judging from the
bright-field intensity signals. Furthermore, in vivo internal-
ization and processing of -MWNT conjugated OVA by the an-
tigen presenting cells was studied by substituting OVA with
DQ-OVA in the conjugates. DQ-OVA are dye-labeled OVA that
emit green fluorescence following exposure to proteolytic
enzymes [207]. Administration of S-/+(DQ-OVA) was associ-
ated with highest green fluorescence intensity in the CD11c+
lymph node cells [Fig. 27C], determined with flow cytometry
analysis. Thus, indicating that more DQ-OVA was delivered
to CD11c+ lymph node cells when conjugated to S-/+ than
other the other -MWNTs. No significant differences were de-
tected among the phenotypes of the CD11c+ve lymph node
cells derived from MWNTs (OVA) injected mice [Figs. 27D
and 28], which was consistent with the in vitro phenotypic
characterization of BM-DCs. Histological analysis of the main
organs excised from injected mice showed no accumulation
of MWNTs in lungs, liver, spleen or kidneys.
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Figure 27: In vivo uptake and phenotypic characterization. (A) Uptake of f-MWNTs in draining popliteal lymph nodes.
C57BL/6 mice (n = 3) were injected via the footpad with 100 pg of f-MWNTSs, and the draining popliteal lymph nodes were
dissected 24 h later. The isolated lymph node cells were stained for DCs using PE anti-CD11c (PE-CD11c) and analyzed using
Image Stream analysis. Scatter plot of lymph node cells isolated from S-/+ injected mouse is shown, as a representative plot,
illustrating the gating strategy applied to determine the f-MWNT+ ve and CD11c+ ve cells based on the reduction in bright-
field intensity and the increase in PE-CD11c fluorescence intensity, respectively (cell images are shown in an inset). (B)
Quantification of -MWNTs uptake in popliteal lymph nodes. (Left) Percentage of f-MWNT+ ve cells in the whole cell popula-
tion. (Right) Percentage of f-MWNT+ ve cells in the CD11c+ ve cells. (C) Uptake and processing of f-MWNT conjugated OVA
in draining popliteal lymph nodes. C57BL/6 mice (n = 3) were injected with MWNTs (DQ-OVA), each contained 10 pg DQ-
OVA. The isolated lymph node cells were stained with PE-CD11c and analyzed using flow cytometry. (Left) Representative
histograms showing the processed DQ-OVA fluorescence, determined using the FL-1 detector. (Right). The MFI of processed
DQ-OVA. (D) Effect of MWNTs-OVA on CD11c+ ve lymph node cells phenotypes. C57BL/6 mice (n = 2) were injected with
OVA or MWNTs-OVA, each at 50 pg OVA. The isolated lymph node cells were stained with fluorescently-labeled antibodies
and analyzed using flow cytometry. The MFI of the positive cells was determined to measure the fold change in the MFI of
each marker compared to the naive cells. Results are expressed as mean * S.D. Statistical analyses were performed using

one-way ANOVA with Bonferroni post-test.
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Figure 28: Effect of MWNTs-OVA on CD11c+ve lymph node cells. C57BL/6 mice (n=2) were injected via the footpad with
OVA or MWNTs-0VA, each contained 50 pg OVA, and the draining popliteal lymph nodes were dissected 24 hrs later. Unin-
jected or LPS injected mice were used as negative or positive controls, respectively. The lymph node cells were stained with
APC anti-CD11c and other fluorescently-labelled antibodies against MHC I, MHC II, CD40, CD80, CD86, or their respective
isotype controls and analysed using flow cytometry. Representative histograms are shown.

Given the above findings, the in vivo efficacy of the MWNTs-
OVA conjugates to induce T cell activation in vivo was as-
sessed using an in vivo CTL assay [181, 206]. C57BL/6 mice
were treated with soluble OVA or MWNTs-OVA on days 0, 7
and 14. On day 21 post immunization, mice were injected
with a 1:1 splenocyte mixture consisting of 0.5uM CFSE la-
beled SIN-pulsed splenocytes (target cells) and 5 uM CFSE
labeled un-pulsed splenocytes (control cells). The ratio of
the target: control splenocytes was assessed after 24 h using
flow cytometry to determine the percentage of antigen spe-
cific killing (Fig. 29). Treatment with S-/+(0OVA) induced the
highest percentage of antigen specific killing (18.7% * 3.1)
(P <0.0001) compared to uncoupled OVA. No significant dif-

ferences were found between S—-(0VA) (10.4% * 2.86) and
S-(OVA) (10.6% = 1.1). Both conjugates, however, showed
better efficacy than soluble OVA (3.3% * 0.6) (P < 0.01) or
L+(OVA) (5.2% * 0.58) (P < 0.05). Interestingly, administra-
tion of soluble OVA and S-/+ did not improve CTL induction
compared to treatment with S—/+(0OVA). It is important to
note that overall levels of CTL induction were rather low not
exceeding 18.7% of antigen-specific killing. However, this is
not surprising taking into account the lack of adjuvanticity of
MWNT. In conclusion, consistent with the in vitro findings,
S-/+(0VA) demonstrated the same capabilities on ensuing
significantly higher antigen specific immune response than
the other MWNTs-OVA in vivo.
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Figure 29: In vivo CTL assay. C57BL/6 mice (n = 3) were injected via the footpad with OVA or MWNTs-0OVA, each at 50 pg
OVA on day 0, 7 and 14. Mice injected with PBS were used as a negative control. On day 21 following immunization, target
cells derived from naive C57BL/6 mice were intravenously administered to the immunized mice. Splenocytes were harvest-
ed from the immunized mice 18 h later and analyzed by flow cytometry to determine the specific killing of the target cells.
(A) Representative histograms for splenocytes analyzed by flow cytometry. (B) Specific killing of target cells induced by the
different treatments. CTL induced by each individual mouse is represented as a dot, bars represent the mean antigen specific

killing for each treatment.

It is possible that the differences in immune responses found
in the study are due to MWNT'’s dispersibility characteristics.
Short oxidized f-MWNTs exhibited enhanced dispersibility
and a higher degree of individualization, as observed in the
TEM, compared to long non-oxidized f-MWNT (L+), which
displayed a higher tendency of agglomeration. This could
be due to the shortening induced by acid-assisted bath son-
ication [166, 189]. Interestingly, lannazzo et al. conjugated
HIV inhibitor to oxidized-MWNTs or oxidized-MWNTs modi-
fied with hydrophilic moieties and found that increasing the
MWNT'’s dispersibility is associated with higher therapeutic
effect of the loaded drug [208]. In that study [166], the in
vitro uptake studies demonstrated increased uptake of S-/+
or S-/+(0VA) on treating the BM-DCs with fixed concentra-
tion of f-MWNTs or MWNTSs contained in MWNTs-OVA, and
similar findings were observed in vivo. However, variations
in antigen loading density among MWNTs-OVA or MWNTs-
SIN cannot be ignored among the factors leading to the in-
duced immune response intensities.

Despite the suggestion that differences in immune response
efficacy in vitro and in vivo are related to differences in
amounts of nanocarriers and antigen internalized, one can-
not exclude the possibility of -MWNT affecting the process
of antigen processing by BM-DCs. Exogenous antigens pro-
cessed in the endocytic compartments of the DCs are loaded
onto MHC IImolecules and presented to CD4+ T cells, while
those processed in the cytosolic compartments are loaded
onto the MHC I molecules and presented to CD8+ T cells. The
latter is called cross presentation [209-211]. The similar
pattern of CD8+ T cell stimulation induced by MWNTs-OVA
and MWNTs-SIN treated BM-DCs propose the absence of
MWNT'’s interference with antigen presentation. Thus, sug-
gesting that the pattern of induced immune response was
dependent on the tendency of MWNTs to enhance the cellu-
lar uptake of the conjugated antigen, whether it is an already
processed antigen (SIN) or not (OVA).

7. Dual stimulation of antigen presenting cells us-
ing carbon nanotube-based vaccine delivery sys-
tem for cancer immunotherapy

We hypothesized that harnessing MWNT for concurrent de-
livery of cytosine-phosphate-guanine oligodeoxynucleotide
(CpG) and anti-CD40 Ig (aCD40), as immunoadjuvants, along
with the model antigen ovalbumin (OVA) could potentiate
immune response induced against OVA-expressing tumour
cells. It has been initially investigated the effective method
to co-deliver OVA and CpG using MWNT to the APC. Covalent
conjugation of OVA and CpG prior to loading onto MWNTs
markedly augmented the CpG-mediated adjuvanticity, as
demonstrated by the significantly increased OVA-specific T
cell responses in vitro and in C57BL/6 mice [212]. A CD40
was then included as a second immunoadjuvant to further
intensify the immune response. Immune response elicited
in vitro and in vivo by OVA, CpG and aCD40 was significant-
ly potentiated by their co-incorporation onto the MWNTs.
Furthermore, MWNT remarkably improved the ability of
co-loaded OVA, CpG and aCD40 in inhibiting the growth of
OVA-expressing B16F10 melanoma cells in subcutaneous or
lung pseudo-metastatic tumour models. Therefore, the study
suggests that the utilization of MWNTs for the co-delivery of
tumour-derived antigen, CpG and aCD40 could be a compe-
tent approach for efficient tumours eradication [212].

