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Human immunodeficiency virus (HIV) establishes a latent infection in cells to
ensure a persistent infection throughout an infected individual’s life. HIV can establish
this latent infection in a variety of cells. Highly Active Anti-Retroviral Treatment
(HAART) is a selection of drugs used to inhibit the production of new HIV and new
infections and can effectively diminish virus population in blood. However, due to the
pathological mechanism of the virus, it is not possible yet to completely eradicate virus as
it remains immunologically invisible in latent cellular reservoirs. The cellular reservoirs
where HIV evades the immune system are not known completely. Current research
efforts are focused on identifying the cellular populations where HIV remains latent and
determine how those latent reservoirs are established. By identifying latent cellular
reservoirs where HIV resides strategies can be developed to target and kill infected cells
or prevent emergence of virus. We hypothesized that primary, skin, human mast cells
may represent a previously unknown latent reservoir for HIV. Because mast cells can be
activated through IgE-and non-lgE-dependent stimulation, we further hypothesized
activated mast cells may be more vulnerable to infection. Our experimentations suggest
that skin-derived mast cells are not susceptible to HIV infection and are not an inducible
reservoir for HIV.

One strategy for inhibiting viral replication has been with fullerenes. Fullerenes
are carbon spheres that can be functionalized for use in various biological systems.

Fullerenes functionalized with large dendrimeric moieties have been shown previously to
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inhibit viral replication in vitro, but the majority of investigations that have explored
fullerenes as an inhibitor of HIV were assessed computationally. Based on these previous
studies we hypothesized that certain functionalized fullerenes will suppress HIV
infectivity and/or replication. We hypothesized that these fullerenes may interact with
HIV protease and performed molecular modeled docking studies to investigate this idea.
We also performed in vitro dose response assays on certain fullerene derivatives and our

findings suggest they were effective at suppressing the virus.
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CHAPTER |

INTRODUCTION

Since its discovery in 1983, HIV has infected over 70 million people and killed 35
million people [1]. The virus targets the immune system of infected individuals and if left
untreated leads to a condition known as Acquired Immune Deficiency Syndrome (AIDS).
An individual is classified as having AIDS when their CD4+ cell count drops below 200
cells per mm? of blood [2]. At this point, opportunistic infections have much larger
effects, including death in some cases. Many methods have been discovered and
employed to help infected people survive the infection, but there still is no cure or
effective vaccine to stop the virus. Of those methods available to effectively decrease the
probability of progression to AIDS for infected individuals, Highly Active Antiretroviral
Therapy (HAART) has been used with great success and is the most often used option for
infected individuals. HAART works by inhibiting viral functions and/or by bolstering the
host’s immune system [3].

1.1 Human Immunodeficiency Virus as a Medical Problem

HIV primarily infects CD4+ cells in vivo and a select population of all cells
infected becomes long-lived latent reservoirs from which new virions can be produced
long after levels of viral markers are no longer detectable in blood samples [4,5]. Latent

reservoirs are effectively invisible to the immune system and nearly all treatments [6].



Latency is maintained through a variety of mechanisms and those mechanisms are often
reinforced through HAART medications [7]. After the suspension of HAART
medication, patients experience explosions of virus production [8]. Consequently, CD4+
cell counts drop and AIDS can be developed.

Current research efforts have focused on identifying the latent reservoirs in vivo
and one possible latent reservoir may be established in the mast cell. Several studies have
examined the possibility of mast cells from various tissue sites for the susceptibility to
HIV with varied results [9-20]. Their examination is due to the fact that they are
ubiquitously expressed and are often one of the first immune cells to come into contact
with the virus. As demonstrated below, mast cells derived from human, excised skin are
assessed for their susceptibility to HIV both with and without degranulating activation.

The HAART therapy is often comprised of several components that target many
viral processes and interrupt them. One enzyme process that is often targeted for
interruption is the HIV protease. Disruption of the proteases activity disables the newly-
budded, immature virus from effectively infecting new cells by stopping the cleaving
process necessary for matrix proteins to assemble [21,22]. Because HIV protease is a
desirable target for drug therapies, protease inhibitors were developed as a class of anti-
retroviral drugs that are effective at limiting the virus’ potential to infect new cells
[23,24]. Fullerenes and their derivatives were identified as potential analogs to these
protease inhibitors by Friedman et al because of the hydrophobicity of both the fullerene
cage and the active site of HIV protease [25]. Following that initial realization and

computational calculation, researchers have identified several fullerene derivatives that
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likely or experimentally have inhibitory effects on the HIV protease or suppressive
effects on the virus’ proliferation [26-28]. This thesis included both preliminary
computational evaluations of a panel of previously untested fullerene derivatives and
their potential interaction to HIV protease as well as a dose response assay assessing their

effectiveness as a viral suppressor.



CHAPTER I

REVIEW OF THE LITERATURE

1.1 HIV Infection

HIV is well known for infecting human helper T-cells. There are several different
variations of T-cells, some being classified as being a part of the adaptive immune system
and others being classified as being part of the innate immune system [29,30]. Helper T-
cells are susceptible to infection because HIV primarily targets the surface receptor CD4
[31]. When HIV infects a cell, it follows a multi-step process. The first step is the
attachment of CD4 to viral gp120. This binding event causes conformational changes in
gp120 and CD4 allowing for a second binding event with between gp120 and either
CCR5 or CXCR4, depending on the tropism of the virus [32-34]. After this binding
event, viral gp41 is able to pierce the cell’s membrane. Then, conformational changes in
gp41 allow the membrane of the virus to fuse with the membrane of the cell and the viral
capsid is injected into the cell. The viral capsid dissociates and reverse transcriptase binds
to and transports the viral RNA toward the nucleus [21,35]. On the way, viral RNA is
reverse transcribed into DNA by viral reverse transcriptase. The viral DNA is then
transported into the nuclease by viral integrase [36]. There, viral integrase inserts the
viral DNA into the host cell’s DNA. From here, the virus can continue to spread the

infection by entering into an active replication phase or can enter into a latency phase and



is termed the “point of no return” because of the irreversibility of the integration process
[37].

In the former, the virus uses nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) and other host transcription factors and later viral transcription
factors to transcribe various viral transcripts [38]. These transcripts are then translated
into the viral proteins necessary for new virion production. As new viral material is
produced it gathers at the cell membrane and is packaged into budding, immature virions
[21]. After budding away from the cell, these immature virions require the proteolytic
activity of HIV protease to allow for the construction of the viral capsid and therefore
mature. Without maturation, the virions have high failure rates trying to infect new cells
[22].

11.2 HIV Latency

The other phase that the cell may enter is latency. The latently infected cell
harbors viral DNA and is effectively protected from immunogenicity. Latently infected
cells can remain dormant indefinitely and may be activated at any time allowing the virus
to begin producing new virions and infecting new cells [8]. Therefore, continued
administration of HAART drugs is necessary to disallow progression to AIDS. Several
latent reservoirs have been identified in memory T-cells, tissue macrophages, as well as
possibly hematopoietic stem cells, though this is disputed [5,9,39-43]. Mechanisms that
cause latency vary from cell to cell [7]. Also, there may be more than one mechanism that
is working in the cell that maintains the latency. Several mechanisms may inhibit viral

gene expression, including non-functional mutations in the viral DNA, transcriptional
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interference, epigenetic silencing, changes in chromatin structure, negative transcription
factor interference, absence of positive transcription factors, and problems with RNA
transport and translation [44-59]. An important factor in the integration process of
infection is that the virus preferentially inserts its DNA into genes that are actively being
expressed [60]. This means that for cells that are latently infected, they can be activated
to produce native proteins while at the same time upregulating the genes necessary for
viral replication [43]. While not all CD4+ cells are prone to activation, many are and their
activation may have an effect on the pathology of the virus.
11.3 Medical Response to HIV Infection

HAART is a treatment regimen composed of drugs that either boost the infected
individual’s immune system or target viral processes to stop them from progressing. Viral
inhibitors used range in specific viral process targeting, but generally work in one of six
ways. CCR5 antagonists, also known as entry inhibitors, bind to the active site of the
CCRS5 surface receptor on host cells [61]. By binding to CCR5, these drugs disallow the
secondary binding event of HIV to the cell, thereby stopping the virus from entering the
cell. A second drug class used in the inhibition of HIV processes is fusion inhibitors.
Fusion inhibitors bind to envelope proteins on the virus and stop the conformational
changes necessary to actually allow fusion of the viral and host cell membranes [62,63].
There are two types of reverse transcriptase inhibitors used in HIV medication. The first
are termed non-nucleoside reverse transcriptase inhibitors and they work by directly
binding to the reverse transcriptase enzyme and stop it from working [64-66]. The second

type is nucleoside reverse transcriptase inhibitors. These were the first drugs available to
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treat HIV infected individuals and work by terminating newly reverse transcribed DNA
[67]. It does this by mimicking naturally available deoxyribonucleotides that are used to
synthesize new DNA. These mimics lack a necessary 3’-hydroxyl group and cannot bind
additional nucleotides effectively terminating the reverse transcription. This process is
called chain termination and can cause adverse side effects. Integrase inhibitors are
another class of drugs used in anti-retroviral therapy. As their name suggests, they stop
integrase from functioning properly and stop the virus from infecting the cell [68,69].
The final type of drug used in HAART therapies are protease inhibitors. HIV protease
(HIVP) is used by the virus to mature newly formed virions [22,70]. After budding away
from the host cell, HIVP chops proteins packaged in the virion and allows for their
organization into the viral capsid leading to a mature, infectious virion. Protease
inhibitors block this process and make these new virions forever immature and unable to
infect new cells [71]. There are specific guidelines from the FDA for the correct and
effective combination of these drugs to treat infected individuals. Research continues in
this field to develop more drugs that may interact less with the host biology and less with
other drugs allowing for more effective and comprehensive treatment. Without continued
administration of HAART medication, HIV can restart viral replication and poses a risk
to develop AIDS [8].
11.4 Mast Cell Biology

