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Introduction




Introduction

1.1 General Introduction:

Globally 38.0 million people living with HIVV and 6,90,000 people succumbed from HIV-
related causes at the end of 2019 [1]. The people living with HIV (PLHIV) in India 21.40 lakh,
while 69.11 thousand AIDS-related causalities nationally [2]. Human Immunodeficiency Virus
(HIV) targets the human immune system and weakens the body’s defense mechanism to fight
disease. The infected individual’s immune cells are destroyed and impaired by the virus. The
body gradually becomes immunodeficient and finally develops into a life-threatening condition
called Acquired Immunodeficiency Syndrome (AIDS) [3]. AIDS, a stage that occurs within 10
years after HIV infection, increases susceptibility to a wide range of chronic and life-
threatening diseases leading finally to death [4]. The virus completely hijacks the human cell
to integrate its genetic material to produce new virions [5]. The replication process of HIV is
different than traditional viruses of the retrovirus family. The higher transcription error rate of
the HIV reverse transcriptase enzyme creates huge heterogenicity in HIV virions [6].
Heterogenicity is the primary factor contributing to the difficulty of treating HIV. Different
techniques and tests are used for diagnosing HIV and for guiding the treatment [7]. The cure

for HIV is based on the infection mechanism and the lifecycle stage to be targeted [8].

In the highly active antiretroviral therapy (HAART), multiple antiretroviral drugs are used for
the treatment of HIV/AIDS to decreases patient viral load, maintain the functioning of the
immune system, and reduce circulating viremia to prevent transmission of the virus [9].
Antiretroviral drugs are used in multiple combinations to target different stages of the HIV life
cycle. The WHO and other organizations support research to understand the complexity of
HIV, the barrier it creates in the treatment intervention, and methods to overcome these barriers

and prevent opportunistic infections that often lead to death [10].

1.2 HIV-1 Infection, transmission, and immune response:
CD4* T cells and CD4" cells of monocytes /macrophage lineages are the primary targets of
HIV-1[11]. The CD4 receptor is primary for HIV-1 attachment to host cell membrane, and
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Co-receptors, CCR5, CXCR4, and their subtypes support fusion and entry of the virion into
the host cell [12]. The infected CD4" T cells are destroyed during the infection, for instance, by
activation pathways leading to cell death and cellular fusion through inducing syncytia. A
group of healthy cells gathers around the single infected cell, forms multinucleated giant cells,
and collectively lose their function and immune response [13]. Cell death occurs through
membrane disruption and involves calcium channels and phospholipids formation [14]. HIV-1
strains exhibit selective infection to a cell type based on the receptors expressed on the surface,
which refer to the tropics. Based on the feature of co-receptors usage, namely CxCR4-specific
viruses referred to as T cell tropic, while CCR5 specific viruses referred to as Macrophage
tropic viruses, some viruses exhibit dual tropics [15]. The infected macrophages that cannot
form syncytia are called non-syncytia inducing (NSI) and are incapable of infecting T-cell lines
[16]. Multiple routes of HIV viral transmission through mucosal surfaces and body fluids

explains the diversity of the virus,
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the primary transmission routes are cervicovaginal, penile, rectal, oral, percutaneous, and
intravenous [17]. The detection of the virus in plasma is challenging immediately after exposure
transmission [18]. This period is called the eclipse phase, which generally lasts 7 to 21 days
[19]. In the initial stages of infection, the nucleic acid amplification method is used for the
quantitative determination of HIV, during which RNA reaches 1 to 5 copies per milliliter in
plasma [20]. Quantitative assays do further detection of virus load in plasma through viral
biomarkers and antibodies [21].

The infected virus enters the genital mucosal epithelium. It replicates and then passes through
the intracellular epithelium and finally drains into lymphoreticular tissues to produce HIV-1
viremia in the acute phase [22]. This triggers a response from dendritic cells, macrophages,
monocytes, activated T cells, and NK cells resulting in the production of cytokines, pro-
inflammatory chemokines (IL-15, type | interferons (IFNs) and CXC-chemokine ligand 10
(CXCL10), TNF, IL- 18, IL-22, and IFN vy ) [23]. HIV suppressive agents like Beta chemokines
MIP-1a, MIP-1pB, and RANTES are released by CD8 T lymphocytes (Fig. 1.1) [24]. As the
viremia concentration increases to reach a peak point, the adaptive immune system starts to
produce non-neutralizing antibodies against virus envelope glycoprotein epitopes [25]. After a
certain point, the virus's immune response declines due to a highly mutated virus that does not
respond to the immune system [26]. The robust innate, adaptive immune system does not
eliminate the virus entirely but continuously produces immune responsive markers against

chronic HIV infection in some cells and tissue sites [27].

1.3 HIV-1 Proteome:

The viral proteins are divided into the following classes

Structural Proteins:

These are a group of proteins that form the virus particle and are essential for manipulating the
viral genome to produce intact virions. The following proteins are coded by viral genome:
gag

Gag protein (Group Specific Antigen) is a precursor polyprotein that is eventually cleaved by
viral proteases to give proteins that form a part of the virion particle [28]. The precursor is a

myristoylated 55KDa protein p55 is processed to provide p17 matrix (MA), p24 Capsid (CA),
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and p7 Nucleocapsid (NC) proteins [29]. Gag forms a part of a gag-pol polyprotein expressed
due to a frameshift that occurs at the 3" end of gag (gag) [30].

pol

This gene encodes viral enzymes, protease, reverse transcriptase, and integrase. It is expressed
as a 160KDa precursor Gag-pol polyprotein, packed into an assembling virion where it is
processed to give the functional enzymes. (pol) [31].

env

This gene's product is the precursor for the trimeric spike subunits expressed on the virus
particle (Fig. 1.2). The two subunits, gp160, and gp41, are glycosylated and linked covalently
to form a heterodimeric spike exposed on the surface of the particle [32]. The gp160 subunit
facilitates the binding to the CD4 receptor of the host cell, followed by engaging with seven
membrane transmembrane co-receptor, eventually leading to the formation of fusion pore by
gp41, which enable the transfer of viral capsid with its

contents to the host cell [33]. The gp120 also decides the co-receptor; thus, it is responsible for

viral tropism (env).
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Regulatory Proteins:

Tat

It is one of the two regulatory elements found to be localized in the nucleus during
immunofluorescence experiments. [34]. It binds to the TAR (Trans Activation Response)
domain present in the LTR region that acts as an RNA element rather than DNA and is
responsible for activating transcription initiation and elongation from the promoter in the LTR
region. It works like an antitermination factor by preventing the 5’ polyadenylation signal from
premature termination of transcription and polyadenylation [35]. It was observed that in the
absence of Tat protein, despite the transcription initiation being efficient, the promoter engages
with polymerases that disengage prematurely with the DNA template [36]. Tat is also a
potential drug target, and many research efforts are focused on developing compounds that act
on transactivation and thus inhibit HIV replication [37].

rev

This is the second important regulatory element that, in the nucleus, binds to the RRE element
encoded into the viral MRNA [38]. It promotes export, stabilization, and utilization of viral
mRNA containing the RRE element in the cytoplasm. Rev is highly conserved, and the
localization of rev proteins alternates between the nucleus and cytoplasm [39].