Cancer therapeutic vaccines rely on the ability of profes-
sional antigen presenting cells (APCs), specifically dendritic
cells (DCs), to detect, process and then present administered
tumour-antigens via the major histocompatibility complex
molecules class (MHC) Il or I to CD4+ or CD8+ T cells, respec-
tively, leading to anti-tumour immune responses induction
[213]. However, tumour-induced immunosuppression and
abundance of immunosuppressive regulatory T cells in the
tumour micro-environment hinder the immune system to ef-
fectively eradicate established tumours [214]. This could be
overcome by the use of combinatorial immunotherapeutic
approaches, for instance by administration of tumour anti-
gens along with different types of immunoadjuvants, rather
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than the single immunotherapeutic ones [215].

Carbon nanotubes (CNTs) have been developed as needle-
like nanoscopic carriers capable of improving therapeutic
agents delivery to the intracellular compartments via ener-
gy-dependent and/or passive mechanisms of cellular up-
take [216-218]. It has been previously demonstrated that al-
tering the surface chemistry of multi-walled CNTs (MWNTs)
conjugated to the model antigen ovalbumin (OVA) can affect
the extent of their cellular internalization into APCs, and
thus the intensity of the resulting immune responses elicited
in vitro and in vivo [219]. As a delivery vector for tumour
antigens, MWNTs have markedly improved antitumour im-
mune response against breast or liver cancer-derived tu-
mour proteins in vitro [220] or in vivo [221], respectively.
Single-walled CNTs (SWNTs) conjugation with the immuno-
adjuvant cytosine-phosphate—guanine oligodeoxynucleotide
(CpG) enhanced the CpG-induced stimulatory activities in
vitro [222] and amplified the anti-tumour response in glio-
ma-bearing mice [223,224]. Despite the demonstrated pro-
ficiencies of CNTs as an efficient delivery vector for antigen
or immunoadjuvant, the utilization of CNTs to co-deliver an-
tigen along with various types of immunoadjuvants has not
been studied yet.

Agonist for Toll-like receptors (TLRs) expressed by APCs
have shown marked capabilities in augmenting the anti-
gen-specific immune response via various mechanisms, in-
cluding the ability to enhance antigen presentation by APCs
[225]. CpG, an agonist for endosomal TLRY, has been includ-
ed in various cancer vaccine formulations tested in clini-
cal trials [226]. The co-internalization of both antigen and
TLR agonist by the same APC has been shown to influence
the TLR agonist-mediated improvement of antigen presen-
tation, thus the induced T cell responses. Yarovinsky et al.
showed that potent induction of antigen-specific CD4+ T cell
response in mice required the activation of TLR11 and an-

tigen presentation via MHC II to occur “in cis” in the same
DC instead of separate DCs [227]. Wilson et al. demonstrated
the significance of APC activation by TLR agonists at the time
of antigen uptake showing that pre-treatment of mice with
CpG reduces the ability of DCs to take up and present viral
antigens to the CD8+ T cells [228]. Posing additional com-
plexity, Blander et al. reported that more efficient antigen
presentation by DCs could be achieved following the inter-
nalization of antigen and TLR4 agonist into the same rather
than separate phagosome (s) in vitro [229]. In light of these
studies, we hypothesized that designing an efficient method
to co-incorporate antigen and CpG onto MWNT could im-
prove their concomitant delivery to APC, and thus the induc-
tion of an antigen-specific immune response.

APCs express a number of receptors known as tumour ne-
crosis factor receptors (TNFRs) such as CD40. Anti-CD40 Ig
(aCD40), an agonist for the CD40 co-stimulation molecule,
has exhibited potential benefits in amplifying antigen-spe-
cific immune responses [230,231]. It has been reported that
DC stimulation with «CD40 chemically conjugated to peptide
antigens increased the DC capacity to induce antigen-specif-
ic CD8+ T cell response in vitro [232,233]. This has been at-
tributed to the demonstrated aCD40 ability to intracellular
target the conjugated antigen to the early endosomes of DCs.
Antigen routing to the early endosomes of DCs has shown
to facilitate antigen proteasomes degradation, loading onto
MHC I and, subsequently, presentation to CD8+ T cells [234].
Thereby, by utilizing the aCD40-mediated enhancement of
antigen presentation, stimulation of DCs with MWNT load-
ed with aCD40 in addition to OVA could further improve the
induction of OVA-specific CD8+ T cell response [235]. CD40
interaction with «CD40 has been found to provide APCs with
the CD4+ T cell-derived licensing signals required for CD8+ T
cell stimulation. This has been demonstrated by the ability of
administered aCD40 to restore antigen specific CD8+ T cell
response in CD4+ T cell-depleted mice [236,237].

7.1. Synthesis and characterization of (OVA)S-/+(CpG), S-/+(0VA-CpG) and (a«CD40) S—-/+(0OVA-CpG) conjugates

7.1.1. Synthesis of S-/+(0VA-CpG) or (OVA)S-/+(CpG)

Synthesis of chemically functionalized MWNT has been described as shown in Scheme 3 [219].

In addition, for an efficient CD8+ T cell response induction,
the process of antigen recognition by both CD4+ and CD8+
T cells has to occur via the same APC [238]. Hence, theoret-
ically, higher immune response intensity could be achieved
using delivery approaches that co-deliver the antigen and
aCD40 signal to the same APC.

It has been hypothesized that CpG and aCD40 co-incorpo-
ration onto MWNT carrying the model antigen OVA would
synergistically and significantly improve the OVA-specif-
ic immune responses, and effectively retard the growth of
OVA-expressing B16F10 melanoma cells in solid or pseu-
do-metastatic tumour models.
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Scheme 3: Synthesis of the conjugates. (A) Synthesis of (OVA)S-/+(CpG) or S-/+(0OVA-CpG) conjugates. p-MWNT was ox-
idized using acidic mixture yielding MWNT 1. The carboxylic acid moieties of MWNT 1 were reacted with Boc-protected
amine-terminated spacer via amide coupling reaction yielding S-/+. (OVA)S-/+(CpG) was synthesized by the simultaneous
addition of OVA and CpG to S-/+, while S-/+(0VA-CpG) was synthesized by reacting the OVA-CpG with S-/+. (B) Synthesis
of (aCD40)S-/+(0VA-CpG). aCD40 was first conjugated with S-/+ yielding (a«CD40)S-/+ that following conjugation with

OVA-CpG yielded (a«CD40)S-/+(0OVA-CpG).

Briefly, pristine MWNTs (p-MWNTs) (20-30 nm diameter,
0.5-2um length, Nanostructured and Amorphous Materials,
USA) were oxidized using acidic mixture, followed by incor-
poration of amine-terminated spacer using amide coupling
reaction yielding a functionalized MWNT named S-/+. The
synthesis of OVA-CpG is illustrated in Scheme 4 and de-
scribed in [239, 240]. For the synthesis of (OVA)S-/+(CpG),
0.5 ml of PBS (PAA Laboratories Ltd, UK) containing 1 mg
OVA (Endo Grade® Ovalbumin, Hyglos GmbH, Germany)
and 1.1 mg CpG (phosphonothioate ODN CpG 1668 (5'-(TC-
CATGACGTTCCTGATGCT) -3'), Neurogenetic, Belgium) were
mixed with a dispersion of 2 mg S-/+ in 2 ml PBS. For the
synthesis of S-/+(0VA-CpG), OVA-CpG containing 1 mg OVA
and 1.1 mg CpG in 0.5 ml PBS was mixed with a dispersion of
2 mg S-/+ in 2 ml PBS. Both reactions were mixed for 8 h at
4 °C. The reaction mixtures were briefly sonicated then vacu-

um filtered through 0.22 um polycarbonate membrane filter
(Isopore™ Membrane, Merck Millipore, Germany). The solids
recovered were re-dispersed in 2.5 ml PBS and the obtained
dispersion was briefly sonicated and then vacuum filtered.
Unreacted OVA and CpG contained in the collected filtrates
were quantified using bicinchoninic acid protein (BCA) as-
say reagent (Fisher Scientific, UK) and NanoDrop (ND-1000
spectrophotometer, NanoDrop Technologies, USA), respec-
tively, as described in [212]. The recovered S-/+(OVA-
CpG) or (OVA)S-/+(CpG) solids were further washed with
methanol (Fisher Scientific, UK) and then vacuum filtered
through 0.22pm polycarbonate membrane filter, dried and
recovered. Synthesized conjugates were characterized using
thermogravimetric analysis (TGA) and polyacrylamide gel
electrophoresis (PAGE) that were performed as described
before [219].
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Scheme 4: Synthesis of OVA-CpG conjugates. OVA were maleimide-activated using sulfo-SMCC then covalently conjugated
with the thiol-modified CpG via thioether linkage yielding OVA-CpG.

7.1.2. Synthesis of (aCD40) S-/+(0OVA-CpG)

To a dispersion of 3 mg S-/+ in 2 ml PBS, 1 mg of a«CD40
(purified rat anti-mouse CD40 monoclonal antibody, BD Bio-
sciences, USA) in 0.5 ml PBS was added. The reaction was
mixed for 8 h at 4 °C. The reaction mixture was briefly son-
icated then vacuum filtered through 0.22pum polycarbonate
membrane filter. The solids recovered were re-dispersed in
2.5 ml PBS and the obtained dispersion was briefly sonicat-
ed and then vacuum filtered. Unreacted aCD40 contained
in the collected filtrates was quantified using BCA assay as
described in Supplementary Information. The recovered
(aCD40) S—-/+ solids were washed with methanol, vacuum
filtered through 0.22pm polycarbonate membrane filter,
dried and re-dispersed in 2 ml PBS. To the (aCD40) S—-/+ dis-
persion, OVA-CpG containing 1 mg OVA and 1.1 mg CpG in
0.5 ml PBS was added. The reaction was mixed for 8 h at 4
°C. The reaction mixture was briefly sonicated then vacuum
filtered through 0.22um polycarbonate membrane filter. The
solids recovered were re-dispersed in 2.5 ml PBS and the
obtained dispersion was briefly sonicated and then vacuum
filtered. Unreacted OVA and CpG contained in the collected
filtrates were quantified using BCA assay and NanoDrop, re-
spectively, as described in Supplementary Information. The
recovered (aCD40) S-/+(CpG) solids were further washed
with methanol and then vacuum filtered through 0.22 pm
polycarbonate membrane filter, dried and recovered.