In order to fully eradicate HIV from an infected individual, latent reservoirs need
to be identified. One focus of research today is identifying latent reservoirs present in the

body and many have been identified [5,9,39-43]. Because of their similarity to T-cells
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and their ubiquitousness in the body, mast cells have been studied for their susceptibility
to HIV infection. Mast cells are important immune effector cells that are most often
characterized for their role in allergic response [72-74]. Hematopoietic progenitor cells
called myeloid progenitors differentiate into immature mast cells [72-76]. These
immature mast cells migrate to fibroblast-rich regions in tissue where they then undergo
limited replication producing daughter mast cells that are fully differentiated [72].
Depending on the eventual resting place that the immature cells find, mast cells can
differentiate into one of two phenotypes in humans. These separate phenotypes are
identified by their neutral protease composition: either having tryptase, chymase,
carboxypeptidase A3, and cathepsin G-like enzyme or only tryptase (designated MC+c or
MCr respectively) [77]. MC+c generally are localized to connective tissue but also have
populations in some mucosal regions. MC+ are more localized to mucosal regions and are
generally not seen in connective tissue [72].
11.5 Mast Cell Activation and Degranulation

Mast cells are granulocytes having pre-stored inflammatory compounds that are
rapidly released after introduction to activators [78]. FceRI is a high-affinity
immunoglobulin E (IgE) receptor that is typically involved in the allergic response and is
present on mast cell membrane surfaces [79]. IgE is produced by B-cells as a part of the
immune system response to allergens [80,81]. FceRI binds to the heavy chain on the Fc
region of IgE. IgE molecules are antibodies that are integral parts of the adaptive immune
system and typically cover the surface of mast cells having bound to FceRI. When the

Fab regions of IgE bind to an antigen and the Fc regions bind to FceRI receptors, a cross-
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linking event occurs that causes a downstream pathway to activate leading to mast cell
degranulation [82-84]. The first event in this downstream pathway can be the cross-
linking of two or more FceRI receptors. Following a complex downstream activation,
mast cells will release their granules filled with various bioactive compounds. Alternative
methods for activation can circumvent the FceRI receptor. Toll-like receptors (TLR) are
pattern recognizing receptors that can recognize various bacterial compounds that are
structurally conserved [85]. Upon activation, TLR begin a downstream pathway that
activates mitogen-activated protein kinase (MAPK) leading to degranulation [85].
Another method for activating mast cells is by causing release of calcium stores and
translocating calcium from outside of the cell to the interior [86]. This method can
circumvent both TLR and FceRI receptors by interacting with the downstream

components of the activation pathway like Protein Kinase C (PKC).
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Figure 2.1 The Binding of an Antigen to the FceRI-IgE Complex

Mast cells are known to have altered gene expression in the hours following either
their sensitization or their activation [87,88]. As its terminology suggests, sensitizing a
mast cell primes the cell to release granules, but little to no granules are actually released
[89]. After following the activation pathway and releasing granules, mast cells undergo
many gene upregulations and downregulations. These upregulations help the mast cell to
continue to help in the immune response even after releasing granules that can recruit
other immune cells to the site of the antigen [87].
11.6 Mast Cell Sources

There are a few ways to procure mast cells. Firstly, there are immortalized mast
cell lines that have been isolated. HMC-1 was derived from a patient with mast cell
leukemia [90]. It is noted as being similar to normal mast cells but lacks surface FceRI
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receptors which are vital for degranulation. LAD2 cells have minor differences in their
FceRI receptors and can effectively degranulate, but there are major differences
discovered in both LAD?2 tryptase and chymase [90]. In an effort to circumvent these
differences, methods have been developed to procure primary and primary-derived mast
cells from human donors and have been described previously [91-93]. Mast cells can be
procured from various tissues including skin, umbilical cords, lung, and most recently fat
tissue, each with subtle changes in protocol from procurement. Skin mast cells are
investigated in this dissertation for their susceptibility to HIV infection following
activation and degranulation. Briefly, their isolation involves the mechanical separation
of tissue coupled with enzymatic digestion of tissue and followed by separation
techniques. Culture of mast cells is accomplished generally by the addition of specialized
X-Vivo media supplemented with human stem-cell factor to encourage multiplication.
11.7 Fullerenes

Fullerenes have been the subject of investigations in biological applications for
some time. Their use has been included in demonstrations as antioxidants, drug delivery
vehicles, therapeutics, diagnostic tools, photo-sensitizers, anti-cancer, and as anti-viral
treatments [94-106]. The native fullerene is not soluble in water and can be derivatized
for various functional moieties. This ability to bind moieties to the carbon cage can lead
to various functionalizations. Fullerenes are unique because of their electrochemical
characteristics and are capable of undergoing various chemical reactions that can alter
their reactivity, permeability, solubility, or targeting ability. The fullerene derivative (FD)

has new physical and chemical properties.
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Many fullerenes are known to be effective antioxidants. They act as “free radical
sponges,” and can readily accept electrons from reactive oxygen species (ROS) found
commonly in cellular systems [107]. ROS many times have unpaired electrons that
readily react with native molecules inside the cell causing oxidative stress. This oxidative
stress can lead to problems including cellular malfunction or dysfunction and can lead to
cell death. Accordingly, oxidative stress has been implicated as a primary method for
aging [108]. The cell has systems in place to either use these free radicals as signaling
molecules or as cellular defense mechanisms, but more often uses proteins like
Superoxide Dismutase (SOD) to convert them into either harmless compounds or into
more manageable compounds [109]. There are several known ROS known to cause cell
damage. They include hydroxyl radicals (HO*), superoxide anions (O’), and
peroxynitrites (ONOOQO").

Because of the commonality of these damaging compounds, much research has
pointed to the benefits of antioxidants against more systemic diseases. It has become
widely accepted that antioxidants provide benefits to general health. Following the
discovery of fullerene’s ability to counteract ROS, various FD have been developed and
used in experiments with promising results. N. Gharbi et al showed that micro-dispersed
C60 fullerenes had no adverse effects on liver toxicity and worked to stem the effects of
an oxidant challenge (CCly) in rats [94]. This group went on to show that lifespans of rats
is almost doubled with the administration of oral olive oil dosed with C60 fullerene
[110]. Another study showed their comparative effectiveness of a FD to the native SOD-1

enzyme and found it to mimic its activity [111]. The researchers did this by dosing SOD2
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(-/-) mice with a Tris-malonic acid C60 fullerene (C3) and increased their lifespan by
300%. Another study by some of these authors showed that FD had neuroprotective
capabilities in neuronal cell cultures [112]. Fullerenes and their derivatives show
potential as antioxidants in treatments for diseases caused by ROS.

Many researchers today are investigating alternative methods for drug therapy
[96]. Fullerenes have been investigated as drug delivery vehicles because of their
potential for derivation and their small size. Water soluble FD can easily cross cell
membranes or, depending on the functionalization of the carbon cage, can bind
specifically to a target biomolecules [113]. Beyond water solubility and biomolecular
targeting, fullerenes can also be functionalized to become carriers of drugs or genes.
Some examples of this possible use are their use as allergic response mediation, their
ability to suppress the asthma reaction, their ability to dampen inflammation caused by
arthritis, their potential as a therapy for multiple sclerosis, and their ability to inhibit viral
process, including in HIV infections [26,98-102,104,114].

Fullerenes may also be shown to be effective diagnostic tools. Researchers at
Virginia Tech were able to successfully produce fullerenes that encapsulated 3
gadolinium atoms bound by a central nitrogen atom contained inside the carbon cage.
These “Trimetaspheres” (TMS) were demonstrated to be strong MRI contrast agents
[98,115]. Researchers hope to overcome limitations caused by more conventional MRI
contrast agents like Magnevist™ that can release its toxic, chelated gadolinium ion upon
host degradation of the bound carrier. TMSs may also outperform Magnevist™ as far as

body retention over time and body targeting ability because of the functionalization of the
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carbon cage. This leaves a possibility for fullerenes to be used as both a therapeutic and
diagnostic tool simultaneously. By selectively functionalizing moieties to the surface of a
fullerene cage, while all the while leaving the gadolinium triad unchanged within the
cage, a FD can be made to perform targeting, therapy, and diagnostics. The term
“theranostic” has been used for this functionality and very well could be the future of
medical practices [100]. Nanoparticles of various compositions are being investigated as
diagnostic tools already and some fullerene platforms are attractive targets for the
theranostic technology. One particular investigation by Dellinger et al used
functionalized TMSs in liposomes to target atherosclerotic plague lesions in ApoE knock
out mice [98]. These TMSs were further functionalized with CD36 ligands which were
instrumental in the cellular uptake of the fullerenes into the cells in the atherosclerotic
plaque. Mice were then imaged using MRI showing the gadolinium present in the
atherosclerotic plaques. This technology can be adapted to be used in various other
treatments by changing the functionalization of the TMS.

There are also variations of fullerenes. The classic and most well-known fullerene
is the C60 “buckyball”, comprising of 60 carbons arranged in a “soccer ball”
configuration. Other fullerene configurations include C20, C26, C70, C72, C76, C80,
C84, and C100, each being empty carbon cages with varying amounts of 5 and 6
membered rings. As mentioned above, fullerenes have been designed that carry a triad of

metal ions, usually gadolinium, and can be used as an effective MRI contrast agent.
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11.8 Toxicity of Fullerenes

The basis for determining toxicity and consequently determining the possibility
for use in humans is regulated by the FDA. Any new chemical compound or treatment is
required to be evaluated separately, despite the similarity to other chemicals in the same
class. Beyond the purely chemical variations between fullerene derivatives, there are
variations between different fullerenes. Differences in isomeric configurations and
differences in cage size allow for even more variations making the toxicologist’s job even
more intricate. According to FDA guidelines, each isomer and each cage can have
different interactions with biological molecules and should be investigated accordingly.

One of the common and primary functionalizations of fullerenes is water
solubilization, but not all water soluble fullerenes act similarly. Investigating each
fullerene separately should be a priority of each toxicity study. It is clearly evident that
certain FDs behave differently than others in biological systems and that fundamental
understanding helps to ensure limited negative effects caused by small changes from one

to another fullerene derivative.
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Figure 2.2 Representative C60 Fullerene Derivatives.

Because of the wellspring of opportunity presented in fullerenes and their
derivatives, much attention has been given to their potential toxicity. Many of these
studies have conflicted with each other and have led to a debate over the nature of their
toxicity. The most notable and notorious study concerning the toxicity of fullerenes was
performed by Oberdorster [116]. In this study, fullerenes were given to juvenile
largemouth bass following an incomplete characterization and lacked a proper control
which led to conclusions that could not determine if the toxicity was due to the size of the
aggregates, the composition or chemical nature of the aggregates, or the tetrahydrofuran
contamination. Unfortunately, media outlets discovered this study and publicized its
unfounded conclusions, which led to an atmosphere of wariness of the fullerene’s future
in the field of biology or medicine. Because of backlash over the failures of the original
study, researchers followed with a more expansive examination that concluded that the
impurities in the sample were the cause for any toxicity seen in the first study [117].