Accessory Proteins

nef

One of the first proteins produced in host cells upon infection is a 27KDa myristoylated protein
responsible for a myriad of functions. Mainly CD4 and MHC class | down-regulation increased
infectivity and modulated cells' activation states [40]. Several studies have suggested the role
of attenuated or mutated Nef in delayed progression or non-progression of the disease in Long
Term Non-Progressors [41]. It is a communicator between the virus and the host, attacking, and
hijacking host cellular functions to promote viral growth [42].

vpu

Specific to HIV-1 and some forms of SIV, it is 16KDa transmembrane protein majorly
responsible for the degradation of CD4 in the endoplasmic reticulum and the releasing of

virions from the plasma membrane [43].
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vpr

14KDa protein is packed into the virion and localizes into the nucleus upon release into the
host cell. It interacts with a gag precursor region to perform functions that include nuclear
import of pre-integration complex, transactivation of cellular genes, and cellular differentiation
[44].

vif

It is a 23KDa cytoplasmic protein present in soluble as well as membrane-bound forms. It
affects the infectivity of virions but not the production of virus particles [45]. It has been shown
that the virus produced in the absence of vif protein is defective, but it does not affect the cell-

cell transmission of the virus [46].

1.4 HIV-1 life cycle and therapy:

Spherically shaped, HIV -1 consists of an outer lipid double layer envelope, which is embedded
with three spikes of glycoproteins, gp120, and gp4l [47]. The matrix protein beneath the
envelope surrounding the virus's core to form a cone-shaped capsid consists of p24 protein [48].
The capsid encloses two copies of RNA, and enzymes reverse transcriptase, integrase, protease,
and other viral proteins [49]. The early step of virus entry is the interaction of gp120 with the
CD4 receptor, followed by binding to co-receptors (CCR5 or CXCR4) [50]. The binding with
receptors and co-receptors results in the modification in enveloping protein gp41 to form a six-
helix bundle that pulls the viral cell membrane close to the host cell, fuse, and transfers total
virus content into the host cell cytosol by fusion [51].

Retrovirus, like HIV-1, uses reverse transcriptase to produce new proteins from RNA through
complementary DNA (cDNA) [52]. RT synthesizes double-strand proviral DNA from the
diploid viral RNA strand as a template. The double-stranded reoviral DNA in association with
viral and host proteins forms pre-integration complexes, translated into the nucleus and
integrates into host DNA with the integrase enzyme [53]. Once virus genetic material integrates
into the cell, cell machinery is hijacked by the virus. The integrated DNA called The produced
new virus copies maybe inactivate or active and replicate as a parent virus, evolving as a new
virus. The higher error rate of RT makes a mutated virus, and the mutation rate varies within

the components of provirus DNA participates in synthesizing complementary
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The viral encoded genomic RNA and other enzymes come together within the viral core protein
and then finally bud from the infected cell to produce a new virus [55]. RNA strands [54]. The
RNA copies become messenger RNA and produce regular proteins necessary for budding the
virus [56]. The gag and pol gene variability are less than the envelope gene, as it contains five
hypervariable regions [57]. The diverse variability in virus components results in resistance for
existing drugs, and mutated outer envelope protein is difficult to neutralize with antibodies
(Fig. 1.3). The medical management of HIVV/AIDS with affordable drugs is essential to reduce
viral load in plasma at an undetectable level. After the detection of AIDS, researchers have
been understanding the replication mechanism of HIV-1 and investing to use tools to design
and synthesize specific targeted pharmacological agents. 25 Drugs are approved by the FDA,
which are used as antiviral drugs in antiretroviral therapy (ART). These drugs are classified
into different groups based on the mode of action [58].
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In 1986 first drug Zidovudine (ZDV) was introduced in ART, followed by other drugs in the
next few years [59]. The initial use of monotherapy was encountered with resistance problems,
resulting in dual and multiple drug combination therapies [60]. The primary goals for ART are

e  Effective suppression of viral load.

o Repair and protect immunologic function.

e  To control and decrease HIV-related morbidity and mortality.

o To enhance the quality of life of HIV-infected persons.

e  To potentially curb Mother to Child Transmission (PMTCT).

o Post Exposure Prophylaxis (PEP).
WHO recommends the treatment guidelines based on clinical stage and CD4 count in
peripheral blood [61]. At stage 1,2 of the disease, CD4 count is below 350 cells/ml, and in stage
3,4 of the disease, initiation of treatment is recommended irrespective of CD4 count [62].
Before initiation of ART treatment, a consideration for treatments of co-infections like
tuberculosis, Hepatitis B, and C, etc. [63]. The opportunistic infections (Ol) treatment is
completed before initiation of ART; otherwise, it may be associated with a higher risk of AIDS-
related deaths without significant virologic response [64]. The combination of antiretroviral
therapy can be categorized into regimens, and the most approved regimen effectively decreases
morbidity and mortality among the advanced HIV infection and AIDS [65]. The selection of
regimen depends on the likelihood of adherence, affordability of drugs, cost of therapy,
tolerability, and adverse effect profile, etc. NRTI drugs are used as a backbone in these
therapies, and remaining drugs (Pl, NNRTI, Integrase inhibitors) are combined in a dosage
[66]. The recommended regimen is initiated after the failure of the previous line treatment. The
assessment of treatment failure was explained in clinical, immunological, and virological terms
[67].
Revised NACO ART Regimen [68]:

Regimen | Zidovudine + Lamivudine + Nevirapine

Regimen | (a) Tenofovir + Lamivudine + Nevirapine

Regimen Il Zidovudine + Lamivudine + Efavirenz

Regimen Il (a) Tenofovir + Lamivudine + Efavirenz

Regimen IlI Zidovudine + Lamivudine + Atazanavir/ Ritonavir
Regimen llI(a) Zidovudine + Lamivudine + Lopinavir / Ritonavir
Regimen IV Tenofovir + Lamivudine+ Atazanavir/ Ritonavir
Regimen IV (a) Tenofovir + Lamivudine+ Lopinavir/Ritonavir
Regimen V Stavudine+ Lamivudine+ Atazanavir/Ritonavir
Regimen V(a) Stavudine+ Lamivudine+ Lopinavir/Ritonavir
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1.5 HIV-1 inhibitors Reaction mechanism and resistance:

Nucleoside /Nucleotide Reverse Transcriptase inhibitors (NRTIs): In the HIV life cycle, reverse
transcriptase plays a significant role in single-strand viral RNA translation to double-strand
DNA [69]. Active drugs inhibit viral replication through chain termination. These inhibitors are
competitive with natural dNTPs and are prodrugs converted by cellular kinases, which are
phosphorylated to act as inhibitors. The growing viral chain is terminated by preventing the
formation of 3’-5’phosphodiester bond in the presence of missing 3’-hydroxyl group moiety
of the NRTIs [70]. Currently, there is eight FDA-approved NRTIs zidovudine (AZT, Retrovir),
abacavir (ABC), lamivudine (3TC), zalcitabine (ddC), didanosine (ddl), emtricitabine (FTC),
stavudine (d4T), and Tenofovir disoproxil fumarate (TDF)(Fig. 1. 4). The Resistance to RT is
developed through the removal of NRTIs from the elongating chain resulting in transcription
of dsDNA[71]. Resistance can also emerge by selective incorporation of native

deoxyribonucleotide substrate over the inhibitor. However, some studies suggested that
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Fig. 1.4: NRTI reverse transcriptase inhibitors
(Mem. Inst. Oswaldo Cruz. 2015, vol.110, n.7, pp.847-864).
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Mutations specific for nucleoside/nucleotide (NAMSs) or thymidine analogs are also reasons
for the resistance [72].