As depicted in Scheme 3A, the length of p-MWNTSs was short-
ened by oxidation reaction using sulphuric and nitric acids
mixture and bath sonication, yielding MWNT 1. This step
was followed by partial neutralization of the incorporated
negatively charged carboxylic acid moieties using an amine
terminated spacer, yielding S—/+. It has been previously re-
ported that this functionalization approach, compared to
other chemical functionalization methods, yields a function-
alized MWNT (S-/+) capable of significantly improving the
loaded antigen internalization by APCs in vitro and in vivo
[219].

Utilizing the ability of CNTs to non-covalently interact with
proteins [241] and ssDNA [242], OVA and CpG were incorpo-
rated onto S-/+ surface using two distinct methods (Scheme
3A). (OVA)S-/+(CpG) was synthesized by mixing an aqueous
dispersion of S-/+ with OVA and CpG. Alternatively, OVA and
CpG were covalently conjugated to yield OVA-CpG (Scheme
4) prior to the reaction with S-/+, yielding S-/+(OVA-CpG).
The third conjugate, (aCD40) S-/+(0OVA-CpG), was prepared
by prior mixing of aCD40 with S-/+ followed by OVA-CpG
loading (Scheme 3B). The zeta potential values of S-/+,
(OVA)S-/+(CpG) and S-/+(OVA-CpG) were found to be
-7.27,-43.7 and -41.9 mV, respectively (Table 5) [212].

Table 5: Zeta potential of the functionalized MWNTs and synthesized conjugates.

Zeta potential® (mV)

MWNT 1 -20.9
S—/+ -7.27
(OVA)S-/+(CpG) -43.7
S-/+(0VA-CpG) -41.9

2Analyzed by electrophoretic mobility using 10x diluted PBS buffer.
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Transmission electron microscopy (TEM) revealed individ-
ualized nanotubes with a mean length of 122 + 82 nm (Fig.
30A). OVA or aCD40 loading was quantified using a BCA
assay [219], while CpG quantification was performed using
NanoDrop Spectrophotometer [223]. The loading values and

Table 6: Physicochemical characterization of conjugates.

Length P
(nm)

Primary amine
loading b<

(umole/g S—/+)

loading efficiency are summarized in Table 6 and Table 7,
respectively. OVA: CpG molar ratios of 1:10, 1:7.3 and 1:7.4
were reported for (OVA)S-/+(CpG), S—/+(0VA-CpG) and
(aCD40) S-/+(0VA-CpG), respectively.

OVA loading’*
(umole/gS-/+)
[umole/g S-/+]

CpG loading®®
(umole/gS-/+)
[nmole/g S-/+]

aCD40 loading®
(mg/gS-/+)
[umol/g S-/+]

(OVA)S-/+(CpG) |122+82 263 +72 205 +24[4.5 + 288+20[45+3.1] | —
0.53]
S-/+ (OVA—CpG) | 12282 263 £ 72 130+21[29+ |136:18[21.2+ —
0.47] 2.8]
(aCD40)S-/+ 122 +82 263 £ 72 55+15[1.2 + 57+11[8.8+1.7] [188+17[1.3 +0.1]
(OVA—CpG) 0.33]

Stability studies were carried out up to 7 days by stirring in PBS at 37 C - ; the stability of the loaded cargo was confirmed

(Figure 31).

Table 7: Loading efficiencies of the conjugates.?

OVA loading efficiency (%) CpG loading efficiency (%) aCD40 loading efficiency

(%)

(OVA)S-/+(CpG) 41+68 52.4+5.2 —
S-/+(0OVA-CpG) 26+5.9 248+ 4.6 —
(aCD40)S-/+(OVA-CpG) 16.5 + 6.4 15.5 + 4.2 56.4+7.2

aCalculated as the percentage of OVA, CpG or aCD40 bound to S-/+ of the starting material. Data are represented as mean *

SD (n=3).

OVA, CpG and/or aCD40 loading onto S-/+ was also con-
firmed using TGA [243]. TGA was performed under inert
gas (nitrogen) by exposing the tested samples to gradually
increasing temperature (up to 800 °C). The graphitic struc-
ture of the pristine CNT (p-MWNT) is stable against subli-
mation within the applied temperatures. However, surface
defects and impurities such as amorphous carbon (that con-

stitute approximately 2% of p-MWNT) are less stable and
thermally decompose by sublimation at 600 °C [244, 245].
Organic functional groups decomposition also occurs at
temperatures lower than 600 °C. It was previously reported
that thermally degraded functional groups or biomolecules
decompose mainly into carbon dioxide, carbon monoxide,
ammonia [246].
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Figure 30: Characterization of the conjugates. (A) Representative TEM image of an aqueous dispersion of S—/+. (B) Thermo-
gravimetric profiles. S-/+ or the conjugates, of know weights, were subjected to increasing temperatures and the weight loss
was measured at the increased temperature. (C) PAGE of (OVA)S-/+(CpG) or S-/+(0OVA-CpG). Free OVA, or OVA contained in
the conjugates, each at 10 pg OVA, were loaded in the appropriate lane of 10% native, non-reducing gel. (D) PAGE of («CD40)
S-/+(0VA-CpG). OVA-CpG conjugate containing 3 pg OVA, 10 pg of aCD40 or (aCD40) S-/+(0OVA-CpG) containing 3 ug OVA
and 10 pg aCD40 were loaded in the appropriate lane of 10% native, non-reducing gel. Bands were detected by gel staining

with Coomassie Brilliant blue.

The density of the loaded functional groups and biomol-
ecules is directly related to the sample weight loss 600 °C,
as a result of thermal decomposition. As demonstrated in
Fig. 30B, a greater reduction in the thermal stability was
observed for S-/+ compared to p~-MWNT as a result of de-
composition of the functional groups. Expectedly, (OVA)
S-/+(CpG), (aCD40) S-/+(0OVA-CpG) and S-/+(OVA-CpG)
achieved higher weight losses than S-/+, in the same order.
This observation could be assigned to the fact that (OVA)
S—-/+(CpG) possessed the highest content of incorporated
biomolecules followed by (aCD40) S-/+(OVA-CpG) then
S—/+(0OVA-CpG) (Table 6). TGA confirmed the success of

chemical modification of S-/+ and loading of OVA, CpG and
aCD40 onto S-/+.

PAGE electrophoresis was employed to visualize the loaded
OVA and/or aCD40. Similar to unconjugated OVA, the OVA
contained in (OVA)S-/+(CpG) appeared as an intense band
of ~45 kDa (Fig. 30C). In case of OVA-CpG or S—/+(OVA-
CpG), an increase in OVA molecular weight was observed
(>45 kDa) due to successful conjugation with CpG. Exposing
(aCD40) S-/+(0OVA-CpG) to gel electrophoresis confirmed
the presence of aCD40 as a main intense band of ~150 kDa
and CpG-conjugated OVA bands (Fig. 30D).
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Figure 31: In vitro stability. (A) Assessment of in vitro stablhty of S—/+(0OVA) using PAGE. S-/+(0OVA) was dispersed in PBS
(pH 7.4) at 1 mg/ml and exposed to constant agitation for 1, 3 or 7 days at 37 - C. At the indicated time points, S—/+(0VA)
containing 10 pg OVA was transferred to the wells of 15% native, non-reducing gel. Bands were detected by gel staining with
Coomassie Brilliant blue. (B) Assessment of in vitro stability of S—/+(CpG) using agarose gel electrophoresis. S-/+(CpG) was
dispersed in PBS (pH 7.4) at 1 mg/ml and exposed to constant agitation for 1, 3 or 7 days at 37 ° C. At the indicated time
points S-/+(CpG) containing 1 pg CpG was transferred to the wells of a 2% agarose gel. Bands were detected by gel staining
with SYBR Gold.