16



Other investigations into the subject of fullerene toxicity have demonstrated increases in
the lifespan of mice [118] and rats [110]. Intending to explore the over dosing of
fullerenes to organisms, other researchers treated mice with excessive dosages but still
showed no overt toxicity [94,119]. More recently fullerenes suspended in olive oil were
fed to rats and led to a 90% longer lifespan compared to control mice [110].

Conflicts, especially between highly publicized studies, make it difficult for
researchers to effectively develop novel treatments based on a fullerene platform because
of the perceived potential harm that they could cause. It is therefore necessary to ensure
that further investigations into the toxicity of fullerenes (and any nanomaterial for that
matter) are carefully constructed to account for the many variables that could contribute
to the perceived toxicity.

11.9 Mast Cells and HIV

Mast cells are often found in mucosa and other host-environment interfaces.
Because of their positioning and because they are important immune effector cells that
help in pathogen defense, MC’s role in HIV infection is unclear [11]. The genital
mucosae of HIV infected women showed increased MC density. Other examples of noted
mast cell population increases were found in men with AIDS associated diarrhea [12].
These increased MC populations suggest that MCs are involved in the body’s response to
the infection.

11.10 Mast Cells’ Susceptibility to HIV Infection
Previous investigations into the hypothesis that mast cells are susceptible to HIV

infection have shown varying results. It has been shown that progenitor mast cells are
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susceptible to infection by HIV, suggesting that the low levels of CD4 that were detected
on these cells were enough to establish an infection [9,10,13-16]. Importantly, these
progenitor mast cells appear to lose their susceptibility to HIV after a certain point in
their ontogeny. These infected progenitor cells then produce daughter cells that
terminally differentiated into mast cells that then reside in tissue and may establish a
latent reservoir [13,14]. This evidence that mast cell progenitors and other hematopoietic
progenitors can be infected allows for possible HIV reservoirs even after maturation.

Other primary mast cells have been examined. Fetal liver blood-derived mast cells
were examined for their susceptibility to X4 tropic HIV and were productively infected
[17]. It was unclear in this study if the primary cells in the experiments were progenitors
or terminally differentiated. Another study demonstrated that p24 does not co-localize to
skin mast cells obtained from various tissue sites [18]. Multiple tissue sites were
examined including the lymph nodes, cervix, Gl tract, and parotid glands but no mast
cells were found to be actively producing p24, a HIV specific protein by
immunohistochemistry.

Most recently, mast cells taken from gastrointestinal mucosa of healthy patients
undergoing surgery and were introduced to HIV. The researchers found that mast cells
are able to present virus to other CD4+ cells. This is facilitated by some HIV-1
attachment factor; some of these factors include DC-SIGN, HSPG, and a4 7 integrin
[19]. This means that mast cells can support HIV infections by capturing HIV and
presenting it to susceptible cells. The researchers also investigated the susceptibility of

these mast cells to infection and found that they could be infected.
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Further studies have examined the immortalized mast cell line, HMC-1, and
found that infection was possible [17,20]. The cell line was infected in both cases. It
should be noted that HMC-1 is a poor substitute for primary human mast cells because it
lacks the expression of FceRI [120,121].

To our knowledge, primary, skin, human mast cells have not been studied for
their susceptibility to HIV in vitro. Further, no studies have examined the effect of
activators on primary mast cells and their potentially altered susceptibility to HIV as a
result of activation. Mast cells are one of the first immune cells that HIV encounters in
vivo and may become a target for HIV under certain inflammatory conditions. We
hypothesized that terminally differentiated human mast cells (possibly through IgE-
dependent and/or independent activation) can be infected by HIV and represent a new
viral reservoir. We therefore tested this hypothesis and the results are discussed in later
portions of this dissertation. By identifying various cellular reservoirs of HIV, a greater
understanding of the life cycle of the virus is revealed and this understanding may present
new opportunities for medical professionals to more efficiently treat individuals infected
with the virus.

11.11 Fullerenes and HIV

There have been many studies investigating the possibility of use of fullerene
derivatives as HIV inhibitors. The first study following this hypothesis was done by
Friedman et al who identified the similarity in size and hydrophobicity of the carbon cage
of fullerenes and the viral enzyme protease (HIVP) [25]. They suggested that FDs may

act as powerful HIVP inhibitors by acting as antagonists to the HIVVP active site. They
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identified two compounds using molecular modeling that seem to affect the enzyme’s
ability to work effectively and tested both computationally and experimentally.
Researchers from this original work then continued their work and generated 6 new FD
as possible HIVP inhibitors [26]. The next study investigated a highly water-soluble
dendro[60]fullerene originally synthesized by Brettreich and Hirsch [122]. This
investigation showed this fullerene to be highly effective at inhibiting HIV [27]. More
studies have looked at the inhibitory effects of fullerene derivatives on HIVVP because of
the fullerene derivatives’ interaction with the active site of HIVP [28,123-130]. From all
of these, many different FDs have been identified as HIVP inhibitors. Most recently,
fullerene derivatives that used the carbon cage as the platform for an amino acid inhibitor
were shown to be effective HIVP inhibitors [130]. Modeling studies performed in this
study indicated that the amino acid chain was more likely to interact with the active site
of the protease and overestimated their inhibitory effect. Subsequent experiments utilized
a FRET-based assay that revealed strong inhibitory effects on the protease.

However, HIVP may not be the only target for fullerene derivatives. Some
fullerene derivatives may target other essential components of the viral reproduction
cycle. Fullerenes have been shown to interact with NF-«xB functionality [131], G-protein
coupled receptors (GPCR) [132], amyloids [133], coagulation [134], and, most
interestingly for this discussion, HIV Reverse Transcriptase [135]. Amyloids are
important transmission vehicles for HIV [136]. HIV uses amyloids as attachment and
fusion facilitators and fullerenes can be used as anti-amyloid compounds [133]. The

relationship between HIV and coagulation is still unclear. It has been shown that
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thrombocytopenia is a common symptom of infected individuals [137] and the addition
of certain fullerene derivatives may help with that condition. HIV hijacks the NF-xB
transcription factor to produce transcripts of viral genes initially and the interruption of
this process can decrease virion production [38,138]. CCR5 and CXCR4 are GPCRs that
are used during the attachment and fusion steps of HIV infection. It has been shown that
certain fullerene derivatives can interact with certain GPCRs and this interaction may
also be produced with either CCR5 or CXCR4 [132]. This may lead to the fullerene

acting as an attachment or fusion inhibitor disallowing infection.

Figure 2.3 Fullerene Derivative Docked into the Active Site of HIV Protease.
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Though most studies involving HIV and fullerenes have focused on the HIVP-
fullerene interaction and the resulting proliferation inhibition, Mashino et al investigated
the role of eight different FDs as HIV Reverse transcriptase inhibitors [135]. Each
described had an inhibitory effect on reverse transcriptase’s activity. Using a radiometric
method, ICs, values were obtained and the fullerene derivatives scored moderately well
compared to a Nevirapine control. Nevirapine is a commonly used non-nucleoside
reverse transcriptase inhibitor in HAART. Interestingly, these same fullerene derivatives
were examined as hepatitis C virus RNA polymerase as well in this study.
Comparatively, the fullerene derivatives were better inhibitors of the HCV polymerase
than the HIVP.

Fullerene derivatives are an exciting new platform for the design of novel anti-
HIV compounds. The primary mechanism for HIV inhibition seems to be through HIVP,
but there are other relevant mechanisms through which a fullerene derivative can
interrupt or retard the processes of HIV. Alternatively, by binding a previously known
inhibitor to the carbon cage, fullerene derivatives may be able to serve as effective
carriers of inhibitory compounds and their use can be expanded beyond HIVP or reverse
transcriptase inhibition. Various fullerene derivatives previously not investigated for their
role in HIV inhibitions are investigated in this dissertation as potential anti-HIV
compounds and their likelihood for acting as protease inhibitors is explored through

computational docking studies.
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CHAPTER 11
PRIMARY HUMAN SKIN-DERIVED MAST CELLS

ARE NOT A RESERVOIR FOR HIV

I11.1 Introduction

Human immunodeficiency virus (HIV) is the virus that causes acquired immune
deficiency syndrome (AIDS). While Highly Active Anti-Retroviral Treatment (HAART)
medications have been efficacious in suppressing viral replication, once it is
discontinued, virus emerges from cellular reservoirs [39,43]. However, it is not clear
what cell types the virus uses as latent cellular reservoirs. Mast cells are ubiquitously
expressed immune effector cells residing in tissue and mast cell progenitors can be
infected with HIV, which can lead to a latent reservoir in tissue in humans [9,10,13,17].
Other studies using mast cell-like cell lines or mast cells derived from progenitor cells in
the blood can be infected [17]. Most recently, mast cells from gastrointestinal mucosa
were shown to be susceptible to HIV infection [19] while other studies found no evidence
of active replication in mast cells [18]. Given that mast cells are one of the first immune
cells that HIV encounters in vivo, we hypothesized that primary human mast cells would
be susceptible to infection by HIV. We also recognized that mast cells have altered gene
expression following a degranulation event and the method of that degranulation may
affect the altered gene expression as described previously [87,88]. We therefore further

hypothesized that mast cells could be infected by HIV following FceRI or non-FceRI
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receptor dependent challenge with various secretagogues and serve as a latent reservoir
for HIV.
111.2 Methods
111.2.1 Mast cell culture and degranulation

To test this hypothesis human, skin-derived, mast cells, which proliferate from a
yet to be defined stem cell population, were challenged with live HIV [139]. Mast cells
were cultured in X-VIVO media (Lonza Inc., Allendale, NJ) supplemented with human
Stem Cell Factor (SCF) for 12 to 20 weeks. At this point, cells were collected, counted,
and examined for viability with Trypan-Blue exclusion. Mast cells, at <90% viability,
were plated in duplicate in a 24 well plate (5 x 10° cells/well) and were activated with
FceRI-dependent (anti-FceR1I-alpha receptor antibody 3B4) or non-FceRI-dependent
stimuli Calcium Ionophore (A23187, 0.1 pg/mL) or Lipopolysaccharide (LPS; 1.5 pg/ml)
overnight.
111.2.2 Viral introduction to mast cells

The following day, media was removed and replaced by fresh X-VIVO
supplemented with SCF, and then live HIV 4 (NIH AIDS Reagent Program,
Germantown, MD) was added to each well at a multiplicity of infection between 0.1 and
0.5 and incubated for 5 days. After 5 days cells were washed three times and left to
incubate overnight in new, virus-free media to allow for any non-internalized virus to
either infect or be released from non-specific adhesion to cellular plasma membranes.