NNRTI:

The NNRTIs mechanism is different from NRTIs and is used very extensively. The NNRTIs
activity depends on how the molecules influence the RT enzyme active sites [73]. The observed
crystal structure of HIV-1 RT consists of 66kDa(p66) and 51kDa(p51), two asymmetrical
heterodimer subunits [74]. The p66 unit contained both polymerase and RNase H domains,
whereas p51 has the polymerase active part [75]. The NNRTIs binding site is near the
polymerase site and located far from the RNase H domain site [76]. Binding of NNRTIs to RT
induces conformational changes in enzyme active site and reduces native substrate binding
capacity for polymerization of the viral genome chain [77]. Unlike NRTIs, NNRTIs are
structure-specific means those are not suitable for other viruses (HIV-2, SIV, etc.) [78]. The
advantage of some NNRTI drugs is they have shown antiviral activity even after the integration
of viral DNA, where they interfere in processing gag-pol polypeptide-mRNA slicing [79].
Approved drugs under this class include Delavirdine, Nevirapine, Efavirenz, Rilpivirine,
Dapivirine, and Etravirine (Fig. 1.5) [80]. The resistance mechanism of the above drugs was
explained in terms of allosteric site-specific mutations. Any single mutation in nucleotide can

develop high resistance and affect RT's replicative fitness [81].

Rilpivirine NH; Dapivirine
Etravirine

Fig. 1.5: NNRTI reverse transcriptase inhibitors

(Viruses 2014, 6, 2960-2973.)
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Integrase inhibitors:

The role of the integrase enzyme (IN) in HIV infection is to integrate viral DNA obtained
through reverse transcription into the host cell DNA. In catalyzes two reactions, 3’end
processing involves exposed 3 hydroxyl group attached to CA dinucleotide. The second is the
DNA strand transfer reaction, where the 3 hydroxyl group participates in the nucleophilic
attack on phosphodiester bonds on opposing strands of chromosomal DNA [82]. The developed
integrase target inhibitors mostly react on strand transfer reaction, where they specifically bind
to integrase complex with DNA end strand [83]. The activity requires binding with two
magnesium metal ion cofactors. Therefore, in the ART class, InSTIs essentially contain two
pharmacophore sites, one for cofactor binding and other hydrophobic sites, specifically for
binding to DNA. Approved Integrase inhibitors include Raltegravir (RA), dolutegravir, and
Elvitegravir (EVG) [84]. A mutation mostly causes the Resistance of INIs in amino acids at

magnesium cofactors binding active site and mutation in the integrase gene [85].
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Fig. 1.6: Integrase Inhibitors
(Future Sci OA. 2018 Sep 6;4(9): FS0338.)
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Protease Inhibitors:

In HAART treatment, protease inhibitors are used as boosters in viral therapy combined with
NRTIs and NNRTIs or integrase inhibitors [86]. The HIV-1 protease enzyme mediates the
cleavage of viral gag and gag-pol polyprotein precursors during viral maturation. Pol
polyprotein is cleaved from gag-pol polyprotein followed by further digestion into protease,
reverse transcriptase, RNase H, and integrase [87]. The inhibitors that target protease cleavage
active sites are highly effective with less resistance compared to NNRTIs [88]. However, Pls
are associated with toxic side effects resulting from drug-drug interactions in regimen therapy
and show adverse side effects in monotherapy [89]. The Pls currently approved include
amprenavir (APV), indinavir (IDV), fosamprenavir (Lexiva), saquinavir (SQV), darunavir
(TMC114), nelfinavir (NFV), lopinavir (LPV), atazanavir (ATZ), tipranavir (TPV), and
ritonavir (RTV) [90].

The Resistance to Pls occurs mainly through the mutations at protease enzyme active site for

gag-pol polyprotein cleavage and substrate /inhibitor binding site. The fully solved crystal
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Fig. 1.7: Protease inhibitors
(Lv Z,Chu Y, Wang Y. HIV AIDS (Auckl). 2015;7:95-104.).
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structure of the protease enzyme facilitated the design and development of low resistance new
inhibit

Capsid assembly inhibitors:

The capsid of the virus particle is made of building blocks of protein, arranged in a manner to
form a cone structure [91]. The capsid contains the viral genome and essential proteins that play
a vital role in the early and last viral replication and infection [92]. Hence, viral capsid
disruption and inhibition of structural protein involved in capsid integrity are potential targets.
Two inhibitors PF-3450071 and PF-3450074, have been developed that act on the capsid in the
early HIV-1 replication stage [93].

HIV maturation inhibitors:

In HIV, maturation happens before the budding of the virus from the host cell. For viral growth,
gag polyprotein precursor cleavage is necessary for positioning essential proteins for new virus
development. Bevirimat (formerly PA-457) acts on gag processing, one of the active agents
resulting in immature virions and a decline in plasma HIV -RNA level in patients [94].

Entry inhibitors:

The entry inhibitors act on the virus-cell entry process either on viral attachment to the host
cell or on the fusion process after anchoring on the cell surface [95]. Protein-protein interactions
and protein structural modification play a significant role during the entry process [96]. It is
challenging to target highly mutated viral envelop protein; most of the drugs currently in a
clinical study target host protein. The entry mechanism first involves envelope glycoprotein
attachment to the CD4 receptor, followed by conformational modifications in viral envelope
protein and further binding with co-receptors (CCR5 or CXCR4) [97]. The binding with the co-
receptor ensures membrane fusion and viral core transfer into the host cell's cytosol. The
exposed structure of envelope protein gp4l ectodomain participates in fusion. Active
confirmation of gp41 forms a trimeric coil packed into a six-helix bundle [98]. Based on the
inhibitor’s target site, the entry inhibitors are subdivided into CD4 antagonists, co-receptor
antagonists, and fusion inhibitors [99].
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Fig. 1.8: HIV fusion, entry, and inhibitors
(Latinovic O, Kuruppu J, Davis C, Le N, Heredia A.Clinical Medicine Therapeutics. January 2009.)

CD4 antagonist:

The antagonists block the attachment of gp120 -CD4 and the conformation suitable for co-
receptor binding. Researchers developed a monoclonal antibody against the CD4 receptor,
soluble CD4 (sCD4) against gp120, microbicide to control vaginal transmission, and some
small molecules that disrupt gp120-CD4 binding [100]. However, all inhibitors failed in
preclinical, clinical trials due to lack of physiological properties and resistance. Some
developed CD4 antagonists include, BMS-378806 (CD4-gp120 Attachment inhibitor) PRO-
542 (CD4-Ig fusion), TNX-355 (Ibalizumab, Anti-CD4 Mab) [101].