7.2. Assessment of OVA presentation induced by (OVA) ed for 24 h with OVA, mixture of unconjugated OVA and CpG
S-/+(CpG) or S-/+(0OVA-CpG) treated BM-DCs in Vitro (referred to as OVA + CpG), OVA-CpG, (OVA)S-/+(CpG) or
DCs were generated from the bone marrow of C57BL/6 mice  S-/+(0OVA-CpG) each containing 5 pg/ml OVA. The used dos-
and characterized for their purity as previously described es were determined from the optimization studies described
[219]. Bone marrow-derived DCs (BM-DCs) were incubat- in (Figure 32).
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Figure 32: Optimization of CpG or OVA/CpG doses required for induction of BM-DC maturation or OVA presentation in vitro,
respectively. (A) Dose-dependent stimulation of BM-DC maturation by CpG in vitro. BM-DCs were incubated for 24 h with 1,
5 or 10 pg/ml CpG and then analyzed for CD40 or CD86 expression using flow cytometry. BM-DCs were stained with specific
fluorescently labelled antibodies or their corresponding isotype control antibodies, 10 x 104 cells were acquired using flow
cytometry and the analysis was performed using FLow]o 7.6.5 software. The MFI of the positive CD11c-expressing BM-DCs
was measured to assess the fold change in the expression of each marker with respect to the naive BM-DCs. The optimal CpG
dose for induction of BM-DC maturation was found to be 5 pg/ml. (B) Dose-dependant stimulation of CD8+ T cell prolifer-
ation in vitro by OVA + CpG or OVA-CpG. BM-DCs were incubated for 24 h with OVA + CpG or OVA-CpG each contained 1, 5
or 10 pg/ml of both OVA and CpG. As a control, BM-DCs were incubated for 24 h with OVA alone at 1, 5 or 10 pg/ml. Treated
BM-DCs were co-cultured with CD8+ T cells, isolated from the spleen of OT-1 C57BL/6 mice, at 1:4 ratio for 3 days. On the
last 18 h, CD8+ T were pulsed with 1 pCi of 3H-thymidine and the CD8+ T cell proliferation was measured using 3H-thymi-
dine incorporation assay. Measurements were performed in triplicates for each condition, results represent the mean * S.D.
*P <0.05 **P<0.01, ** P < 0.001. Stimulation of BM-DCs with 5 pg/ml of both OVA and CpG contained in with OVA + CpG

or OVA-CpG was found optimal for OVA presentation.
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BM-DCs were incubated, as a control, with S-/+ alone
at concentrations equivalent to those contained in (OVA)
S-/+(CpG) or S-/+(OVA-CpG) (20-38 pg/ml). Treated BM-
DCs were harvested, washed several times with RPMI 1640
and gamma-irradiated using Cesium-137 at 3000 Gy for 10
min. CD4+ and CD8+ T cells were isolated from the OT-II and
OT-I mice spleen, respectively, and characterized for their
purity as described before [219]. In 96-well round-bottom
plate, 25 x 103 of CD4+ or CD8+ T cells were co-cultured with
the BM-DCs at 1:4 ratio in a total volume of 200ul complete
medium per well. The BM-DCs: T cell co-culture ratio was
determined from previous optimization studies [219]. As a
control, CD4+ or CD8+ T cells were cultured alone or with
naive BM-DCs. Cultured cells were maintained for 3 days at
37 °C. For the last 18 h of incubation, 50pl of the superna-
tants were removed and replaced with a fresh 50ul of com-
plete medium containing 1 uCi of 3H-thymidine (Thymidine
(Methyl-3H), Perkin Elmer, USA). T cell proliferation was as-
sessed by measuring the incorporated 3H-thymidine emit-
ted radiation using liquid scintillation counter (Wallac 1205
Betaplate) [219]. The levels of IFN-y in the supernatants col-
lected from BM~-DCs co-cultured with CD4+ or CD8+ T cells
were quantified using anti-mouse IFN-y sandwich ELISA kit
(eBioscience, USA) following the manufacturer’s protocol.
The absorbance of each well was measured at 450 nm using
a plate reader (FLUOstar Omega, BMG LABTECH, Germany).

Naive BM-DC

7.3. Assessment of OVA presentation induced by (aCD40)
S-/+(0OVA-CpG) treated BM-DCs in vitro

BM-DCs were incubated for 24 h with mixture of unconjugat-
ed aCD40 and OVA-CpG (referred to as aCD40 + OVA-CpG),
mixture of unconjugated aCD40 and S-/+(OVA-CpG) (re-
ferred to as aCD40 + S-/+(0OVA-CpG)) or (aCD40) S-/+(0O-
VA-CpG), each containing 0.5 pg/ml of both OVA and CpG,
and 1.8 pg/ml aCD40. As a control BM-DCs were incubated
for 24 h with OVA-CpG or S-/+(0VA-CpG), each containing
1 pg/ml OVA. CD8+ T cell proliferation and IFN-y production
were then determined using 3H-thymidine incorporation
assay and ELISA as described before, respectively.

7.4. Loading of OVA-CpG conjugate onto S-/+ offers
more potent in vitro antigen presentation than the load-
ing of unconjugated OVA and CpG

To determine the effect of (OVA)S-/+(CpG) or S-/+(OVA-
CpG) on the maturation of DC, the synthesized conjugates
were incubated with BM-DCs for 24 h and the expression
of MHC as well as co-stimulatory molecules were deter-
mined using specific antibodies and flow cytometry as de-
scribed in [212]. Similar to the CpG treatment alone, incu-
bation of BM-DCs with (OVA)S-/+(CpG) or S-/+(0VA-CpG)
increased the expression of MHC I, MHC II, CD40 and CD86
(Figure 33 and Fig. 34A) with no significant differences seen
between groups. OVA-treated BM-DCs showed no signs of
maturation. Incubation of BM-DCs with S-/+ alone has been
shown previously to not affect the expression of these mole-
cules [219]. Taken together the data suggest that maturation
of BM-DCs induced by (OVA)S-/+(CpG) or S-/+(0OVA-CpG)
was CpG-dependant.
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Figure 33: Effect of (OVA)S-/+(CpG) or S-/+(OVA-CpG) on BM-DC maturation in vitro. BM-DCs were incubated for 24 h
with 5 pg/ml CpG, OVA, (OVA)S-/+(CpG) or S-/+(0VA-CpG), each contained 5 pg/ml OVA. BM-DCs were stained with fluo-
rescently labelled specific antibodies against MHC I, MHC II, CD40, CD80 or CD86, and cell analysis was performed using flow
cytometry. Representative histograms are shown for CD11c-expressing BM-DCs stained with specific fluorescently labelled

antibodies or their corresponding isotype control antibodies.
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Figure 34: Assessment of BM—-DC maturation and OVA presentation induced by treatment with (OVA)S-/+(CpG) or S-/+(0-
VA-CpQ) in vitro. (A) Effect of (OVA)S-/+(CpG) or S-/+(OVA-CpG) on BM-DC maturation. BM-DCs were incubated for 24
h with 5 pg/ml CpG, OVA, (OVA)S-/+(CpG) or S-/+(0OVA-CpG), each contained 5 pg/ml OVA. BM-DCs were stained with
fluorescently labelled specific antibodies against MHC I, MHC II, CD40, CD80 or CD86, and cell analysis was performed using
flow cytometry. The mean fluorescence intensity (MFI) of the positive CD11c-expressing BM-DCs was measured to assess
the fold change in the expression of each marker with respect to the naive BM-DCs, results represent the mean * S.D. (B, C)
OVA presentation by (OVA)S-/+(CpG) or S-/+(OVA-CpG) treated BM-DCs. BM-DCs were incubated for 24 h with OVA + CpgG,
OVA-CpG, (OVA)S-/+(CpG) or S-/+(0VA-CpG), each contained 5 pg/ml OVA. Treated BM-DCs were co-cultured with CD4+
or CD8+ T cells isolated from the spleen of 0T-2 or OT-1 C57BL/6 mice, respectively, at 1:4 ratio for 3 days. On the last 18 h
of incubation, CD4+ T cells (B, left) or CD8+ T cells (B, right) were pulsed with 1 uCi of 3H-thymidine and the proliferation
was measured using 3H-thymidine incorporation assay. The content of IFN-y in the supernatants of the proliferating CD4+
T cells (C, left) or CD8+ T cells (C, right) was quantified using ELISA. Measurements were performed in triplicates for each
condition, results represent the mean * S.D. *P < 0.05, **P < 0.01, ***P < 0.001.

Next, the efficiency of the two approaches in enhancing OVA < 0.001), respectively (Fig. 6.34B). However, treatment with

presentation by BM—-DCs was assessed in vitro using OVA-
specific transgenic CD4+ or CD8+ T cells. After incubation of
BM-DCs with the S-/+ based conjugates (containing 5 pg/
ml OVA), (OVA)S-/+(CpG) or S-/+(OVA-CpG) significantly
enhanced OVA-specific T cells proliferation as compared to
their control treatments, namely OVA + CpG or OVA-CpG (p

S—/+(0VA-CpG) resulted in elevated responses compared
to (OVA)S-/+(CpG) (p < 0.05). This was further confirmed
with IFN—y cytokine production profiles (Fig. 6.34C). Similar
T cell responses were obtained when BM-DCs were treated
with the synthesized conjugates containing a lower dose of
2.5 pg/ml OVA.
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The observations indicated that loading OVA and CpG onto
S-/+ in the form of a conjugate can lead to enhanced OVA
presentation by BM-DCs in vitro, compared to loading un-
conjugated OVA and CpG [212].

7.5. Assessment of the immune response induced by
(OVA)S-/+(CpG), S-/+(0OVA-CpG) or (aCD40) S-/+(O-
VA-CpG) in mice using in vivo CTL assay

C57BL/6 mice (n = 3-5) were immunized, via the footpad in-
jection, with OVA-CpG, (OVA)S-/+(CpG) or S-/+(0VA-CpG)
each containing 6 pg OVA in 50ul PBS. Alternatively, mice
were injected via the footpad with aCD40 + OVA-CpG or
(aCD40) S-/+(0VA-CpG), each containing 3 ug of both OVA
and CpG, and 10 pg aCD40 in 50pu1 PBS. Mice injected with PBS
were used as a control. The in vivo cytotoxic T lymphocyte
(CTL) assay was performed following previously described
method [219]. Briefly, a 1:1 splenocytes mixture consist-
ing of 0.5puM CFSE (carboxyfluorescein diacetate succinim-
idyl ester, eBioscience, USA) -labelled and SIINFEKL-pulsed
splenocytes (referred to as 0.5uM CFSESIINFEKL) and 5uM
CFSE-labelled un-pulsed splenocytes (referred to as 5uM
CFSEno SIINFEKL), were administered in immunized mice
or mice injected with PBS via the tail vein at 10 x 106 cells
per 200ul per mouse, on the 8th day post immunization. At
18 h post-injection, mice were scarified; spleens were har-
vested and digested in collagenase/DNase solution. The
percentage of SIINFEKL-pulsed and un-pulsed splenocytes,
induced by each treatment, in the harvested splenocytes was
determined using flow cytometry. Antigen-specific killing
was calculated using the previous equation (1).