After a final wash, cells were suspended in water for subsequent PCR preparation.
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111.2.3 Viral DNA detection by PCR

Mast cell cultures were suspended in water and sonicated in heated water baths
(70°C) to lyse cells and disrupt membranes as well as kill any remaining virus present for
ease of handling. A phenol extraction was then used to isolate DNA and purity was
assessed by a NanoDrop 2000 Spectrophotometer. For detection of viral DNA by PCR,
the primers used were: Alu FWD: 5 — GCC TCA ATAAAGCTT GCCTTG A—3’ and
gag REV: 5 — CAT CTC TCT CCT TCT AGC CTC — 3° (Integrated DNA Technologies

Coraville, lowa).

A.

18S Control

HIV Primers

% Release -|-|-|-]1598 | 926 | 423

CEM +|+]|- |- - - =

Mast Cell -l -1+ |+ + - +

Virus added -+ - |+ + + -

3B4 -l =]=1-= + - -

A23187 = 1= =t 1] = = + .

LPS -1-1-1- - - -

Figure 3.1 HIV Does Not Infect Human Skin Mast Cells

111.3 Results

111.3.1 Human, skin-derived mast cells are not susceptible to HIV
As shown in Figure 1, mast cells did not become infected with HIV under resting
or stimulated conditions as assessed by PCR of the HIV-specific marker DNA (Figure 1).
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Previous to introduction of HIV to mast cells, mast cells were activated with 3B4,
Calcium lonophore A23187, or LPS and the percent release compared to total and
spontaneous release controls. As a control, a t-lymphoblast cell line with a green
fluorescent reporter gene called CEM-gfp were actively infected as assessed by p24
expression and gfp upregulation (Figure 1B,C). As expected no viral proteins were
detected in the mast cell lysates using Western blotting (not shown).

111.4 Conclusions

Though other mast cell sources have produced mast cells that are susceptible to

HIV infection, this study suggests HIV does not infect human skin mast cells or the
progenitors that give rise to them and therefore do not serve as a reservoir for HIV. There
are some possible explanations for this. There are at least two different phenotypes of
mast cells in the body and they are distinguished by the neutral protease composition
found in their granules and are designated with the notation MC+ and MC+¢ (representing
Tryptase (T) and Chymase (C)) [72,74,140,141]. Skin mast cells are generally considered
as being comprised of primarily MC+¢ and their composition of these tissues can be a
contributing factor to the susceptibility of these skin-derived mast cells. Another
possibility is that contrary to previous investigations, our cell populations, which do
undergo some limited replication, are devoid of the CD4+ progenitor mast cell
populations. This hypothesis could be examined by a more complete characterization of
this mast cell population that would separate the fully differentiated mast cells and the
progenitors and examine the presence of CD4 on both populations. This characterization

would be greatly improved with multiple samplings throughout the culture of the mast
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cells from tissue as it could show if and when the CD4 surface receptor as well as any

other important or interesting biomolecules.
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CHAPTER IV

FULLERENE DERIVATIVES SHOW POTENTIAL ANTI-HIV ACTIVITY

IV.1 Introduction
IV.1.1HIV

Human immunodeficiency virus (HIV) causes acquired immune deficiency
syndrome (AIDS). Current treatments for HIVV+ individuals include Highly Active Anti-
Retroviral Therapy (HAART) designed to inhibit retroviral proliferation and survival and
is commonly used in the treatment of retroviruses [142]. This therapy is responsible for
increased longevity for HIV+ individuals by decreasing the probability of progression to
AIDS. This treatment, however, is not able to fully eradicate the virus from an infected
individual as HIV establishes long term latent reservoirs in cells that harbor the virus
indefinitely and protect it from immunogenicity. An individual who is HIV+ and
suspends their HAART treatments quickly progresses to AIDS because of these latent
reservoirs. One of the focuses of HIV research today is the discovery of new treatments
that inhibit viral processes. Researchers have identified many fullerene derivatives (FD)
that may serve as a new platform for new anti-viral compounds and this study adds to that
body of knowledge.
I1VV.1.2 Fullerene derivatives viral inhibition

Fullerenes are an allotrope of carbon that features a closed cage of carbon that is

hollow inside and this class of compounds has been used extensively for a variety of
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biological applications [112,132,143]. Several studies have looked at the modeled
dynamics of the interaction between various functionalized fullerenes and the viral
protein protease or used fullerene derivatives (FDs) as viral inhibitors in vitro [25-
28,123-130,144,145]. HIV protease is an especially desirable therapeutic target as it is
responsible for cleaving immature viral proteins in the life cycle of HIV [146]. Without
protease, newly budded HIV virions do not mature and are less likely to be infectious
[22]. Because these FD have some sort of a competitive mode of action by binding to the
active site, HIV protease generally is the studied protein in docking simulations.
Fullerenes were originally identified as promising protease antagonists because of the
hydrophobicity of the active site of protease [25]. Thus, some functionalized fullerenes
that are water soluble but still have large portions of their hydrophobic cages accessible
can fit directly into the active site of the protease effectively acting as an antagonist.
Some fullerenes have been tested in this capacity and were shown to be effective at
limiting the virus’s proliferation [25,27,126,127,130,135].

Our lab has been interested in fullerene interaction with biological processes and
we have previously used fullerenes in other studies as both therapeutics and diagnostics
[98,99,101,102,114,147]. We wanted to see if these fullerenes that had many beneficial
effects on other systems could be employed in an antiviral capacity following the
precedent set by other researchers using FDs as anti-retroviral compounds. We therefore
set to test a panel of seven FDs as potential HIV inhibitors with the hypothesis that,
similarly to other fullerene-HIV studies, these FDs would also be effective at inhibiting

HIV.
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IVV.2 Methods
IV.2.1 Modeling methods

A panel of FDs (Figure 1) were modeled and minimized in Sybyl modeling
package using the Tripos molecular mechanic force field. Another fullerene (named
Trans-3)(structure not shown) was also modeled and examined as a positive control in
modeling experiments because it had been described previously as being effective at
inhibiting HIV [127]. Another positive control used in modeling experiments was
Ritnoavir, a commonly used drug in HAART medication for the inhibition of HIV
protease [148]. Since the HIV protease structure has not been determined experimentally
with a fullerene bound in the active site, the initial structure for HIV protease used in
these modeling experiments was derived from a databased structure complexed with a
Fluoro-substituted diol based C2-symmetric inhibitor (pdb code 1W5X). Water
molecules and the bound inhibitor were removed and analyzed using the Surflex Docking
Module within the Sybyl modeling package. Residues present in the protease were
amended to be neutrally charged based on previous investigations that suggested that
there appears to be no significant differences in docking of FD into HIV protease
between charged and neutral protease residues [128]. FDs were then docked into HIV
protease using the Surflex Docking module within the Sybyl modeling package for
preliminary indications of FD ligand docking. Hydrogens and heavy atoms were allowed
to move and minimized before and after ligand fitting. Results were derived from Total

Score values produced from the docking program.
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IVV.2.2 In Vitro methods
IV.2.2.1 CEM-gfp cell line

In vitro experiments were performed in CEM-gfp cells. CEM-gfp cells are an
immortalized T-cell line that has been stably transfected with a gene that codes for green
fluorescent protein with a promotor region of the gene that is bound by the HIV
transcription factor tat (trans-activator of transcription). Therefore, gpf is produced in
response to the presence of viral protein tat, indicating a particular cell is infected by
HIV.
1V.2.2.2 Experimental design

CEM-gfp cells were plated at 100,000 cells per well in a 24-well plate. FDs were
then added and cells were allowed to incubate overnight. Seven different fullerenes were
surveyed and are shown in Figure 1. HIV populations were expanded in separate CEM-
gfp cultures from an original HIV 4, stock (NIH AIDS Reagent Program, Germantown,
MD). Expanded viral supernatant was then added the next day equally in appropriate
wells at a multiplicity of infection between 0.1 and 0.5. Measurements of gfp
fluorescence were taken each day using a BioTek SynergyMx Microplate Photometer.
Cells were incubated in the presence of FDs and virus for at least five days. Media was
not changed during the duration of the test to allow HIV population growth to be
unhindered. Mean fluorescence intensity values were used to determine the proliferation
of the virus in comparison to a control population that received no FDs. For the survey,

the concentration of each FD was Sug/mL.
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5) NEPO

4) ALM

Figure 4.1 Graphical Representations of the FDs Used in this Study.

1V.2.2.3 Fullerene dose response experiments

Following results of the initial survey of seven fullerenes, dose response
experiments were performed following a similar protocol used for the initial survey. Cells
were plated at 100,000 cells per well in 24 well plates. Varying concentrations (0.01, 0.1,
1, 5, and 20 ug/mL) of three FDs that appeared to work well in the original survey were
used. Readings of gfp fluorescence were taken each day and compared to negative and
positive samples present in each plate. Dose response experiments using the three

selected FD were repeated three times in duplicate.
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IVV.3 Results
IVV.3.1 Modeling results suggest complementarianism

To test the hypothesis that any of these FD had any effect on the activity of HIV
Protease, FD (Figure 1) were submitted as ligands to the Surflex docking module in the
Sybyl modeling package. The module produced Total Scores that ranked ligands as
candidates for fitting into the active site. Total score values are listed in Table 1. Scores
are ranked by their positive magnitude meaning that the highest scoring ligands were
those that received larger positive values and those that scored low are those close to or
below zero. Additionally, these score values suggest the relative likelihood that an
interaction was possible in that conformation between the ligand and the viral protease.
Table 1 also lists the various residues which participated in hydrogen bonding with the
ligand docked in the most highly scored ligand orientation. Interestingly, there appeared
to be no correlation between the multiplicity of hydrogen bonding instances and Total
Scores. Certain FDs were scored very highly in possible interactions with HIV protease
including C3, NEPO, ALM, and C600H. For both ALM and TTA, the highest scoring
conformation did not include the integration of the fullerene cage within the active site of
the viral protease. Instead, the moieties decorating the surface of the fullerene cage were
occupied the active site more exclusively.
IV.3.2 In Vitro experiments show some inhibitory effect of FD

Mean Fluorescence Intensity was measured over the course of five days. The raw
values were then normalized and compared to a positive control that had no FDs but did

receive virus. This Percent Inhibition of gfp is displayed in Figure 3. After an initial
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survey of the seven FDs, three FDs (NEPO, TTA, and C3) with stronger suppressive
effects at the surveyed concentration of 5 pg/mL were selected for dose response
experiments. Dose response experiments used concentrations of the three FD of 0.01, 0.1,
1, 5, and 20 ng/mL. Raw values were compared to positive controls that were introduced
to virus but not FDs to give a percent inhibition compared to control. VValues were then
averaged together from three dose response experiments and are presented in Figure 4.