Co -receptor Antagonist:

The co-receptors are transmembrane G protein-coupled receptors that have been associated
with multiple diseases such as cancer, rheumatoid arthritis, asthma, HIV, transplant rejection,
etc. In HIV-1 essential co-receptors are CCR5, CXCRA4 that play a significant role in viral entry
through binding with CD4 induced conformation of gp120 variable loop (V3) [102]. Early after
infection, most HIV-1 variants are CCR5 mediated, later converted to CXCR4; however, some

viruses use both co-receptors. CCR5 is the essential co-receptor for virus infection, and hence
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inhibition of conformational changes is necessary for inhibition of the virus [103]. Some of the
antagonists have been developed, which are native/modified CCR5 substrates (CCL3 (MIP-
la), CCL5 (RANTES), CCL4 (MIP-1b), and RANTES analogs) and allosteric site binding
small molecules. One of the small molecules maraviroc, approved by the FDA [104], binds at
the hydrophobic pocket region in CCRS5, creating conformational changes resulting in the
blocking of v3 loop interaction ECL2 loop of CCR5. Some co-receptor antagonists under
development currently include Aplaviroc (CCR5 antagonist), vicriviroc (CCR5 antagonist),
TAK-652 (CCR5 antagonist ), INCB009471 (CCR5 antagonist), AMD3100 (CXCR4
antagonist), and PSC-RANTES (Chemokine analog Microbicide) [105]. The host protein CCR5
targeted antagonist’s resistance mechanism differs from other ARV drugs. The reasons can be
explained in 1) virus tropism switching, 2) virus effectively using inhibitor bound receptors
also for entry, 3) Faster rate of entry 4) high availability of co-receptors [106].
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Fig. 1.9: CCR5 Antagonists
(Rama Kondru et al., Molecular Pharmacology March 1, 2008, 73 (3) 789-800).
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Fusion inhibitors:

The fusion process is an intermediate step between virus pre-entry and posts entry. The six-
helix bundle formation is initiated at gp41 N -terminus, and two adjacent heptad repeats (HRS)
reorient to form a thermostable helix bundle. After constructing the bundle, viral and cell
membranes parallelly come together, followed by a hydrophobic fusion peptide region inserted
into the cell membrane to form a pore for viral core transfer [107]. Disruption of the bundle
formation by mimicry of one of the domains helps inhibit virus fusion. In the rational design
of peptides, the alpha helix homolog, a 36 -amino acid peptide Enfuvirtide

(T20, Fuzeon) that binds with the HR2 region of gp41, was approved by the FDA in 2003 as a
fusion inhibitor [108]. The problem with fusion inhibitors is the low oral bioavailability of the
peptide molecules. Even though a substantial amount of research to successfully develop this
class's compounds is being done, only the T-20 Fusion inhibitor is currently approved for
patient use, the T-1249 Fusion inhibitor was discontinued, and the C- 34 Fusion inhibitor is
under preclinical trials [109].

The resistance of enfuvirtide was shown to be by the virus was mutated in the heptad repeat
region of gp4l and intrinsic susceptibility to mutations outside the enfuvirtide binding site
[110]. The less availability of enfuvirtide drugs during co-receptor engagement and helix

bundle formation is also a reason for resistance.

Enfuvirtide

Fig. 1.10: Structure of T-20 (Enfuvirtide)
(Nat Rev Drug Discov 3, 215-225 (2004)).
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1.6 HIV entry inhibitors development and challenges:

The envelope protein is a glycoprotein and is a precursor of viral gp160 and is synthesized at
the endoplasmic reticulum (ER) followed by glycosylation and maturation gp120/gp41 trimeric
complex at the trans-Golgi complex [111]. Subsequently, combined with HIV-1, Gag proteins
embeds into the transmembrane of new infectious virus particles. In the early and late stages
of the viral life cycle, envelop proteins are a prominent target for both the human immune
system and other synthetic molecules (recombinant antibodies, peptides, and small molecules)
to prevent and eliminate the viral infection [112]. In the process, the new direction of studies
that include targeting latent virus reservoir activation and interferon-induced antiviral proteins,
which are the target in enveloping protein maturation and assembly process, have been
extensively taken up [113]. For example, cellular protease (furin, furin-like protease, and serine
proteases) are involved in gpl60 proteolytic cleavages, which are good targets for disrepute
envelop function. The virus entry mechanism follows several structural strategies that facilitate
drug design and development. The advantage of viral protein targeted entry inhibitors is that
they need not cross the host cell membrane and attack free viral particles before attaching to
the host receptors [114]. Entry inhibitors have been discovered in different strategies, which are
1) structure-based rational drug design, 2) phage display technique exposing with a library of
peptides, 3) monoclonal antibodies towards conserved regions on gp120 4) small molecules
screening by in-vitro assay [115]. The major hurdles for immunological and small molecule
therapeutic intervention of virus infection are high mutations in gp120 regions and masking of
the conserved region by carbohydrate groups (glycan shield) [116]. Structural biology and
mutagenesis studies have given essential insights for drug design and development to block
viral entry [117]. There are numerous therapies in the developing clinical stage for the US FDA,
thus promising the arrival of multiple new entry inhibitors, either virus or cellular protein

target.

1.7 HIV nano-drug delivery and Importance:
The durable mutagenesis nature and latency of HIV have been challenging to control and cure.
It continues to be the center of research efforts as the complete cure and prevention remain

elusive. Only ART treatment-based control of viral load over a lifetime. A drug has been taken
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regularly during the HAART treatment, but it has some problems like toxicity, tolerability, and
less adherence to patients [118]. Less commitment to treatments

is common among patients because of drug-drug interactions, less water-soluble drugs,
multiple pharmacological reactions, target resistance, and nontargeted interactions [119]. To
improve treatment adherence, revolutionary nanotechnology has been widely used in the
present century. Different materials are used in nanoscale treatment to prepare formulations
with specific properties that impact their delivery [120]. In clinical treatment, mostly
biodegradable materials are considered to ensure biocompatibility with the human body [121].
The nanoscale drug delivery platform improves the half-life of drugs by control delivery and
decreases side effects [122]. Additionally, structural modification on the particles' surface with

functional groups facilitates the targeting receptor-specific delivery of drugs. The potential
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nanotechnology also provides versatile preventive options for HIV in antiretroviral therapy,
immunotherapy, vaccinology, gene therapy, and microbicides. [123].

Nano antiretroviral therapy: In nanoparticle-based antiretroviral treatment, the polymeric
material is used for drug loading and delivery. Some of the materials Nano-drug delivery
system could enhance the distribution of hydrophobic, hydrophilic, and macromolecules within
the tissue and intercellular site with its small size [124]. Antiviral drugs can be loaded into
nanomaterial to target CD4" T cells and macrophages, major viral reservoirs. For example,
polyethylene-polypropylene glycol (poloxamer 338) and PEGylated tocopherol succinate ester
(TPGS 1000) was loaded with rilpivirine to improve the half-life of free drugs [125]. Another
study demonstrated stavudine encapsulated other liposome surfaces modified with mannose
and galactose used for receptor-mediated internalization at macrophages [126].