7.6. Assessment of the anti-tumour response induced
by (aCD40) S-/+(OVA-CpG) in subcutaneous tumour
model

Luciferase-transfected melanoma B16F10 cells were ob-
tained from Perkin Elmer (USA) and were transduced with
vesicular stomatitis virus G pseudo typed retrovirus en-
coding green fluorescence protein (GFP)-tagged OVA [239,
247]. GFP positive cells were then sorted as single cells using
GFP filter. C57BL/6 mice were subcutaneously inoculated in
both flanks with 2.5 x 105 OVA-expressing and luciferase—
transfected B16F10 (OVA-B16F10-Luc) cells. On the 7th
day post tumour inoculation, mice were randomly assigned
to 5 groups (n = 7). On the 7th and 14th days post tumour
inoculation, mice were immunized via footpad injection
with S-/+(0VA-CpG), aCD40 + OVA-CpG, aCD40 + S-/+(0-
VA-CpG) or (aCD40) S-/+(0VA-CpG), each containing 6ug
OVA, 6ug CpG and/or 21pg aCD40 in 50ul PBS. PBS injected
mice were used as untreated controls. A calliper was used
to measure the tumour length (L) and width (W), and the
tumour volume was calculated using the following equation:
Tumour volume = 0.52 x W2 x L. Mice were sacrificed when
the tumour volume reached 1000 mm?3.

7.7. Assessment of anti-tumour response induced by
(aCD40) S-/+(0VA-CpG) in lung pseudo-metastatic tu-
mour model

C57BL/6 mice were intravenously inoculated with 2.5 x
105 OVA-B16F10-Luc cells. On the 4th day post tumour
inoculation, mice were randomly assigned to 3 groups (n =
6-8). On the 4th and 9th days post tumour inoculation, mice
were immunized via footpad injection with S-/+(0OVA-CpG)

or (aCD40) S-/+(0OVA-CpG) containing 6 pg OVA, 6 pg CpG
and/or 21 pg aCD40. PBS injected mice were used as un-
treated controls. Tumour growth was monitored by detect-
ing the bioluminescence emitted from the inoculated OVA-
B16F10-Luc cells following D-Luciferin (Perkin Elmer, USA)
injection. Every 3-4 days post tumour inoculation, mice were
anesthetized and subcutaneously injected with D-Luciferin
(150 mg/kg) in PBS. Imaging was performed using IVIS Lu-
mina III and images analysis was conducted with Living Im-
age® 4.3.1 Service Pack 2 software (Perkin Elmer, USA).

7.8. Immunization with S-/+ loaded with OVA-CpG elic-
its potent cellular and humoral immune responses

The capability of (OVA)S-/+(CpG) or S-/+(0OVA-CpG) to
induce a cell-mediated immune response in vivo was de-
termined using an in vivo CTL assay [239]. In these experi-
ments, the OVA immunization dose used in (OVA)S-/+(CpG),
S-/+(0VA-CpG) or their controls was 6 pg, given the ob-
servation that in C57BL/6 mice treated with various doses
of OVA-CpG, a measureable OVA-specific CTL immune re-
sponse was detected at OVA content of 6pg (Figure 35).

* kX

—~ 101 |

pd .

E B :

§ []

o 64

=

o

@

g 4

c

5 2l

E -

< 0 i | RPN | .. 1
& ° V L

OVA-CpG (ug/ml)

Figure 35: Determination of the optimal dose of OVA-CpG
to induce antigen-specific killing using in vivo CTL assay.
C57BL/6 mice (n= 3) were immunized, via footpad injection,
with OVA-CpG containing 0.6, 2 or 6 pg of both OVA and CpG.
On day 7 following immunization, a 1:1 splenocytes mixture
consisting of target cells pulsed with 200nM SIINFEKL and
labelled with 0.5uM CFSE (target cells) and unpulsed control
cell labelled with 5uM CFSE was intravenously administered
to the control or immunized mice. Splenocytes were harvest-
ed, 18hr later, from the control or immunized mice and ana-
lyzed using flow cytometry analysis. Antigen-specific killing
induced by each treatment was determined. Each dot rep-
resents killing of target cells by each mouse, the mean value
for each treatment is shown as a horizontal bar. *** P <0.001.

It was revealed that immunization with S-/+(0OVA-CpG)
induced a greater level of antigen-specific killing (47.7%
+ 11.7) in contrast to OVA-CpG (10.8% * 4.2) or (OVA)
S-/+(CpG) (29.1% + 3.0) (P < 0.0001) (Fig. 36A and Figure
37).
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Figure 36: Assessment of immune response induced by (OVA)S-/+(CpG) or S-/+(0OVA-CpG) in vivo. (A) Determination of
the antigen-specific killing using in vivo CTL assay. C57BL/6 mice (n = 3-5) were immunized with the indicated treatments
via footpad injection. Each treatment contained 6 pg of OVA. On day 7 following immunization, a 1:1 splenocytes mixture
consisting of target cells pulsed with 200nM SIINFEKL and labelled with 0.5uM CFSE and unpulsed control cell labelled
with 5uM CFSE was intravenously administered to the control or immunized mice. Splenocytes were harvested, 18 h later,
from the control or immunized mice and analyzed using flow cytometry analysis. Antigen-specific killing induced by each
treatment was determined. Each dot represents killing of target cells by each mouse, the mean value for each treatment is
shown as a horizontal bar. (B) Quantification of OVA-specific IgG. C57BL/6 mice (n = 3) were immunized with the indicated
treatments, via footpad injection, each treatment contained 6 pg of OVA and CpG. On day 21 following injection, control or
immunized mice sera were collected. The OVA-specific IgG, IgG1 or IgG2c were determined using ELISA. Data represent the
mean value * S.D. *P < 0.05, **P < 0.01, ***P < 0.001.

To assess the humoral response induced by the conjugatesin boosted the production of anti-OVA IgG and IgG2c antibod-
vivo, C57BL/6 mice were treated with the conjugates or ap- ies titres compared to (OVA)S—/+(CpG) or other treatments.
propriate controls, and OVA-specific antibodies were quanti- Both conjugates, however, ensued comparable anti-OVA
fied using an OVA-specific ELISA 21 days post immunization IgG1 titres.

(Fig. 36B). Immunization with S-/+(0VA-CpG) significantly
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Figure 37: Assessment of in vivo CTL response. C57BL/6 mice (n= 3-5) were immunized, via footpad injection, with ei-
ther 6 pg OVA (contained in (OVA)S-/+(CpG) or S-/+(0OVA-CpG)) or 3 pg OVA (contained in OVA-CpG + aCD40 or (aCD40)
S-/+(0VA-CpG)). The S-/+ unconjugated or conjugated aCD40 was used at 10 pg. On day 7 following immunization, a 1:1
splenocytes mixture consisting of target cells pulsed with 200nM SIINFEKL and labelled with 0.5uM CFSE (target cells) and
unpulsed control cell labelled with 5uM CFSE was intravenously administered to the control or immunized mice. Spleno-
cytes were harvested, 18hr later, from the control or immunized mice and analyzed using flow cytometry analysis. Represen-
tative histograms are shown for the detection of target and control cells, in the harvested splenocytes, using flow cytometry.
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These findings demonstrated further the augmentation
in antigen specific immune response in vivo achieved by
S-/+(0OVA-CpG) over (OVA)S-/+(CpG). It has been adopt-
ed this conjugate S-/+(0OVA-CpG) for subsequent studies in
combination with aCD40 as a second immunoadjuvant.

7.9. Incorporation of aCD40 as a second immunoadju-
vant improves OVA presentation in vitro and intensifies
OVA-specific immune response in vivo even at lower
OVA doses

To further intensify the antigen-specific immune responses
observed, aCD40 antibody was loaded onto S-/+ as a second
immunoadjuvant. In order to assess the effect of aCD40 con-