Dose response experiments were repeated three times in duplicate.
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Table 4.1. FDs and Their Total Scores Assigned to Them by the Docking Module. Certain
residues are also listed that had hydrogen bonding with the ligand. Positive controls of
Ritonavir and a FD that had been shown previously to be a suppressor of HIV Protease
are also present [128]. Ligands marked with a (*) had their strongest interaction with
HIV protease only with the fullerene cage outside of the active site. These ligands
generally interacted with the active site with their bound moieties. Residues marked with

a (**) participated in multiple instances of hydrogen bonding; multiple atoms of the

residue was able to participate in hydrogen bonding.

C3 4.8628 ASP30, ASP25, ASP29, LYS45, ARGS8

NEPO 12.6611 ASP25, GLY?27, GLY48, ILE50, THR80

ARGS, ASP29, ILE47, GLY48, GLY49, ILESO0,
THR80, VALS82

ALM* 10.5172 ARGS, ILE50
ASP25, GLY27, ALA28, ASP29, ILEA47,

C600H 5.2109

C700H 0.2040 GLY48**, ILE50
TGA -2.0682 ARGS, ASP29, ASP30, LYS45, GLY48
TTA* -1.9429 ARGS, ASP29, ASP30
Ritonavir 1.9402 ASP25**
Trans-3 4.7939 none
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Figure 4.2 Representative Picture of a FD (C3) Docked Into HIV Protease Active Site.
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Percent Inhibition of gfp Fluorescence in HIV+ CEM-gfp Compared to
Positive Control
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V.4 Discussion

Fullerenes and their derivatives represent a promising platform for the design of
targeted therapies because of their predisposition to chemical attachment. Chemical
moieties decorating the surface of fullerenes allow for the compound to be customized to
various applications. This study explored the possibility of various C60 and C70 FDs to
be used as HIV inhibitors. Previous investigations have explored FD interactions with
both HIV protease [25-28,124,126-128,130] and HIV reverse transcriptase [135] and this
study aims to add to that knowledge.

While FDs C3, NEPO, C600H, and ALM scored well in the docking simulations,
not all of these were effective in vitro. The reasoning for this is unclear, but there likely
are multiple interactions in which these FDs are involved. Further studies are required to
more concretely elucidate the possible interactions these FDs have in vitro. C3 and NEPO
were originally effective in the survey and had some apparent interaction at other
concentrations as demonstrated with the dose response experiments. This may mean that
these two FDs have some interaction with protease, but the data is unexpected. Generally,
dose response assays show a characteristic increase in efficacy over the dosage range
until a threshold concentration where toxicity is apparent is reached. Instead, the dose
response results suggest that these FDs are likely involved in other interactions.
Alternatively, like other FDs that appeared to have no effect, these FDs are not
interacting with the viral protease at all, but are instead interacting with other
mechanisms that result in inhibition. To examine these possibilities, further experiments

are needed. Examinations of the FD’s interaction with various viral proteins through
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reporter kits would be invaluable for the determination of the method of action.
Alternatively, reporter substrates generated from transfected genes for the possible
mechanisms of action could be used as a screening tool for the presence of inhibition at
various steps of the viral infection pathway. For example, a gene that codes for both the
natural substrate for HIVVP as well as for a reporter that fluoresces after the natural
substrate has been cleaved would help identify interactions of the protease with a FD.
Importantly, this example would only be able suggest an interaction and would not show
exclusivity of the interaction and would not show other characteristics of the interaction
like the length of the interaction.

Interestingly, though TTA did not score well in simulations, it was effective at
limiting viral proliferation in vitro. There are some possible explanations for this result.
While HIVP is the most common target for HIV inhibition using FDs, it is not the only
one that has been reported [135]. TTA very likely is having some effect on some other
viral process and stopping the virus from replicating. Similar studies suggested earlier
could also be translated to determine TTA’s mechanism of action by including analytical
tests for other viral specific proteins like reverse transcriptase or integrase. Alternatively,
TTA may be intimately involved with some host mechanism that HIV requires for
replication. TTA may have interactions with the surface chemistry necessary for HIV
internalization and disable the virus from entering the cell entirely. To test for these
interactions, reporter viral strains that have been engineered to report upon internalization
could be employed. Fullerenes have also been shown to interact with various cellular

processes; this includes the NF- kB pathway [131]. Because the activation of NF- kB is
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regulated by a large downstream pathway consisting of many proteins and protein
complexes, the most comprehensive test to examine all interactions would be a
phosphoproteomic study of the NF- kB pathway. This examination would allow us to
determine the phosphorylation state of each of the proteins in the pathway and look for
any blocking caused by a FD dose. While we could examine individual bonding instances
with FDs and certain parts of the pathway, this proposed examination would be able to
screen multiple FD treatments as well as screen multiple possible instances of
interactions.

In the instance of ALM, this FD is known to have interactions with other
biological molecules including lipid bilayers. Accordingly, ALM may be present only in
areas of the cell that are not involved with viral processes. As such, even though ALM
scored highly on the docking simulations, it likely was not effective as a protease
inhibitor (or as any other inhibitor for that matter) because it was sequestered away in
membranes. In HIV protease interaction experiments examining other FDs, ALM should
still be included. ALM itself may not have any in vitro effect, but its moieties could still
be of use as an inhibitor, just bound to another platform. This study is helpful as
screening method development for detecting inhibition of HIV proliferation, but
admittedly does only suggest an interaction. Additional computational studies may
illuminate interactions between FDs and other viral proteins like reverse transcriptase,
but, like the computational studies performed here, they will only be able to suggest

interactions. Further experimentation that analyzes specific FD interactions with host and
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viral proteins is needed to fully determine the mechanisms of action through which these

(and other) FD disrupt the natural viral processes.
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CHAPTER V

FUTURE PROSPECTIVES

HIV has been studied extensively. Continued research efforts are likely to focus
on identifying new latent reservoirs and drug classes intended to further inhibit the
virus’s pathology. The hope is that at some point a way to fully eradicate the latent
reservoir will be discovered. However, this solution will likely include some measure of
either permanently disabling the integrated viral DNA or Killing the latently infected cells
altogether. Some options for the latter have been explored by firstly activating the latently
infected cell population to produce virus and then targeting the virus expressing cell for
extermination [6]. There are complications that make this approach difficult and
researchers are actively exploring other opportunities.

Another method for the eradication of HIV and the latent reservoir is through
bone marrow transplantation. To date, one individual has been functionally cured of HIV
infection. The highly publicized study described the case of Timothy Brown, commonly
referred to as the “Berlin Patient”, as his medical problems were solved [149]. Briefly,
Brown was diagnosed with HIV in 1995. He was prescribed anti-retroviral treatment and
remained on the treatment until 2007 when he was diagnosed with Acute Myeloid
Leukemia. Brown was living in Germany at the time and his doctors decided to give him
a stem cell transplant from a donor who expressed a homozygous CCR5 A32 mutation

and, after enduring many complications, recovered from both his leukemia and HIV
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infection. This mutation is present in a small percentage of the population and it causes
the CCR5 receptor to no longer have an extracellular region. This then means that the
virus struggles to infect cells because it cannot perform the secondary binding event with
CCRS. For the “Berlin Patient,” this transplantation resulted in a newly acquired natural
resistance to the virus. Brown reports that he has since discontinued his HAART
medication and remains free of detectable virus to this day. This same method for
treatment was lauded as a possible blueprint for the eradication of HIV in infected
individuals and thus is being explored to solve complications caused by the treatment and
in turn make it more robust.

The option to more fully eradicate the presence of detectable virus in HIV+
individuals has further spurred the creation of more diverse treatment options. Because
HAART medication only reduces the probability of progression to AIDS and because the
virus easily mutates to circumvent treatment and immune responses, more robust
treatment options are necessary for more indefinite control of the virus [150,151].
Furthermore, many of the currently available HAART treatments are accompanied by
unwanted side-effects. These are some of the main reasons that fullerene derivatives and
other more unconventional drug development strategies have been employed in research
studies to find replacements and alternatives [130]. This trend will likely continue until a
reliable, functional cure for HIV is produced.

There are complications, however, with the development of FD based treatments.
Though fullerenes and their derivatives are generally regarded as non-toxic and have

notable beneficial effects [110,112,152-155], the FDA is understandably strict with the
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composition and predictability of drug interactions [156]. Accordingly, many FD drug
candidates are expected to be comprised of the C70 fullerene cage over the C60 cage
because of the increased predictability of moiety binding positions. C70 cages are
arranged in a more ellipsoidal shape and that ellipsoidal shape prefers binding on the
opposite ends of the major axis [147,157,158]. This characteristic allows for more

predictable attachment of surface moieties and is likely to be preferred by the FDA.

45



REFERENCES

[

. (2016) Global Health Observatory data: HIV/AIDS.

2. Kenneth G. Castro MDJWW, M.D. Laurence Slutsker, M.D., M.P.H. James W. Buehler, M.D.
Harold W. Jaffe, M.D. Ruth L. Berkelman, M.D. James W. Curran, M.D., M.P.H. (1993)
1993 Revised Classification System for HIV Infection and Expanded Surveillance Case
Definition for AIDS Among Adolescents and Adults.

3. Deeks SG, Lewin SR, Havlir DV (2013) The end of AIDS: HIV infection as a chronic disease.
Lancet 382: 1525-1533.

4. Chavez L, Calvanese V, Verdin E (2015) HIV Latency Is Established Directly and Early in Both
Resting and Activated Primary CD4 T Cells. PLoS Pathog 11: e1004955.

5. Persaud D, Pierson T, Ruff C, Finzi D, Chadwick KR, et al. (2000) A stable latent reservoir for
HIV-1 in resting CD4(+) T lymphocytes in infected children. J Clin Invest 105: 995-1003.