Nano gene therapy: Efforts to identify new and alternate antiviral therapy lead to gene therapy
identification. This method involves a gene transported into cells to interfere with viral
replication. Nucleic acid compounds like DNA, aptamers, and siRNA are used for gene therapy
[127]. Nano delivery method is used in non-viral vector gene delivery and RNA interference
(RNAI) in which target gene slicing and destruction of the mRNA of interest gene is done by
the sSiRNA molecule [128]. In the case of HIV/AIDS, RNAI can target either cellular or viral
proteins that are involved in infections. Non-viral SIRNA delivery with polymers, liposomes,
and peptide conjugated antibody was previously reported for effective delivery at macrophages
and T-cells [129].

Nano immunotherapy: Another approach to preventing HIV infection to the host cell is
immunotherapy. The immune system responds and releases active molecules against HIV to
prevent virus infection and replication. But the human immune system is unable to adapt to the
virus’s escaping strategies [130]. Hence it becomes exceedingly difficult to eradicate the virus
from the body. Immunomodulators are a class of molecules used to modulate and activate the
immune system against HIV. CD8'T cells and B -cells play a major role in immune response
to produce cytotoxic agents and neutralizing antibody, respectively. The immune system's
susceptibility depends on the availability of antigen agent at antigen-presenting cells (APCs).
The delivery of antigen agents at target cells is exceedingly difficult; hence nano delivery
platform can enhance the modulator’s availability through receptor-mediated delivery on target
cells. Poly (lactic-co-glycolic acid) (PLGA), poly(D, L-lactide)
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(PLA), and polyethyleneimine mannose (PEIm), etc. are used as delivery materials to deliver
immunogenic agents in the vaccination process against HIV/AIDS [131].

Nano microbicides: Vaccination against HIV is complicated, and hence alternative methods
for preventing viral transmission are studied. Majorly, viral transmission happens through
sexual transmission, and prevention of this rote of infection and control of viral spread is of
Utmost Importance [132]. Condoms are the current method to prevent transmission via this
route. However, in the case of women, protecting methods have not been readily available.
Microbicides are protecting agents used for preventing sexual transmission of HIV and other
STDs. They are usually in the form of gels most applied internally in the vagina. Most of the
ART drugs are formulated as microbicides and used in the sexual therapeutic intervention
[133]. However, most microbicides are failures at clinical trials due to virus mutation and low
availability of drugs in the mucosal layer of the vagina. This necessitates a new approach for
improving the microbicidal activity of the drugs [134]. Nano formulation and inter vaginal
nano delivery mechanism, which increases the availability of drugs, both external and internal
tissues, are being explored to overcome the current challenges [135]. The formulation
processes of these nanosystems use some unique materials like L-lysine dendrimer, poly
(propylene imine and PLGA, etc. due to their properties that contribute to the requirement for
this mode of delivery [136].

Nano drug delivery is a promising delivery approach for improving patient compliance with
better target delivery and a superior safety profile [137]. The drug delivery route and dosage of
active molecules vary with nano delivery system design. The essential properties of
nanosystems, such as particle size, shape, surface charge, and specific functional groups, can
modify bioavailability and targeting [138]. Small and specific functional groups can penetrate
the cellular surface and promote intracellular drug delivery in a target-specific manner without
extracellular degradation [139]. In HIV/AIDS treatment, the nano delivery system mostly
favors elimination or prevention pathways such as vaccination, microbicides formulation, and

receptor mediate inhibition.

1.8 Early pregnancy-associated protein (Epap-1) and its action:
The protein Epap-1 isolated from first-trimester pregnant women is 90 KDa protein. It has been
reported to possess antiviral activity through broad interactions with conserved and variable

regions on envelope protein (gp120 + gp41). The interactions are highly conserved in varied
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strains of the virus leading to inhibition of viral entry [140]. However, in its clinical use, some
challenges are raised related to the production, stability, and delivery of the protein. Hence,

there is a need to develop new small peptidomimetics that work as the active protein.

1.9 Broadly neutralizing antibody 447-52D against gp120.

The immunological neutralization of highly variable HIV-1 like a virus through antibodies has
been difficult due to predominate mutations in spike proteins along with glycosylation
shielding. However, some conserved and variable regions on envelop proteins come out from
the shieling and exposed outside during the entry mechanism. Those regions are immunogenic
and induce antibodies in variant strains of the virus. For example, anti-V3 broadly neutralizes
antibodies like 447-52D and 2219, interacting with other immunodominant regions on gp120
[141]. The interaction regions of the V3 loop and antibody guide in exploring small molecule

for sight specific interactions on viral protein.

1.10 Lactoferrin as nanocarrier:

Lactoferrin (Lf) is a transferrin family 80KDa glycoprotein, abundantly available in mammal
milk, secretory fluids, and white blood cells[142]. The protein has shown antiviral,
antibacterial, and antifungal activity [143]. The biocompatible and multi-active protein was
established as a nanocarrier for active drug delivery [144]. The preparation and site-specific
delivery are essential for nano delivery, which could be possible by merely preparing and
modifying functional groups on surface particles. In Lf, preparation and receptor-based
delivery were possible by oil in the water sonication method and transferrin receptors on human
cells, respectively [145]. However, Lf-NPs have been reported as drug carriers for HIV-1 ART
drugs with optimal results[146]. To improve the efficiency and target specificity of the Lf -
NPs, the surface was modified in some groups to target viral protein, which is acting as a dual-

purpose carrier.

1.11 Small molecule drug discovery and Chemical structural evaluation of
hydropyrimidine and s-triazane derivatives as inhibitors:

“Fragment-based drug discovery” [147] is a method in which protein-peptide and protein -
interacting antibody fragments are considered for small molecule mimetics design. The

antibody or specific peptide interactions provide knowledge about valid target site recognition,
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consequently, reduce the biological and chemical rick of small molecules. The compounds
invoke similar effects as antibodies on-site and modulate protein-protein interactions [148].
The mimicking chemosuperiors are considering as “hits” for lead molecule development with
various modifications. In general, QSAR or pharmacophore models have been used to further
develop molecules for better binding at target protein [149]. But here, the small molecules were
designed for HIV-1 entry inhibition based on broadly neutralizing antibody(447-52D) and
active peptide (Epap-1) fragment interactions for retardation of virus entry. The selected
molecules participated in hydrophobic, hydrophilic, and hydrogen bonds at the targeted site.
The structural consideration of drug-like molecules with pharmacological stability,
conformational changes, and reduced metabolism[150]. For example, 1,234 -
Tetrahydropyrimidine (THPM) derivatives used as HIV-1 fusion inhibitors [151], and
dihydropyrimidine (DHPM) derivatives were used as replication inhibitors[152]. Moreover,
other biological activity inhibitors contain hydropyrimidine as a core structure. The activity
and metabolic stability of the DHPM or THPM scaffold vary with functional changes in core
structure (hydropyrimidine) with different bioisosteres, which facilitate optimization of target-
specific binding [153].