ers, BM-DCs were stimulated with the conjugate or control
treatments and known DC markers were assessed using
flow cytometry as described in Supplementary Information.
BM-DC stimulated with (a«CD40) S-/+(OVA-CpG) expressed
significantly higher levels of MHC I and CD86 compared to
those stimulated with S-/+(OVA-CpG) or a mixture of un-
conjugated aCD40 and S-/+(OVA-CpG) (aCD40 + S-/+(O-
VA-CpG)) (Fig. 38A). BM-DCs stimulated with (aCD40)
S-/+(0VA-CpG) showed lower expression of CD40 com-
pared to S-/+(OVA-CpG). This could be attributed to the
cellular internalization of the CD40 receptor following its
ligation with aCD40 contained in (aCD40) S-/+(0OVA-CpG)
[232,233].
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Figure 38: Assessment of immune response induced by («CD40) S-/+(OVA-CpG) in vitro and in vivo. (A) Assessment of
BM-DC maturation. BM-DCs were incubated for 24 h with S-/+(0VA-CpG), aCD40 + S-/+(0OVA-CpG) or (aCD40) S-/+(O-
VA-CpG)) each contained 0.5 pg/ml OVA, 0.5 pg/ml CpG and/or 1.8 pg/ml aCD40. BM-DCs were stained with fluorescently
labelled antibodies and analyzed using flow cytometry. The MFI was measured to assess the fold change in the expression
of each marker with respect to naive BM-DCs. (B) Assessment of OVA presentation. BM—DCs were incubated for 24 h with
either 1 pg/ml OVA (contained in OVA-CpG or S-/+(0VA-CpG)) or 0.5 pg/ml OVA (contained in OVA-CpG + aCD40, S-/+(0O-
VA-CpG) + aCD40 or (aCD40) S-/+(0VA-CpG)). S-/+ unconjugated or conjugated aCD40 was used at 1.8 pg/ml. BM-DCs
were co-cultured with CD8+ T cells. (Left) CD8+ T cell proliferation. CD8+ T were pulsed with 3H-thymidine and prolifer-
ation was measured. (Right) IFN-y quantification. The content of IFN-y in the supernatants of the proliferating CD8+ T cell
was quantified using ELISA. Measurements were performed in triplicates for each condition, results represent the mean *
S.D. (C) CTL response. C57BL/6 mice (n = 3-5) were immunized, via footpad injection, with either 6 pg OVA (contained in
S-/+(0VA-CpG)) or 3 ug OVA (contained in OVA-CpG + aCD40 or (a«CD40) S-/+(0OVA-CpG)). The S-/+ unconjugated or
conjugated aCD40 was 10 pg. Each dot represents Kkilling of target cells by each mouse, the mean value for each treatment is

shown as a horizontal bar. *P < 0.05, **P < 0.01, **P < 0.001.

Given the increase in MHC I expression, OVA presentation
to CD8+ T cell was assessed, following stimulation with
(aCD40) S-/+(0OVA-CpG). In order to assess the synergy
provided by the CpG and aCD40 loaded onto S-/+, BM-DCs
were incubated with (a«CD40) S-/+(OVA-CpG) containing
half the OVA and CpG amounts present in S-/+(0VA-CpG)
treatment (Fig. 38B). Higher CD8+ T cell proliferation was in-
duced following stimulation with (a«CD40) S-/+(0VA-CpG)
containing 0.5 pg/ml of both OVA and CpG compared to the
control treatment aCD40 + S-/+(OVA-CpG), and S-/+(O-
VA-CpQG) treatment that contained 1 pg/ml of both OVA and
CpG. Production of [IFN-y by the stimulated CD8+ T cells cor-
related well with their pattern of proliferation. These obser-
vations reflected the significance of aCD40 conjugation with
S-/+ on BM-DC activation.

Immune enhancement induced by (aCD40) S-/+(0VA-CpG)
was investigated using the in vivo CTL assay. Immunization
of C57BL/6 mice with («CD40)S-/+(OVA-CpG) (containing
3 pug OVA and CpG) led to a robust OVA-specific cellular im-
mune response (80.4% * 5.4 antigen-specific killing) (P <

0.0001) compared to the CTL response induced by the con-
trol aCD40 + OVA-CpG (containing 3 pug OVA and CpG) or
S—-/+(0OVA-CpG) treatment (containing 6 pg OVA and CpG)
showing 48.6% * 8.8 or 46.2% * 14.1 antigen-specific kill-
ing, respectively (Fig. 38C and Figure 37).Taking the in vi-
tro and in vivo data together we can conclude that inclusion
of aCD40 antibody as a second immunoadjuvant resulted
in synergy of the MWNT-mediated delivery of OVA-CpG as
shown by the marked increase in antigen-specific immune
responses at lower OVA and CpG doses.

7.10. aCD40 and OVA-CpG loading onto S—-/+ effectively
delays the tumour growth in both solid and lung pseu-
do-metastatic tumour models

The therapeutic efficacy of the conjugates in delaying the
growth of a solid tumour was investigated. Immunization
of C57BL/6 mice subcutaneously inoculated with Luc-
B16F10-0OVA cells with S-/+(0OVA-CpG) containing 12 or
25 pg of both OVA and CpG led to significant tumour growth
retardation compared to unimmunized mice (Figure 39A).
Furthermore, administration of S-/+(0OVA-CpG), containing
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25 pg of both OVA and CpG, to mice subcutaneously inoculat-
ed with B16 cells (tumour cells which do not express OVA),
failed to impede the B16 cells growth (Figure 39B), indicat-

ing that the induced anti-tumour immune response was an-
tigen-specific.
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Figure 39: Assessment of anti-tumour immunotherapeutic efficiency of S-/+(0OVA-CpG) in subcutaneous or lung pseu-
do-metastatic tumour models. (A) C57BL/6 mice (n=8) were subcutaneously injected with 2.5 x 105 OVA-B16F10-Luc
cells. On the 3rd and 10th days post tumour cells injection, tumour-inoculated mice were immunized via footpad injection
with S-/+(0OVA-CpG) containing 12 or 25 pg OVA. Tumour volume was monitored using caliper measurement. Results are
expressed as mean value + SEM. (B) Anti-tumour immune response antigen specificity. C57BL/6 mice (n=8) were subcu-
taneously injected with 2.5 x 105 B16 cells. On the 3rd and 10th days post tumour cells injection, tumour-inoculated mice
were immunized via footpad injection with S-/+(0OVA-CpG) containing 25 pg OVA. Tumour volume was monitored using
caliber measurement. Results are expressed as mean value + SEM. (C) Pseudo-metastatic lung tumour model. C57BL/6 mice
(n=6-8) were intravenously injected with 2.5 x 105 OVA-B16F10-Luc cells. On the 4th and 9th days post tumour cells in-
jection, tumour-inoculated mice were immunized via footpad injection with S-/+(0VA-CpG) containing 12 pg OVA. Tumour
growth was monitored using whole body imaging. (Left) Quantification of photon flux, expressed as number of photons per
second (p/s). Values are expressed as mean value + SEM. (Right) The weights of the lung excised from scarified tumour in-
oculated mice. Values are expressed as mean value + S.D. ** P < 0.01, *** P < 0.001.

To determine the ability of («CD40) S-/+(OVA-CpG) to de- munized mice, and mice immunized with S-/+(OVA-CpG).

lay the solid tumour growth at reduced OVA and CpG doses,
mice were subcutaneously inoculated with Luc-B16F10-
OVA cells and then immunized with (aCD40) S-/+(0OVA-
CpG), S-/+(0VA-CpG) or other controls at 6 pg of both OVA
and CpG. As demonstrated in Fig. 40A, immunization with
S—-/+(0VA-CpG) at 6 pg OVA did not significantly delay the
tumour growth compared to unimmunized mice. How-
ever, immunization with (aCD40) S-/+(OVA-CpG) led to
significant tumour growth retardation compared to unim-

Immunization with aCD40 + S-/+(0OVA-CpG) failed to delay
the tumour growth to the same extent as (aCD40) S-/+(0-
VA-CpG), highlighting the increase in «aCD40-mediated im-
mune enhancement achieved on incorporating aCD40 onto
S—/+ in addition to OVA-CpG. Additionally, vaccination with
(aCD40) S-/+(0VA-CpG) prolonged the tumour-inoculated
mice survival in a significant manner compared to the other
treatments (Fig. 40A).
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Figure 40: Assessment of anti-tumour response in subcutaneous tumour models. C57BL/6 mice (n = 7) were subcutaneous-
ly injected with 2.5 x 105 OVA-B16F10-Luc cells. On the 7th and 14th days post tumour cells injection, tumour-inoculated
mice were immunized via footpad injection with the indicated treatments, each contained 6 pg OVA. (A) Tumour growth
curve and mice survival. (Left) Tumour growth monitored by caliper measurement. Values are expressed as mean value *
SEM. (Right) Tumour-inoculated mice survival. *P < 0.05, **P < 0.01, ***P < 0.001. (B) Histological analysis. The main organs
and lymph nodes excised from scarified subcutaneous tumour inoculated mice stained with haematoxylin and eosin (H &
E) (left) or neutral red (NR) (right). Images were captured at x40 magnification. S—/+ appeared as dark black aggregates

(arrows).

No changes in the histological features of the excised organs
between the untreated and treated tumour bearing mice
were observed indicating lack of organ toxicity (Fig. 40B).
Dark black aggregates, which were absent in naive mice,
were detected in the popliteal lymph nodes from mice immu-
nized with («CD40) S-/+(0VA-CpG), suggesting drainage of
S—/+ into the popliteal lymph nodes.

Therapy studies were then performed in the more challeng-
ing pseudo-metastatic lung tumour model. The conjugates,
containing 6 pg of both OVA and CpG, were administered
to C57BL/6 mice previously intravenously inoculated with
OVA-B16F10-Luc cells. Smaller bioluminescence signals
and lung weights were observed in mice immunized with
(aCD40) S-/+(0OVA-CpG) compared to S-/+(0VA-CpG)
treated mice (Fig. 41).
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Figure 41: Assessment of anti-tumour response in lung pseudo-metastatic tumour models. C57BL/6 mice (n = 6-8) were
intravenously injected with 2.5 x 105 OVA-B16F10-Luc cells. On the 4th and 9th days post tumour cells injection, tumour-
inoculated mice were immunized via footpad injection with the indicated treatments, each contained 6 pg OVA. (A) Lung
pseudo-metastatic tumour model. Tumour growth was monitored by whole body imaging. Representative images for in vivo
bioluminescent imaging and the corresponding post-mortem lung photographs are shown. (B) Quantification of photon flux
expressed as number of photons per second (p/s). Values are expressed as mean value + SEM. (C) The weights of the lung
excised from scarified tumour inoculated mice. Values are expressed as mean value * S.D. *P < 0.05, **P < 0.01, ***P < 0.001.