6. Rasmussen TA, Tolstrup M, Winckelmann A, Ostergaard L, Sogaard OS (2013) Eliminating the
latent HIV reservoir by reactivation strategies: advancing to clinical trials. Hum Vaccin
Immunother 9: 790-799.

7. Donahue DA, Wainberg MA (2013) Cellular and molecular mechanisms involved in the
establishment of HIV-1 latency. Retrovirology 10: 11.

8. Chun T, Richard T. Davey, Jr, Delphine Engel, H. Clifford Lane, and Anthony S. Fauci. (1999)
AIDS: Re-emergence of HIV after stopping therapy. Nature 401: 874-875.

9. McNamara LA, Collins KL (2011) Hematopoietic stem/precursor cells as HIV reservoirs. Curr
Opin HIV AIDS 6: 43-48.

10. Chelucci C, Hassan HJ, Locardi C, Bulgarini D, Pelosi E, et al. (1995) In vitro human
immunodeficiency virus-1 infection of purified hematopoietic progenitors in single-cell
culture. Blood 85: 1181-1187.

11. Guimaraes JV, Costa FB, Andrade WM, Vencio EF, Salge AK, et al. (2011) Quantification of
mast cells in the uterine cervix of women infected with human immunodeficiency virus.
Ann Diagn Pathol 15: 318-322.

12. Dong C, Janas AM, Wang JH, Olson WJ, Wu L (2007) Characterization of human
immunodeficiency virus type 1 replication in immature and mature dendritic cells
reveals dissociable cis- and trans-infection. J Virol 81: 11352-11362.

13. Sundstrom JB, Ellis JE, Hair GA, Kirshenbaum AS, Metcalfe DD, et al. (2007) Human tissue
mast cells are an inducible reservoir of persistent HIV infection. Blood 109: 5293-5300.

14. Sundstrom JB, Hair GA, Ansari AA, Secor WE, Gilfillan AM, et al. (2009) IgE-FcepsilonRl
interactions determine HIV coreceptor usage and susceptibility to infection during
ontogeny of mast cells. Journal of Immunology 182: 6401-6409.

15. Moses A, Nelson J, Bagby GC, Jr. (1998) The influence of human immunodeficiency virus-1 on

hematopoiesis. Blood 91: 1479-1495.

46



16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Bannert N, Farzan M, Friend DS, Ochi H, Price KS, et al. (2001) Human Mast cell progenitors
can be infected by macrophagetropic human immunodeficiency virus type 1 and retain
virus with maturation in vitro. J Virol 75: 10808-10814.

Taub DD, Mikovits JA, Nilsson G, Schaffer EM, Key ML, et al. (2004) Alterations in mast cell
function and survival following in vitro infection with human immunodeficiency viruses-
1 through CXCR4. Cell Immunol 230: 65-80.

Nelson AM, Auerbach A, Man YG (2009) Failure to detect active virus replication in mast cells
at various tissue sites of HIV patients by immunohistochemistry. Int J Biol Sci 5: 603-610.

Jiang AP, Jiang JF, Wei JF, Guo MG, Qin Y, et al. (2015) Human Mucosal Mast Cells Capture
HIV-1 and Mediate Viral trans-Infection of CD4+ T Cells. J Virol 90: 2928-2937.

Qi JC, Stevens RL, Wadley R, Collins A, Cooley M, et al. (2002) IL-16 regulation of human mast
cells/basophils and their susceptibility to HIV-1. J Immunol 168: 4127-4134.

Sundquist WI, Krausslich HG (2012) HIV-1 assembly, budding, and maturation. Cold Spring
Harb Perspect Med 2: a006924.

Freed EO (2015) HIV-1 assembly, release and maturation. Nat Rev Microbiol 13: 484-496.

Winslow DL, Otto MJ (1995) HIV protease inhibitors. AIDS 9 Suppl A: S183-192.

Flexner C (1998) HIV-protease inhibitors. N Engl J Med 338: 1281-1292.

Simon H. Friedman DLD, Rint P. Sijbesma, Gordana Srdanov, Fred Wudl, and George L.
Kenyon (1993) Inhibition of the HIV-1 Protease by Fullerene Derivatives: Model Building
Studies and Experimental Verification. Journal of American Chemical Society 115: 6506-
6509.

Friedman SH, Ganapathi PS, Rubin Y, Kenyon GL (1998) Optimizing the binding of fullerene
inhibitors of the HIV-1 protease through predicted increases in hydrophobic desolvation.
JMedChem 41: 2424-2429.

D. I Schuster SRW, A. N. Kirschner, R. F. Schinazi, S. Schlueter-Wirtz, T. BArnett, S. Martin, J.
Ermolieff, J. Tang, M. Brettreich and A. Hirsch (2000) Evaluation of the anti-HIV Potency
of a Water-Soluble Dendrimeric Fullerene Derivative. Proc Electrochem Soc 11: 267-270.

Marcorin GL, Da Ros T, Castellano S, Stefancich G, Bonin I, et al. (2000) Design and synthesis
of novel [60]fullerene derivatives as potential HIV aspartic protease inhibitors. Organic
Letters 2: 3955-3958.

Santana MA, Esquivel-Guadarrama F (2006) Cell biology of T cell activation and
differentiation. Int Rev Cytol 250: 217-274.

Santana MA, Rosenstein Y (2003) What it takes to become an effector T cell: the process, the
cells involved, and the mechanisms. J Cell Physiol 195: 392-401.

Okoye AA, Picker LJ (2013) CD4(+) T-cell depletion in HIV infection: mechanisms of
immunological failure. Immunol Rev 254: 54-64.

Chan DC, Kim PS (1998) HIV entry and its inhibition. Cell 93: 681-684.

Kowalski M, Potz J, Basiripour L, Dorfman T, Goh WC, et al. (1987) Functional regions of the
envelope glycoprotein of human immunodeficiency virus type 1. Science 237: 1351-
1355.

Wyatt R, Sodroski J (1998) The HIV-1 envelope glycoproteins: fusogens, antigens, and
immunogens. Science 280: 1884-1888.

Zhao G, Perilla JR, Yufenyuy EL, Meng X, Chen B, et al. (2013) Mature HIV-1 capsid structure
by cryo-electron microscopy and all-atom molecular dynamics. Nature 497: 643-646.

47



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Masuda T (2011) Non-Enzymatic Functions of Retroviral Integrase: The Next Target for Novel
Anti-HIV Drug Development. Front Microbiol 2: 210.

Messiaen P, Wensing AM, Fun A, Nijhuis M, Brusselaers N, et al. (2013) Clinical use of HIV
integrase inhibitors: a systematic review and meta-analysis. PLoS One 8: €52562.

Hiscott J, Kwon H, Genin P (2001) Hostile takeovers: viral appropriation of the NF-kappaB
pathway. JClinInvest 107: 143-151.

Pierson T, McArthur J, Siliciano RF (2000) Reservoirs for HIV-1: mechanisms for viral
persistence in the presence of antiviral immune responses and antiretroviral therapy.
Annu Rev Immunol 18: 665-708.

Blankson JN, Persaud D, Siliciano RF (2002) The challenge of viral reservoirs in HIV-1
infection. Annu Rev Med 53: 557-593.

Durand CM, Blankson JN, Siliciano RF (2012) Developing strategies for HIV-1 eradication.
Trends Immunol 33: 554-562.

Carter CC, McNamara LA, Onafuwa-Nuga A, Shackleton M, Riddell Jt, et al. (2011) HIV-1
utilizes the CXCR4 chemokine receptor to infect multipotent hematopoietic stem and
progenitor cells. Cell Host Microbe 9: 223-234.

Alexaki A, Liu Y, Wigdahl B (2008) Cellular reservoirs of HIV-1 and their role in viral
persistence. Curr HIV Res 6: 388-400.

Cary DC, Fujinaga K, Peterlin BM (2016) Molecular mechanisms of HIV latency. J Clin Invest
126: 448-454.

Jung A, Maier R, Vartanian JP, Bocharov G, Jung V, et al. (2002) Recombination: Multiply
infected spleen cells in HIV patients. Nature 418: 144.

Emiliani S, Fischle W, Ott M, Van Lint C, Amella CA, et al. (1998) Mutations in the tat gene
are responsible for human immunodeficiency virus type 1 postintegration latency in the
U1 cell line. J Virol 72: 1666-1670.

Emiliani S, Van Lint C, Fischle W, Paras P, Jr., Ott M, et al. (1996) A point mutation in the HIV-
1 Tat responsive element is associated with postintegration latency. Proc Natl Acad Sci U
SA93:6377-6381.

Lenasi T, Contreras X, Peterlin BM (2008) Transcriptional interference antagonizes proviral
gene expression to promote HIV latency. Cell Host Microbe 4: 123-133.

Greger IH, Demarchi F, Giacca M, Proudfoot NJ (1998) Transcriptional interference perturbs
the binding of Sp1 to the HIV-1 promoter. Nucleic Acids Res 26: 1294-1301.

Ashe MP, Griffin P, James W, Proudfoot NJ (1995) Poly(A) site selection in the HIV-1 provirus:
inhibition of promoter-proximal polyadenylation by the downstream major splice donor
site. Genes Dev 9: 3008-3025.

HanY, Lin YB, An W, Xu J, Yang HC, et al. (2008) Orientation-dependent regulation of
integrated HIV-1 expression by host gene transcriptional readthrough. Cell Host Microbe
4:134-146.

Kauder SE, Bosque A, Lindqvist A, Planelles V, Verdin E (2009) Epigenetic regulation of HIV-1
latency by cytosine methylation. PLoS Pathog 5: e1000495.

Mbonye U, Karn J (2014) Transcriptional control of HIV latency: cellular signaling pathways,
epigenetics, happenstance and the hope for a cure. Virology 454-455: 328-339.

48



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Zhang Z, Klatt A, Gilmour DS, Henderson AJ (2007) Negative elongation factor NELF represses
human immunodeficiency virus transcription by pausing the RNA polymerase Il complex.
J Biol Chem 282: 16981-16988.

Jadlowsky JK, Wong JY, Graham AC, Dobrowolski C, Devor RL, et al. (2014) Negative
elongation factor is required for the maintenance of proviral latency but does not
induce promoter-proximal pausing of RNA polymerase Il on the HIV long terminal
repeat. Mol Cell Biol 34: 1911-1928.

Rice AP, Herrmann CH (2003) Regulation of TAK/P-TEFb in CD4+ T lymphocytes and
macrophages. Curr HIV Res 1: 395-404.