Another biologically optimal core structure is s-triazane or 1,3,5 -triazines involved in many
biological activity molecules that include antimicrobials, anticancer, tumor growth inhibition
activities, and estrogen receptor modulators drugs [154]. The 1,3,5 -triazine scaffolds were
synthesized by nucleophilic substitution of less expensive cyanuric chloride with different
functional groups. The sequential ring substitution was depending on temperature and reaction
time [155]. The triazine ring's structural advantage was electrostatic interaction with other rings

based on electrons' nature donating and withdrawing group substitutions.
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1.12 Rationale of the study:

Early HIV-1 inhibition is essential for viral load control, which is possible through entry
inhibitors. But only two entry drugs have been used in antiretroviral therapy, with one targeted
to host protein, another targeting viral protein. In the study, we design, develop, and synthesize
small molecules to target viral protein. The Epap-1 and 447-52D antibody interacting with viral
envelope protein gp120 and the interacting regions were used to design drug-like molecules.
In the study, another part was entry inhibited surface-modified lactoferrin

nanoparticles used as drug (AZT) carrier for post-entry inhibition. The dual nature nanoparticle

preparation characterization and biological evaluation.

1.13 Objectives of the work

Objective I: Synthesis and characterization of novel HIV-1 entry inhibitors based on Epap-
1 derived peptide targeting envelope gp120.

Objective I1: HIV-1 envelope protein V3 loop and neutralizing antibody 447-52D
interactions based on derived molecules development, synthesis, and
characterization.

Objective I11: Sulfonate modified lactoferrin nanoparticles as drug carriers with dual

activity against HIV-1.
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Materials and Methods

2.1 Materials:

All reagents and solvents were of analytical grade and were used without further purification.

High precision instruments were used for molecular characterization.
2.1.1 Reagents:

Bovine Lactoferrin was purchased from Symbiotics, USA. Purified pharmaceutical grade AZT.
Doxorubicin hydrochloride (Doxo) purchased from TCI Co.,Ltd .MES (sodium 2-
mercaptoethane sulfonate) was purchased from (Sigma Aldrich, USA). Olive oil was procured
from Leonardo. Curcumin (SRL Chemicals) - excitation/ emission 420 nm/470 nm. Uranyl
Acetate (Spectrochem Pvt Ltd), Copper Grids (ICON Analytical), the lactoferrin receptor
antibody (Interleukin 1 Invitrogen Cat No:PA577179), V3 loop antibody (NIH Reagents
Programme, Cat No0:2343), DNA ladder, MTT(Sigma Aldrich), P24 KIT (ABL INC),
Coomassie Brilliant Blue R(sigma), DAPI (Thermo-Fisher scientific) -Excitation/Emission-
358nm/461nm. Calcein AM (Cat No:C3100MP excitation/ emission 488nm/570nm), Hoechst
33342(Invitrogen Cat No:H3570 excitation/ emission 350nm/461 nm), Con A (sigma#c2010),
Sepharose 4B (Cat No: 4B200). RPMI 1640 media((Gibco), DMEM/F-12(Gibco) media,
MEM(Gibco),Foetal bovine serum (FBS, Gibco), Trypsin EDTA 0.5%, Penicillin
Streptomycin antibiotic Sodium methoxide (SigmaAldrich),Acetophenone(Sigma Aldrich),
Ethyl picolinate(Sigma Aldrich), Benzaldehydes(Sigma Aldrich), p-TsOH, glacial acetic acid
(finar), 1,4- dibromo-3,4-butanone(sigma), K.COs , dry DMF(finar), dry THF (finar), ethyl
acetate(finar) ,tetramethyl silane (TMS), DMSO-des (Sigma Aldrich) , 2,4,6-trichloro -1,3,5 -
triazene  (cynuric  chloride, Sigma  Aldrich ), Isonizide(Sigma  Aldrich)
,hydrazine(TCICo.,Ltd),ethyl2-chloro-2-oxoacetate(SigmaAldrich),Anthranilamide,p-

toludine(SRL Chemicals), Acetone (finar) , Culture grade DMSO (Sigma Aldrich )etc.

2.1.2 Cell lines:

Non-Hodgkin's T cell lymphoma, SupTl cells, and Cervical epithelial HL2/3 cell lines
(modified to contain stably integrated copies of the HIV-1 molecular clone HXB2/3gpt)
obtained from NIH AIDS Reagent program.SK-N-SH cell lines (neuroblastoma ) were
obtained from ATCC. SKN-SH cell line derived from neuroblastoma, 3T3, a mouse fibroblast
cell line acquired from NCCS, NIH were used to carry out the work.HIV-1 gain101(Subtype C),
HIV-1nL4-3 (Subtype C).
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2.1.3 Instruments & Tools:

A Bruker AC NMR (400 MHz), HRMS, and FTIR, CO2 Incubator, Autodock Vina 4.0
(molecular docking), Graphpad Prism 6.0 (statistical analysis). ELISA Plate
reader.Ultrasonicator (Model 300V/T of Bioloics Inc.,, USA), Transmission Electron
Microscopy (TEM -Techni), FE-SEM-Carl ZEISS ultra-55, Germany, Nano sight (NS500),
Zeta sizer (Malvern), Fluorescent Microscope (Carl-Zeiss), HPLC (Water), portable Raman
spectrometer, B&W Tek, Nanodrop Lite (Thermo Scientific), Bruker Avance-500 MHz, MAS
spectrometer, Bruker 4-mm H/X/Y MAS probe, Origin Pro software, topspin software, ImageJ
Java 1.8.0_112.

2.2 Methods:
2.2.1 Design and Docking of molecules to target gp120:

The Epap-1 peptide interaction-based designed small molecules UHLMTA-E5 and UHLMTA-
E8, E9 contains pyrazole and DHPM (dihydropyrimidine )as a significant scaffold,
respectively. The slight modification in UHLMTA-E9 with a 2,3-diketobutane group and
derived new derivatives UHLMTJ-E9.S(1-7). The development of major 1,2,3,4-THPM -
thioxo,-oxo(UHLMTJ-254(a-g), UHLMTJ-255(a-g)) scaffold molecules towards target
“phe43 cavity” binding were virtually explained through below molecular docking. The
molecules were docked using Autodock Vina v4.0 [156]. For that, molecules were sketched
using ChemSketch, and energy was minimized. The target gpl120 molecule, 2B4C, was
obtained from PDB and pre-processed before docking. Scanning for the binding region was
set, and configuration files to run the docking were prepared. The grid box for the gp120 crystal
structure, 2B4C, was set to 40*40*40 A and was centered at X, Y, and Z coordinates of 99.723
-138.533, 136.561, respectively. The exhaustiveness of the run was set to 10. The default output

was set as 10 conformations per molecule.

The molecules designed from 447-52D epitopes and gp120 interactions based are incredibly
complicated to synthesize. In the molecules, most of them contained remarkably similar
functional groups participating in gp120 interactions. Based on the previous literature [157],

some of the molecules' parent chemical structures like s-triazane were shown to possess anti-
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HIV-1 activity; hence, molecules with these structural frameworks were considered for new
molecules design and development. The molecules were designed through the substitution of
different functional groups on parent structure to facilitate better binding at the V3 loop. The
virtual screening of molecules through docking was established as per the above docking
procedure under coordinates. The grid box for the gp120 crystal structure, 2B4C, was set to
34x30x36 A and was centered at X, Y, and Z coordinates of 52.777, 97.241, 59.716,
respectively. The exhaustiveness of the run was set to 10. The default output was set as 10

conformations per molecule.