From the data [212] it has been concluded that vaccina-
tion with (aCD40) S-/+(OVA-CpG) efficiently delayed the
OVA-B16F10-Luc tumour growth in both solid and pseu-
do-metastatic tumour models, consistent with the immune
enhancements observed in vitro and in vivo.

8. CNTs induce co-delivery systems vectors for an-
tigens

One of the purposes of using delivery vectors for antigens
is to improve the antigen uptake by the antigen present-
ing cells (APCs) in order to increase the intracellular anti-
gen concentration, thus the density of antigen presented

by the APCs to T cells. It has been previously reported that
polymeric spherical nanoparticles, e.g. PLGA nanoparticles,
mainly utilize energy-dependent mechanisms of cellular up-
take rather than energy-independent ones [248-250]. The
reported findings that demonstrated the CNTs’ ability to
enter the cells via more than one route i.e. energy-depen-
dent and/or passive routes, may suggest that CNTs can de-
liver higher amounts of antigens into the APCs compared to
spherical nanoparticles. However, comparative studies need
to be carried out to investigate the cellular uptake of CNTs
versus the extensively studied spherical nanoparticles, e.g.
PLGA nanoparticles and liposomes, by the APCs and the en-
suing effects on the magnitude of immune response elicited
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against incorporated antigen [216-218].

Covalent conjugation of OVA and CpG and their loading onto
S—/+ improved OVA presentation in vitro by BM-DCs and
efficiently elevated the magnitude of OVA-specific immune
response in vivo. Additionally, the presence of aCD40 in S-/+
containing conjugated OVA-CpG led to i) more advanced aug-
mentation of the OVA-specific immune response in vitro and
in vivo, and ii) delayed growth of OVA-expressing B16F10
cells effectively in both subcutaneous and lung pseudo-met-
astatic tumour models, at reduced OVA and CpG doses.

It has been initially proposed [212] two distinct approaches
for the concomitant delivery of the model antigen OVA and
CpG using S—-/+ to APCs. Mixing S—/+ with OVA and CpG was
the first method, yielding (OVA)S-/+(CpG); however, the
loading of OVA and CpG onto each S—/+ was uncontrolled. In
other words, the prepared (OVA)S-/+(CpG) might possessed
lower OVA and CpG co-loading onto each S-/+ compared to
S—-/+(0VA-CpG), and the formation of OVA or CpG only -con-
jugated S—/+ was also possible. Accordingly, the other ap-
proach was loading both agents in the form of the chemical
conjugate, OVA-CpG, to ensure the co-incorporation of OVA
and CpG onto the same S-/+ (S—-/+(0VA-CpG)). PAGE gel re-
sults confirmed that OVA contained in S-/+(0OVA-CpG) was
in the CpG-conjugated form. (OVA)S-/+(CpG) or S-/+(OVA-
CpQ) elicited higher immune response potency in vitro and
in vivo, compared to their control treatments, namely the
mixture of unconjugated OVA and CpG or OVA-CpG, respec-
tively. This was in agreement with the previously reported
benefits of CNTs as a delivery vehicle for antigens [219, 221]
or immunoadjuvants in vitro and in vivo [223, 224].

The co-delivery of antigen and CpG to APC has also been
demonstrated using other particulate delivery systems. For
instance, mice immunization with microparticles co-encap-
sulating OVA and CpG increased the anti-OVA antibodies
[251] and CD8+ T cell responses [252, 253], and utilization
of gold nanoclusters for the co-delivery of OVA-derived pep-
tide and CpG augmented the production of anti-OVA antibod-
ies in mice [254].

In a study by de Faria et al., OVA and CpG were co-incorpo-
rated onto MWNTs by mixing MWNTs with un-conjugated
OVA and CpG, yielding a conjugate that induced higher im-
mune response compared to mixture of unconjugated OVA
and CpG (MWNT-free) in vivo [135]. It has been utilized the
same approach to prepare (OVA)S-/+(CpG), but additional-
ly, it has been introduced in that study [212] a more robust
approach for comparison, where a covalently conjugated
OVA and CpG were loaded onto MWNTs yielding S-/+(0VA-
CpG). When, comparing the two MWNT based conjugates
for OVA and CpG co-delivery, S—/+(OVA-CpG) resulted in
better OVA presentation by BM-DCs than (OVA)S-/+(CpG).
This could be attributed to the better capability of S-/+(0-
VA-CpG), compared to (OVA)S-/+(CpG), to co-internalize
OVA and CpG into the same BM-DC. The enhanced OVA pre-
sentation might account for the higher cellular and humoral
immune responses elicited by vaccination of C57BL/6 mice
with S-/+(0VA-CpG). Similar to our findings, but without

the use of a delivery system, previous studies have demon-
strated that mice immunization with covalently conjugated
OVA and CpG induced higher OVA-specific immune response
compared to immunization with a mixture of unconjugated
OVA and CpG [227, 240].

Schlosser et al. demonstrated that mixing PLGA polymer with
OVA and CpG yielded microparticles that were described as
OVA and CpG co-encapsulating microparticles, these micro-
particles induced higher CD8+ T cell response in vitro and
in vivo in contrast to a mixture of OVA only-encapsulating
microparticle and CpG only-encapsulating microparticle
[255]. Similarly, Li et al. mixed lipid polymer with HER-2/
neu derived peptide and CpG to yield liposomes that were
referred to as antigen and CpG co-encapsulating liposomes,
mice immunization with these liposomes induced higher im-
mune response compared to a mixture of antigen-containing
liposome and CpG-containing liposome [256]. The approach
applied in these studies for antigen and CpG co-incorpora-
tion into a delivery system by mixing polymers with uncon-
jugated antigen and CpG is similar, in its basic principle, to
the one we followed for the synthesis of (OVA)S-/+(CpG) but
not S-/+(0OVA-CpG). These studies highlighted the impor-
tance of antigen and CpG co-delivery using a delivery system
by comparing co-incorporated to separately incorporated
antigen and CpG. However, the study [212] has been intro-
duced a more advanced line of complexity by contrasting
two methods for antigen and CpG concomitant delivery us-
ing a delivery vehicle as demonstrated by (OVA)S-/+(CpG)
versus S—/+(0VA-CpG).

Previous studies reported the use of spherical-shaped de-
livery systems to improve antigen and aCD40 co-delivery.
demonstrated that co-encapsulation of tetanus toxoid and
aCD40 in liposomes augmented the antigen-specific anti-
body response in BALB/c mice, and [257]. reported an in-
crease in CD8+ T cell response following mice immunization
with aCD40-coated PLGA nanoparticles co-incorporating
an oncoprotein and ligands for TLR2 and TLR3 [258]. In-
stead of harnessing the conventional spherical particulate
delivery systems to co-deliver CpG and aCD40, it has been
utilized an emerging cylindrical vector, namely the MWNTs,
as a nano-carrier for both CpG and aCD40. In addition, the
therapeutic outcome provided by the MWNT-delivered CpG
and aCD40 was not only evaluated in a standard subcutane-
ous tumour model but also lung pseudo-metastatic tumour
model.

The intensified strength of OVA specific-CTL response
induced by vaccination of C57BL/6 mice with (aCD40)
S—/+(0VA-CpG) might be assigned to the better ability of
this conjugate to induce DC maturation and to further forti-
fy OVA presentation as observed in vitro. Stimulation of APC
with «CD40 has been shown to upregulate MHC I and CD86
expression [259, 260]. Intracellular signaling induced by li-
gation of CD40 receptor with aCD40 requires CD40 receptor
cross-linking that increases, accordingly, with the increase in
the number of aCD40 interacting at the cell surface [261].
The observed better ability of (a«CD40) S-/+(0OVA-CpG) than
aCD40 + S-/+(0OVA-CpQ) in upregulating MHC I and CD86
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expression by BM-DCs could be attributed to the more ef-
ficient CD40 receptor cross-linking by the multiple, sur-
face-bound, aCD40 contained in (aCD40) S-/+(OVA-CpG)
[262]. Expression of CD86 by APCs was increased following
stimulation with a«CD40-coated polymeric nanoparticles or
silicon nanoparticles compared to free aCD40 [262, 263].

The fact that the MWNT-based conjugates were detected in
the lymph nodes was in agreement with our previous study:.
Where, we were able to detect the presence of S-/+ and the
processing of S—/+ conjugated OVA in the CD11c+ve DCs
subsets in the popliteal lymph nodes [219]. These observa-
tions reflected the proficiency of MWNT as vaccine delivery
vectors. Since efficient antitumour-immune response induc-
tion demands antigen trafficking through the lymphatic ves-
sels and internalization by the lymph node-residing CD8+
DC, which is the only DC subset capable of inducing CD8+ T
cell response in vivo [264].

Efficient eradication of B16—-0OVA or B16F10-0VA tumours
in mice has been found to be associated with the cytolytic
activity of CD8+ T cells demonstrated by OVA-specific CTL
response [253, 258, 265]. The fact that lower OVA and CpG
doses were required by (aCD40) S-/+(OVA-CpG) than
S-/+(0VA-CpG) to induce strong anti-tumour response in-
dicates the higher potency and better efficacy of the former
conjugate in vivo. Collectively, the results shown in that study
[212] in the chapter highlighted the exploitation of MWNTSs
as antigen and immunoadjuvants nanocarrier for the pur-
pose of inducing potent anti-tumour immune response.