Yang X, Gold MO, Tang DN, Lewis DE, Aguilar-Cordova E, et al. (1997) TAK, an HIV Tat-
associated kinase, is a member of the cyclin-dependent family of protein kinases and is
induced by activation of peripheral blood lymphocytes and differentiation of
promonocytic cell lines. Proc Natl Acad Sci U S A 94: 12331-12336.

Williams SA, Greene WC (2005) Host factors regulating post-integration latency of HIV.
Trends Microbiol 13: 137-139.

Lassen KG, Ramyar KX, Bailey JR, Zhou Y, Siliciano RF (2006) Nuclear retention of multiply
spliced HIV-1 RNA in resting CD4+ T cells. PLoS Pathog 2: e68.

Craigie R, Bushman FD (2012) HIV DNA integration. Cold Spring Harb Perspect Med 2:
a006890.

Rao PK (2009) CCRS5 inhibitors: Emerging promising HIV therapeutic strategy. Indian J Sex
Transm Dis 30: 1-9.

Dang Z, Qian K, Ho P, Zhu L, Lee KH, et al. (2012) Synthesis of betulinic acid derivatives as
entry inhibitors against HIV-1 and bevirimat-resistant HIV-1 variants. Bioorg Med Chem
Lett 22: 5190-5194.

Qian K, Morris-Natschke SL, Lee KH (2009) HIV entry inhibitors and their potential in HIV
therapy. Med Res Rev 29: 369-393.

Sluis-Cremer N, Tachedjian G (2008) Mechanisms of inhibition of HIV replication by non-
nucleoside reverse transcriptase inhibitors. Virus Res 134: 147-156.

Sarafianos SG, Marchand B, Das K, Himmel DM, Parniak MA, et al. (2009) Structure and
function of HIV-1 reverse transcriptase: molecular mechanisms of polymerization and
inhibition. J Mol Biol 385: 693-713.

Figueiredo A, Moore KL, Mak J, Sluis-Cremer N, de Bethune MP, et al. (2006) Potent
nonnucleoside reverse transcriptase inhibitors target HIV-1 Gag-Pol. PLoS Pathog 2:
ell9.

De Clercq E (1998) The role of non-nucleoside reverse transcriptase inhibitors (NNRTIs) in
the therapy of HIV-1 infection. Antiviral Res 38: 153-179.

Steigbigel RT, Cooper DA, Kumar PN, Eron JE, Schechter M, et al. (2008) Raltegravir with
optimized background therapy for resistant HIV-1 infection. N Engl ) Med 359: 339-354.

Savarino A (2006) A historical sketch of the discovery and development of HIV-1 integrase
inhibitors. Expert Opin Investig Drugs 15: 1507-1522.

Pokorna J, Machala L, Rezacova P, Konvalinka J (2009) Current and Novel Inhibitors of HIV
Protease. Viruses 1: 1209-1239.

Brower ET, Bacha UM, Kawasaki Y, Freire E (2008) Inhibition of HIV-2 protease by HIV-1
protease inhibitors in clinical use. Chem Biol Drug Des 71: 298-305.

49



72.
73.
74.

75.
76.

77.

78.

79

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

Schwartz LB (1985) The mast cell. New York: Churchill Livingston, Inc. 53-92 p.

Schwartz LB (1994) Mast cells: Function and contents. CurrOpinlmmunol 6: 91-97.

Schwartz LB, Huff TF (1993) Biology of mast cells and basophils. In: Middleton E, Jr., Reed CE,
Ellis EF, Adkinson NF, Jr., Yunginger JW et al., editors. Allergy: Principals and Practice. St.
Louis: Mosby-Year Book, Inc. pp. 135-168.

Schwartz LB (2002) Mast cells and basophils. ClinAllergy Immunol 16:3-42.: 3-42.

Schwartz LB, Huff TF (1991) Mast cells. In: Crystal RG, West JB, Barmes PJ, Cherniack NS,
Weibel ER, editors. The Lung: Scientific Foundations. New york: Raven Press. pp. 601-
616.

Schwartz LB, Austen KF (1980) Enzymes of the mast cell granule. Journal of Investigative
Dermatology 74: 349-353.

Gilfillan AM, Austin SJ, Metcalfe DD (2011) Mast cell biology: introduction and overview. Adv
Exp Med Biol 716: 2-12.

. Yamasaki S, Saito T (2005) Regulation of mast cell activation through FcepsilonRI. Chem

Immunol Allergy 87: 22-31.

Milovanovic M, Drozdenko G, Weise C, Babina M, Worm M (2010) Interleukin-17A promotes
IgE production in human B cells. J Invest Dermatol 130: 2621-2628.

Milovanovic M, Heine G, Zuberbier T, Worm M (2009) Allergen extract-induced interleukin-
10 in human memory B cells inhibits immunoglobulin E production. Clin Exp Allergy 39:
671-678.

Knol EF (2006) Requirements for effective IgE cross-linking on mast cells and basophils. Mol
Nutr Food Res 50: 620-624.

Knol EF, Koenderman L, Mul FP, Verhoeven AJ, Roos D (1991) Differential activation of
human basophils by anti-IgE and formyl-methionyl-leucyl-phenylalanine. Indications for
protein kinase C-dependent and -independent activation pathways. Eur J Immunol 21:
881-885.

Knol EF, Kuijpers TW, Mul FP, Roos D (1993) Stimulation of human basophils results in
homotypic aggregation. A response independent of degranulation. Journal of
Immunology 151: 4926-4933.

Kawasaki T, Kawai T (2014) Toll-like receptor signaling pathways. Front Immunol 5: 461.

Pearce FL (1982) Calcium and histamine secretion from mast cells. ProgMedChem 19: 59-
109.

Jayapal M, Tay HK, Reghunathan R, Zhi L, Chow KK, et al. (2006) Genome-wide gene
expression profiling of human mast cells stimulated by IgE or FcepsilonRI-aggregation
reveals a complex network of genes involved in inflammatory responses. BMC Genomics
7:210.

Teng Y, Zhang R, Yu H, Wang H, Hong Z, et al. (2015) Altered MicroRNA Expression Profiles in
Activated Mast Cells Following IgE-FcepsilonRI Cross-Linking with Antigen. Cell Physiol
Biochem 35:2098-2110.

Galli SJ, Tsai M (2012) IgE and mast cells in allergic disease. Nat Med 18: 693-704.

Guhl S, Babina M, Neou A, Zuberbier T, Artuc M (2010) Mast cell lines HMC-1 and LAD2 in
comparison with mature human skin mast cells--drastically reduced levels of tryptase
and chymase in mast cell lines. Exp Dermatol 19: 845-847.

50



91. Schwartz LB, Irani AMA, Roller K, Castells C, Schechter NM (1987) Quantitation of histamine,
tryptase and chymase in dispersed human T and TC mast cells. Journal of Immunology
138:2611-2615.

92. Benyon RC, Lowman MA, Church MK (1987) Human skin mast cells: Their dispersion,
purification , and secretory characterization. Journal of Immunology 138: 861-867.

93. Lawrence ID, Warner JA, Cohan VL, Hubbard WC, Kagey-Sobotka A, et al. (1987) Purification
and characterization of human skin mast cells. Journal of Immunology 139: 3062-3069.

94. Gharbi N, Pressac M, Hadchouel M, Szwarc H, Wilson SR, et al. (2005) [60]fullerene is a
powerful antioxidant in vivo with no acute or subacute toxicity. NanoLett 5: 2578-2585.

95. Beuerle F, Russell Lebovitz, Andreas Hirsch (2008) Antioxidant Properties of Water-Soluble
Fullerene Derivatives. Medicinal Chemistry and Pharmacological Potential of Fullerenes
and Carbon Nanotubes 1: 51-78.

96. Bakry R, Vallant RM, Najam-ul-Hag M, Rainer M, Szabo Z, et al. (2007) Medicinal applications
of fullerenes. IntINanomedicine 2: 639-649.

97. Montellano A. TDR, Alberto Bianco, Maurizio Prato (2011) Fullerene C60 as a multifunctional
system for drug and gene delivery. Nanoscale 3: 4035-4041.

98. Dellinger A, Olson J, Zhou Z, Link K, Vance S, et al. (2013) Functionalization of gadolinium
metallofullerenes for detecting atherosclerotic plague lesions by cardiovascular
magnetic resonance. J Cardiovasc Magn Reson 15: 7.

99. Dellinger A, Sandros MG, MacFarland D, Zhou Z, Kepley C (2011) Molecular Interactions of
Fullerene Derivatives in Human Serum andInflammatory Cells. Inscience:
nanotechnology 1 (3): 102-114.

100. Dellinger A, Zhou Z, Connor J, Madhankumar AB, Pamujula S, et al. (2013) Application of
fullerenes in nanomedicine: an update. Nanomedicine (Lond) 8: 1191-1208.

101. Dellinger A, Zhou Z, Lenk R, MacFarland D, Kepley CL (2009) Fullerene nanomaterials inhibit
phorbol myristate acetate-induced inflammation. Exp Dermatol 18: 1079-1081.

102. Dellinger AL, Cunin P, Lee D, Kung AL, Brooks DB, et al. (2015) Inhibition of inflammatory
arthritis using fullerene nanomaterials. PLoS One 10: e0126290.

103. Zhou Z, Joslin S, Dellinger A, Ehrich M, Brooks B, et al. (2010) A novel class of compounds
with cutaneous wound healing properties. J Biomed Nanotechnol 6: 605-611.

104. Zhou Z, Lenk R, Dellinger A, MacFarland D, Kumar K, et al. (2009) Fullerene nanomaterials
potentiate hair growth. Nanomedicine 5: 202-207.

105. Prylutska S, Grynyuk I, Matyshevska O, Prylutskyy Y, Evstigneev M, et al. (2014) C60
fullerene as synergistic agent in tumor-inhibitory Doxorubicin treatment. Drugs R D 14:
333-340.

106. Lalwani G. and Sitharaman B (2013) Multifunctional fullerene and metallofullerene based
nanobiomaterials. NanoLIFE.

107. Krusic PJ, Wasserman E, Keizer PN, Morton JR, Preston KF (1991) Radical Reactions of C60.
Science 254: 1183-1185.

108. Finkel T, Holbrook NJ (2000) Oxidants, oxidative stress and the biology of ageing. Nature
408: 239-247.

109. Al-Gubory KH, Fowler PA, Garrel C (2010) The roles of cellular reactive oxygen species,
oxidative stress and antioxidants in pregnancy outcomes. Int J Biochem Cell Biol 42:
1634-1650.