2.2.2 Chemical synthesis of 2-(3-phenyl-1H-pyrazole-5-yl) pyridine:

To take Acetophenone (19.8 mmol) and Sodium ethoxide (22.4 mmol) in dry THF solution
(15ml) and a stirred suspension at room temperature (RT) followed by slow addition of ethyl
picolinate (13.2 mmol) to the reaction, and the reaction was under reflux at RT for 20 hr. After
completing the reaction, the suspension was neutralized with 2M HCI, and the compound was
extracted with ethyl acetate. The resulting solid material was then dissolved in ethanol, and the
further reaction was conducted with hydrazine hydrate under reflux at RT for 6h. The formed
crude product was purified by sublimation at 85 °C, followed by recrystallization in a mixture
of CH2Cl> and hexane [158] (Scheme 1).

HN-N
| X7 o NaOH,98% NH,-NH, N
_N T >
Dry THF,50 °C,20 hr N
2.1
Scheme 1
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2.2.3 General procedure for preparation of

Ethyl 6-methyl-4-phenyl-2-thioxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate and

Ethyl 6-methyl-2-oxo-4-phenyl-1,2,3,4-tetrahydro pyrimidine-5-carboxylate

derivatives:

An aldehyde (Immol) was taken in a 25ml round-bottom flask fitted with a reflux condenser,
and added ketoester (1.2mmol), thiourea (1.5mmol), p-TsOH (25mg), EtOH (10ml). The
mixture was heated to 78 °C under reflux for 0.5-4h, and the TLC was used for reaction
progress monitoring. After completing the reaction, the solution cooled to room temperature
and then filtered to get the crude product. The product purified by rinsing with toluene and

water, then dried to obtain the desired products as a solid crystalline 2.2a-g [159].

The product of 2.2a-g (0.01 moles) and 1,4-dibromo-3,4-butanone (0.05 moles) was dissolved
in 10 ml DMF and then basified with K,COs. The mixture heated at 100 °C overnight, and then
the reaction was monitored by TLC. After completion, the response was cooled and washed
with brain solution and extracted into ethyl acetate get the crude product that was purified by
column chromatography and analyzed to get the product 2.4a-g despite 2.3a-g (Scheme 2).

o o
A~ HZNJLNHZ_'_ -

R <R
o | A | s
+ /Y]\/Br K2CQa Y . S
OCyH; ~ Br —— c,ho N o N OC;Hs
o DMF reflux ,6h I A /\n)J\,S'LLN !
' ' N™™8
H o H

K2CO4 2.3(a-9)
DMF reflux ,6h
R =4-OH ;2.23,2.33,2.4a
=4-Br ;2.2b,2.3b,2.4b
=2-0H,5-Br; ;2.2¢,2.3¢,2.4c
=4-0CH3 ;2.2d,2.3d,2.4d
=3-0CH3,4-0H ;2.2e,2.3e,2.4e
=3-Cl ;2.26,2.3F,2.4f
=2-CH3 ;2.2g,2.3g,2.4¢

2.4(a-g)

Scheme 2
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2.2.4 Synthesis of 2-(2-(5-bromo-2-hydroxybenzylidene) hydrazinyl)-2-oxo-N-(p-
tolyl) acetamide:

p-toluidine (leq) solution in dry dichloromethane (DCM) was added TE(triethylamine
)(1.5eq), and then added to ethyl 2-chloro-2-oxoacetate(1.2eq) in DCM dropwise at 0 °C. The
reaction was carried at 0 °C for 1 h and then at room temperature for 6 h. After completing the
reaction, the reaction mixture was washed with 25% aqueous solution of K.COs3, followed by
extraction with ethyl acetate and dried over Na,SO4. The solvent evaporated to get a solid white
product with a 75% yield.

The white product of 2.5 (1eq) and the hydrazine hydrate (2eq) was reflexed overnight and
then poured into crushed ice to get white precipitate finally crystallized from ethanol to obtain

a white powder with 50% of yield.

A few drops of glacial acetic acid added to the ethanolic solution of product 2.6(1eq), then 5-
bromosalicylalhyde (1eq), was added, followed by a reaction mixture stirred for 4h at room
temperature(RT), and then cooled on ice to precipitate the product. The yellowish-white
precipitate was filtered off and then crystallized from hot ethanol to obtain 2.7as a final product
[160].

NH, HNJKH/O\/

o TEA o
+ C'%o/\ +  HyN—NH, .H,0
o Dry DCM,0°C — RT,6h

CH, CHg

Y

25 Reflux,Overnight

H,C
3 \©\ o OH
NH_ 7 o
N)S( N _ EtOH 4 H
N -
O Reflux,4h
Br

2.7

Scheme-3
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2.2.5 Synthesis of 2-(4-aminophenyl)-2,3-dihydroquinazolin-4(1H)-one:

The anthranilamide (0.73 mmol) was dissolved in 2ml of acetonitrile, then mixed with 4-
nitrobenzaldehyde (0.73 mmol) and cyanuric chloride (0.135 mmol, 10 mol %) at RT. The
reaction mixture was reflexed at 70 °C for 0.5 hr, and after the reaction was completed, the
access solvent was evaporated and washed with cooled water to get a yellow solid (2.8) with a
95 % yield [161]. The solid nitro, compound 2.8 (0.01mol), was dissolved in a mixture of
ethanol (10 ml), water (0.05 ml), and added few drops of a con. HCI. The solution was gently
stirred for 10 min at RT and then added iron metal powder (0.03 mol) and NH4Cl (0.03mol).
Finally, the total mixture was refluxed for 0.5 hr at 60 °C. TLC was used for monitoring the
completion of the reaction. After completing the reaction, the reaction mixture was cooled at
RT and then neutralized with the ag.solution of 10% NaHCOs3, poured into cooled water, and
filtered to get the solid supernatant cake, which was washed with hot ethanol and chloroform
in 1: 1 ratio. To obtain the final compound, evaporate the solvent, and got the pure amino

compound (2.9) with a 40% yield; no further purification was required [162].

o} NO,
@NHZ 10% cynuric chloride ©\)L con.HCI,Fe NH4CI ©\)L
NH, " CHiCN, 40°C 0.5h Eto” "HZO Reflex, J\©\
HC\\O

Scheme-4

2.2.6 General procedure for 2,4,6-trichloro -1,3,5 -triazene substituted derivatives:
Monochloride substitution of 2,4,6-trichloro -1,3,5 -triazene with Arylamines:

The mixture of 2,4,6-trichloro -1,3,5 -triazene (0.01mol) and arylamine (0.01 mol) was taken
in acetone and stirring at 0-5 °C. After 1hr, 4% of NaOH solution was added dropwise with
rapid stirring and then continue the reaction up to 2hr. After completing the reaction, the

mixture was poured into crushed ice and then neutralized with 2M HCI under continuous
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stirring to get solid. The solid compound was filtered, washed, and dried, and recrystallized in
acetone [163].