9. Future Perspective of CNTs as Vaccine Delivery
Systems

As with as all cancer vaccines their success, or failure, is de-
pendent on finding the right combination of antigen, adju-
vant and delivery vehicle. The future of CNTs as a delivery
platform/adjuvant is dependent on their relative potency
compared to other modalities while the future of the field
itself is inextricably linked to the identification of novel anti-
gens or vaccine regimes. In the immediate future, CNTs need
to be comprehensively assessed against other vaccine for-
mulations to establish where they belong on the ‘spectrum
of adjuvanticity’ These studies are seldom performed (or at
least seldom published) on novel adjuvant candidates due to
the fear of coming up short against current formulations and
thus losing funding/interest. However, it has made assess-
ing whether an adjuvant is clinically viable over an alternate,
near impossible.

Whether the outcomes of these studies are positive or neg-
ative it should be noted CNTs have two distinct advantages
over traditional adjuvants; the first is their mode of entry
into cells. As previously reviewed CNTs have direct access
to the cytosol through the proposed nano- needle mecha-
nism. The implications of this in the context of vaccine ad-
juvants should not be understated. The ability to initiate a
strong cytotoxic MHC class I restricted immune response to
a soluble antigen has been seen as the Holy Grail for vaccine
adjuvants. This is especially the case for cancer vaccines but
also for vaccines against certain infectious agents [266, 267].

In addition, efficient delivery of payload to the cytosol may
make other types of vaccines, specifically nucleic acid-based
vaccine including DNA and recently mRNA vaccines, more
viable. The nano-needle mechanism is poorly understood
with many groups reporting differing outcomes following
administration of CNTs depending on a multitude of factors
such as surface chemistry, size and aspect ratios as previous-
ly discussed. The first step in the rational design of a CNT
based delivery vehicle should be the systematic evaluation of
physical traits and surface modifications in order to improve
cytosolic delivery. It has been looked into some of the modifi-
cations of CNTs and has shown that relatively minor changes
in structure can cause vast differences in immunogenicity
though we have not been able to attribute this to improved
cytosolic delivery [136]. Future work should continue and
expand upon this.

The second key advantage of CNTs over traditional carriers
is their large surface area. According to the current ratio-
nale for the use of CNTs, this enables the delivery of large
amounts of antigen/adjuvant to APCs. Expanding on this
theory, it has recently been shown that particulates can bind
to antigen within the tumour environments following intra-
tumoral inoculation [268]. For instance, Min et al. recently
demonstrated that an injection of nanoparticle intratumor-
ally, prior to radio ablation of the tumour, served to enhance
the so called ‘abscopal effect’: the phenomenon whereby fol-
lowing the ablation of a tumour a systemic immune response
is triggered against the released antigen/immune stimulants
resulting in remission of distal tumours. One hypothesis is
that the particles are retained within the tumour ‘mopping
up’ antigen and immune active molecules. When the tu-
mour is subsequently ablated the particles are released and
are taken up by APCs in the tumour-draining lymph nodes
[268]. The high surface area of the CNTs and the ability to
form strong non-covalent associations with proteins specif-
ically lends them to this purpose. Indeed, it has been shown
that GO formulated with CpG can be used for photothermal
ablation, though the assessment of the abscopal effect was
not measured, there is clearly an immune component [269].
There have been some studies assessing the ‘protein corona’
following administration of CNT intravenously; it would be
interesting to perform these studies following intra-tumoral
administration to determine how much tumour antigen can
be absorbed directly from the tumour tissue in comparison
to other carriers [270, 271]. Supporting this general hypoth-
esis, it has been shown that CNTs, when formulated in vitro
with tumour cell lysate, can serve to protect from tumour
challenge [272].

Another intra-tumoral approach is the concept of ‘in situ’
vaccination. Here an agent is injected into the tumour lead-
ing to activation of the immune system to antigens present on
the tumour/in the microenvironment. This relatively simple
concept has led to miraculous results preclinically, notably
the use of CpG and anti-0X40 in combination is particularly
potent [273]. It would be interesting to compare anti-0X40
to anti—-CD40 antibody plus CpG in combination with CNT in
a preclinical model to identify which approach is more effi-
cient in eliciting anti-tumour immunity. It also would be in-
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teresting to compare the efficacy of synthetic CNT vaccines
to biological vaccines such as plant virus-based vaccines.
Filamentous and spherical plant viruses have been explored
as in situ vaccines [274, 275]. In contrast to plant viruses,
which are complex biological entities, CNTs may provide a
better-controllable synthetic platform to explore the rela-
tionship between morphology and immunogenicity. In addi-
tion, CNT vaccines allow different combinations of TLR ag-
onists to be used, and thereby enables the dissection of the
requirements for optimal formulation.

In more general terms, it is likely that all future cancer
vaccine candidates will be trialed in combination with a
checkpoint inhibitor at some stage during their clinical as-
sessment. To date, two checkpoint inhibitors have been clin-
ically approved and these are targeted against inhibitory
molecules PD-1 and CTLA4 and their purported mechanism
has been reviewed elsewhere [25]. However, new classes
of stimulatory checkpoint molecules including agonistic
anti-0X40 and anti-4-1-BBL antibodies are showing effi-
cacy in preclinical trials [139]. This has led to the concept
of an ‘immune switch’; this is a biomaterial containing both
an immune stimulatory antibody at well an anti-inhibito-
ry antibody [276]. In that study the authors show that the
immune switch is more potent than either of the two anti-
bodies when administered in their soluble form. Again, due
to their high surface area and ease at forming non-covalent
attachments to proteins, CNTs could be the preferred vehi-
cle for this purpose [121]. Other than checkpoint blockade it
could be argued that the generation of personalized vaccines
becomes more feasible as DNA sequencing becomes faster
and cheaper. The antigenic payload of personalized vaccines
will likely be peptides or nucleic acid due to ease of synthesis
and quality control. However, both of these modalities are
typically poorly immunogenic and require a delivery plat-
form and adjuvant. In a proof of concept study the group of
Kuai et al. sequenced murine tumours to detect mutations
and these neo peptides were synthesized and loaded on to
lipid nano discs [277]. The resulting particles were shown to
protect against tumour challenge. In this approach it could
be envisioned that the adjuvant/delivery platform will be
prepared in a ready to use ‘off the shelf’ format and simply
mixed with individual tumour neo antigens as determined
by high throughput sequencing. CNTs represent a candidate
platform for this approach as they can be synthesised in
bulk and stored for long durations with little degradation,
furthermore they can be made positively charged or amine
reactive for binding of nucleic acid or peptide respectively as
previously discussed.

10. Conclusions

Use of CNTs can improve immune response. Vaccine deliv-
ery can be achieved by linking antigen to CNT and by induc-
ing antibody response [278]. Tailoring the physical proper-
ties of MWNT-based vaccine delivery systems may increase
their efficiency in inducing potent T cell immune responses
against challenging infectious or cancer diseases. Although
CNTs demonstrate practical applicability in all facets of sci-
ence, be it biology, physics, medicine, nanotechnology, catal-
ysis, or materials science, its long-term implications need to

be assessed from the perspective of human health to envi-
ronmental risks. The long-term fate of CNTs released into
the environment depends on the structural, morphological
and synthetic treatments [278]. Methods of reducing toxicity
in vivo and in vitro can be envisaged via functionalization
of CNT. Proper assessment and in-depth study are essential
to render nanotubes useful for diverse and environmentally
benign applications.

It has been investigated the potential application of SWCNTs,
graphene-based nanomaterials and its prototypes in TB
and cancer chemotherapy using conventional DFT meth-
ods supported by molecular docking and MD simulation on
the nature of interaction of therapeutic drug functionalized
SWCNTs/graphene with the binding site of the protein. The
functionalization of SWCNTs with therapeutic drugs using
covalent and noncovalent schemes was adopted to investi-
gate the drug binding with the nanotube and the stability of
the conjugated complexes. DFT results supported by molec-
ular docking and MD simulation help in contemplating the
feasibility of SWCNT-based novel drug delivery in cancer and
TB therapy.

The better understanding of tumour immunology has al-
lowed development of cancer vaccines. However, tumour-in-
duced immunosuppression has constituted a major hurdle
to the capacity of these formulations to enhance the immune
response. Attempts applied to augment anti-tumour immune
response potency have included the delivery of the afore-
mentioned vaccine formulations via nano-carriers. CNTs
demonstrated characteristic cellular uptake properties that
encouraged the exploitation of their nano-needle properties.
Pre-clinical studies highlight that CNTs represent a compe-
tent cancer vaccine delivery system. Nevertheless, future
studies are required to investigate the uniqueness that the-
ses CNTs possess as vaccine carrier over other vectors such
as for example liposomes. In addition, despite the encour-
aging results reported in pre-clinical studies, clinical studies
are hindered by the conflicting reports on CNTs biocompat-
ibility and biodegradability. Finally, fortification of the vac-
cine formulations via the inclusion of multiple adjuvants,
APCs targeting ligands and combining this approach with a
checkpoint inhibitor, could dramatically reduce the required
CNTs doses and encourage their clinical assessment.

OVA incorporation onto the MWNT in the form of CpG-con-
jugated OVA improved the CpG-mediated enhancements of
OVA-specific immune response in vitro and in vivo. Further-
more, the utilization of MWNTSs as vaccine delivery vector
has intensified the CpG and aCD40-derived synergism that
markedly retarded the OVA-B16F10 growth in the tested
tumour models. The MWNT-delivered immune-based com-
binatorial therapeutic approach presented in this study
could be exploited for potent anti-tumour immune response
induction against challenging cancer diseases. Vaccine deliv-
ery can be achieved by linking antigen to CNT and by induc-
ing antibody response [279]. In summary Use of CNTs can
improve immune response.
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