51



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Baati T, Bourasset F, Gharbi N, Njim L, Abderrabba M, et al. (2012) The prolongation of the
lifespan of rats by repeated oral administration of [60]fullerene. Biomaterials 33: 4936-
4946.

Ali SS, Hardt JI, Quick KL, Kim-Han JS, Erlanger BF, et al. (2004) A biologically effective
fullerene (C60) derivative with superoxide dismutase mimetic properties. Free
RadicBiolMed 37: 1191-1202.

Dugan LL, Lovett EG, Quick KL, Lotharius J, Lin TT, et al. (2001) Fullerene-based antioxidants
and neurodegenerative disorders. ParkinsonismRelat Disord 7: 243-246.

De Jong WH, Borm PJ (2008) Drug delivery and nanoparticles:applications and hazards. Int J
Nanomedicine 3: 133-149.

Dellinger A, Zhou Z, Norton SK, Lenk R, Conrad D, et al. (2010) Uptake and distribution of
fullerenes in human mast cells. Nanomedicine 6: 575-582.

MacFarland DK, Walker KL, Lenk RP, Wilson SR, Kumar K, et al. (2008) Hydrochalarones: a
novel endohedral metallofullerene platform for enhancing magnetic resonance imaging
contrast. ] Med Chem 51: 3681-3683.

Oberdorster E (2004) Manufactured nanomaterials (fullerenes, C60) induce oxidative stress
in the brain of juvenile largemouth bass. EnvironHealth Perspect 112: 1058-1062.

Zhu S, Oberdorster E, Haasch ML (2006) Toxicity of an engineered nanoparticle (fullerene,
C60) in two aquatic species, Daphnia and fathead minnow. MarEnvironRes 62 Suppl: S5-
S9.

Quick KL, Ali SS, Arch R, Xiong C, Wozniak D, et al. (2008) A carboxyfullerene SOD mimetic
improves cognition and extends the lifespan of mice. NeurobiolAging 29: 117-128.

Mori T, Takada H, Ito S, Matsubayashi K, Miwa N, et al. (2006) Preclinical studies on safety
of fullerene upon acute oral administration and evaluation for no mutagenesis.
Toxicology 225: 48-54.

Nilsson G, Blom T, Kusche-Gullberg M, Kjellen L, Butterfield JH, et al. (1994) Phenotypic
characterization of the human mast-cell line HMC-1. Scandinavian Journal of
Immunology 39: 489-498.

Xia HZ, Kepley CL, Sakai K, Chelliah J, Irani AM, et al. (1995) Quantitation of tryptase,
chymase, Fc epsilon Rl alpha, and Fc epsilon RI gamma mRNAs in human mast cells and
basophils by competitive reverse transcription-polymerase chain reaction. J Immunol
154: 5472-5480.

Hirsch MBaA (1998) A Highly Water-Soluble Dendro[60]fullerene. Tetrahedron Letters 39:
2731-2734.

David I. Schuster SRW, and Raymond F. Schinazi (1996) ANTI-HUMAN IMMUNODEFICIENCY
VIRUS ACTIVITY AND CYTOTOXICITY OF DERIVATIZED BUCKMINSTERFULLERENES. Bioorg
Med Chem 6: 1253-1256.

Zhu ZW, Schuster DI, Tuckerman ME (2003) Molecular dynamics study of the connection
between flap closing and binding of fullerene-based inhibitors of the HIV-1 protease.
Biochemistry 42: 1326-1333.

Bosi S, Da Ros T, Spalluto G, Prato M (2003) Fullerene derivatives: an attractive tool for
biological applications. Eur) MedChem 38: 913-923.

52



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Bosi S, Da RT, Spalluto G, Balzarini J, Prato M (2003) Synthesis and anti-HIV properties of
new water-soluble bis-functionalized[60]fullerene derivatives. BioorgMedChemLett 13:
4437-4440.

Marchesan S, Da RT, Spalluto G, Balzarini J, Prato M (2005) Anti-HIV properties of cationic
fullerene derivatives. BioorgMedChemLett 15: 3615-3618.

Durdagi S, Mavromoustakos T, Chronakis N, Papadopoulos MG (2008) Computational
design of novel fullerene analogues as potential HIV-1 PR inhibitors: Analysis of the
binding interactions between fullerene inhibitors and HIV-1 PR residues using 3D QSAR,
molecular docking and molecular dynamics simulations. BioorgMedChem 16: 9957-
9974.

Durdagi S, Mavromoustakos T, Papadopoulos MG (2008) 3D QSAR CoMFA/CoMSIA,
molecular docking and molecular dynamics studies of fullerene-based HIV-1 PR
inhibitors. BioorgMedChemLett 18: 6283-6289.

Strom TA, Durdagi S, Ersoz SS, Salmas RE, Supuran CT, et al. (2015) Fullerene-based
inhibitors of HIV-1 protease. J Pept Sci 21: 862-870.

Rawashdeh R (2014) Mechanistic studies of water soluble fullerenes as Free Radical
Scavengers, Biological Antioxidants and NF-kappaB Inhibitors. 168.

Giust D, Leon D, Ballesteros-Yanez |, Da Ros T, Albasanz JL, et al. (2011) Modulation of
adenosine receptors by [60]fullerene hydrosoluble derivative in SK-N-MC cells. ACS
Chem Neurosci 2: 363-369.

Bobylev AG, Kornev AB, Bobyleva LG, Shpagina MD, Fadeeva IS, et al. (2011) Fullerenolates:
metallated polyhydroxylated fullerenes with potent anti-amyloid activity. Org Biomol
Chem 9: 5714-5719.

Marina Dobrovolskaia SM, Barry W Neun (2008) A nanoparticle-based anticoagulant.
United States.

Mashino T, Shimotohno K, Ikegami N, Nishikawa D, Okuda K, et al. (2005) Human
immunodeficiency virus-reverse transcriptase inhibition and hepatitis C virus RNA-
dependent RNA polymerase inhibition activities of fullerene derivatives. Bioorg Med
Chem Lett 15: 1107-1109.

Castellano LM, Shorter J (2012) The Surprising Role of Amyloid Fibrils in HIV Infection.
Biology (Basel) 1: 58-80.

Majluf-Cruz A (1997) [Changes in blood coagulation in HIV infection]. Rev Invest Clin 49: 51-
66.

Miyake A, Ishida T, Yamagishi M, Hara T, Umezawa K, et al. (2010) Inhibition of active HIV-1
replication by NF-kappaB inhibitor DHMEQ. Microbes Infect 12: 400-408.

Kambe N, Kambe M, Kochan JP, Schwartz LB (2001) Human skin-derived mast cells can
proliferate while retaining their characteristic functional and protease phenotypes.
Blood 97: 2045-2052.

Schwartz LB (1983) Enzyme mediators of mast cells and basophils. ClinRevAllergy 1: 397-
416.

Schwartz LB (1990) Tryptase, a mediator of human mast cells. JAllergy Clinimmunol 86
Suppl.: 594-598.

Moore RD, Chaisson RE (1996) Natural history of opportunistic disease in an HIV-infected
urban clinical cohort. Ann Intern Med 124: 633-642.

53



143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

ShiJ, Wang B, Wang L, LuT, FuY, et al. (2016) Fullerene (C60)-based tumor-targeting
nanoparticles with "off-on" state for enhanced treatment of cancer. J Control Release
235:245-258.

Zhongwei Zhu DIS, Mark E. Tuckerman (2002) Molecular Dynamics Study of the Connection
between Flap Closing and Binding of Fullerene. Biochemistry 42: 1326-1333.

Durdagi S, Supuran CT, Strom TA, Doostdar N, Kumar MK, et al. (2009) In silico drug
screening approach for the design of magic bullets: a successful example with anti-HIV
fullerene derivatized amino acids. JChemInfModel 49: 1139-1143.

Brik A, Wong CH (2003) HIV-1 protease: mechanism and drug discovery. Org Biomol Chem
1:5-14.

Zhou Z, Lenk RP, Dellinger A, Wilson SR, Sadler R, et al. (2010) Liposomal formulation of
amphiphilic fullerene antioxidants. Bioconjug Chem 21: 1656-1661.

Huang X, Xu Y, Yang Q, Chen J, Zhang T, et al. (2015) Efficacy and biological safety of
lopinavir/ritonavir based anti-retroviral therapy in HIV-1-infected patients: a meta-
analysis of randomized controlled trials. Sci Rep 5: 8528.

Hutter G, Nowak D, Mossner M, Ganepola S, Mussig A, et al. (2009) Long-term control of
HIV by CCR5 Delta32/Delta32 stem-cell transplantation. N Engl J Med 360: 692-698.

Mayer KH, Venkatesh KK (2010) Antiretroviral therapy as HIV prevention: status and
prospects. Am J Public Health 100: 1867-1876.

Taylor BS, Shalev N, Wilkin TJ (2014) CROI 2014: Advances in antiretroviral therapy. Top
Antivir Med 22: 616-631.

Dugan LL, Gabrielsen JK, Yu SP, Lin TS, Choi DW (1996) Buckminsterfullerenol free radical
scavengers reduce excitotoxic and apoptotic death of cultured cortical neurons.
NeurobiolDis 3: 129-135.

Dugan LL, Tian L, Quick KL, Hardt JI, Karimi M, et al. (2014) Carboxyfullerene
neuroprotection postinjury in Parkinsonian nonhuman primates. Ann Neurol 76: 393-
402.

Dugan LL, Turetsky DM, Du C, Lobner D, Wheeler M, et al. (1997) Carboxyfullerenes as
neuroprotective agents. ProcNatlAcadSciUSA 19;94: 9434-9439.

Injac R, Perse M, Cerne M, Potocnik N, Radic N, et al. (2009) Protective effects of fullerenol
C60(0OH)24 against doxorubicin-induced cardiotoxicity and hepatotoxicity in rats with
colorectal cancer. Biomaterials 30: 1184-1196.

US FDA. Nanotechnology.

Zhou Z, Schuster DI, Wilson SR (2003) Selective syntheses of novel polyether fullerene
multiple adducts. J OrgChem 68: 7612-7617.

Zhou Z, Schuster DI, Wilson SR (2003) Selective syntheses of novel polyether fullerene
multiple adducts. J Org Chem 68: 7612-7617.

54