In the case of sulfonic acid products, the ice water was acidified at pH 2.0 and filtered off to

get sold product.
Dichloride substitution of 2,4,6-trichloro -1,3,5 -triazene with Arylamines:

The monochloride substituted triazene (0.01mole), and the arylamine (0.01mol) were dissolved
in 1,4- dioxane at RT. During the reaction, the released HCI was neutralized with dropwise
added 4% of NaOH (Alternatively, dry DMF as a solvent and K>COs as a neutralizing agent
also used) and continue reaction up to 3hr and maintained reaction mixture at pH 7.5 to 8.0.
After completing the reaction, the total blend was neutralized, washed with excess water,

filtered to get the recrystallized product in acetone, and dry DMF [164].

In the case of sulfonic acid products, the ice water was acidified at pH 2.0 and filtered off to

get sold product.
Trichloride substitution of 2,4,6-trichloro -1,3,5 -triazene with Arylamines:

Dichloro substituted triazene (0.01mole) and arylamine (0.02mol) in dry acetic acid under N2
conditions were reflexed at 110 °C for 1hr. After relaxation, the reaction mixture was cooled
and into ice-cooled water, then was filtered to get a solid product. Finally, the compound was
washed with hot water and hexane to get a required product, which was further crystallized
with 1,4-dioxane [165].
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2.2.7 Preparation and Physical Characterization of nanoparticles:

For the preparation of drug-loaded Lf NPs, 10mg of the drug was dissolved in 100 ul of DMSO
and added to 40mg/ml Lfin PBS (pH 7.4), followed by incubation on ice for a period of 60min.
The incubated mixture is added slowly to 25ml of olive oil and sonicated at 4°C incubated on
ice. The ultrasonicator horn was positioned at the oil-water interface, and the sonication was
done at 20kHz with 60% efficiency over 15min, followed by incubation on ice for 4h. Finally,
formed nanoparticles were separated by centrifugation at 6000rpm for 30 mins. The remaining
oil was decanted; the remaining oil was removed from the pellet by washed with an excess of
cold diethyl ether. Further, the pellet was dissolved in 1X PBS (pH 7.4) and stored at 4°C for
later use [166]. Blank NPs were prepared using the method described, without incubation with
the drug.
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MES conjugated nanoparticles were prepared using 30mg of MES powder to the above
mixture of drug and Lactoferrin and incubated for another 15min. Sonication and work-up to
obtain the final nanoparticles were performed as described. The sonochemically prepared Lf-
MES/Lf-MES-drug nanoparticles were dialyzed at 4°C overnight to remove an excess of MES.
Formed particles were dissolved in 1X PBS (pH 7.4) and stored at 4°C for characterization and

later experiments.

2.2.8 Characterization of Size and shape of nanoparticles by FE-SEM and TEM:

Evenly distributed nanoparticles (10 pl) were spotted onto the Copper grid (Carbon type B 200
mesh), followed by drying and staining with 2% (w/v) Uranyl acetate. The stained and dried
particles were analyzed for size using Transmission Electron Microscopy. In the case of Field
emission Scanning Electron Microscopy analysis, the sample was spotted on a sterile glass
slide and allowed to dry. Dried slides were coated with gold and analyzed with FE-SEM as per

imaging instructions.

2.2.9 Size and charge the distribution of nanoparticles in suspension:

The stability and incorporation of MES on Lf-NPs were explained by charge distribution on
the particles. For sample preparation, a low concentration of nanoparticles was dissolved in

Milli Q water and injected into the Nano sight and Zeta sizer, respectively, at 25°C[167].

2.2.10 Agarose gel electrophoresis for charge-based nanoparticle migration study:

The native agarose gel (0.8%) was prepared in buffer A (25 mM Tris-Cl (pH 8.5) 19.2 mM
glycine). 2-5 pg of each sample was mixed 1:1 (v/v) with 2x loading dye (20% glycerol, 0.2%
bromophenol blue,0.12 M Tris-Cl), an equal concentration of samples was loaded into the
wells. DNA Ladder was loaded to mark the movement towards the anode. The gel was run at
50V constant VVoltage at room temperature for 1 hr in Tris-Cl buffer pH 8.5. The gel was stained
with Coomassie stain (0.12% Coomassie Brilliant Blue R 45% methanol 10% acetic acid) and

destained with a destaining solution (45% methanol and 10% acetic acid[168]. The images of
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the gel were captured in Gel Doc (ChemDoc Imaging system). Two images, one taken in UV
range to visualize the DNA marker and the other taken to locate the protein (nanoparticles),

were taken separately and merged.

2.2.11 pH- dependant drug released study:

Freshly prepared Lf-NPs containing 1mg of AZT (Lf-AZT NPs) were incubated with 1ml PBS
at different pH (2.0-9.0) for 12hrs. Post-incubation, nanoparticles were treated with 200 ul of
30% AgNO:s to precipitate the protein. The drug was further extracted into the organic phase
by adding 1mI HPLC grade methanol. AZT was separated using a reversed-phase C-18 column.
The mobile phase for AZT was acetonitrile: methanol (60:40 v/v) at wavelength 265 nm. The
total mixture was centrifuged at 12000 rpm for 20 min, and the supernatant was filtered using
a 0.4-micron syringe filter and quantified by HPLC [169]. The above method was followed for
Lf-MES AZT NPs.

2.2.12 Drug Loading Capacity (LC) and Drug Encapsulation Efficiency (EE).

Nanoparticles were incubated in 1ml PBS (pH 5.0) at RT for 24 h on the rocker to release the
drug into the aqueous phase. 200 ul of 30% AgNOs was added to the incubated NPs to
precipitate protein. The drug was further extracted into the organic phase by adding 1ml HPLC
grade methanol. The total mixture was centrifuged at 12000 rpm for 20 min and syringe filtered
using a 0.4-micron filter and quantified by HPLC. LC and EE are then calculated by the below
formula [169].

LC% = (Mass of the drug in NP - Mass of NP) x 100

EE% = (Amount of drug present in NP

<+ Initial amount of drug used ) x 100

1.4x10° HL2/3 cells were seeded and allowed to adhere. Curcumin was used for tracking the
drug due to its intrinsic fluorescence. Cells were incubated with 10puM of Curcumin containing
Lf-NPs and Lf-MES NPs at time points 30min, 1hr, 2hr,4hr,8hr,12hr. The cells were washed

with PBS (pH 7.4) to remove excess nanoparticles, followed by fixing and staining with DAPI.
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The coverslips were washed, mounted on glass slides, and observed under Fluorescent

Microscope. The fluorescence was quantified using ImageJ software.

2.2.13 Analysis of MES conjugated Lf nanoparticles by solid-state NMR:

Sample preparation: Preparation of Lf- MES NPs were prepared as per procedure given in
section 4.3.1and then formed particles were lyophilized to get solid particles in powder form
for Solid-state 22Na NMR. The other chemicals MES and NaCl were used as controls in pure

solid form.

MAS NMR: Solid-state 2Na NMR spectrum was obtained under the Bruker Avance-500
MHz, MAS spectrometer, Bruker 4-mm H/X/Y MAS probe was used as sample spinning
container with 0-15kHz range speed and operating at 132.336 MHz. All 2Na chemical shifts
were referenced to 0.1 M NaCl (aq), and the solid-state NaCl chemical shift was obtained at

0=7.2 ppm. The spectrums were plotted in the topspin software program.

2.2.14 Characterization of functional groups on protein nanoparticles:

The Lf NPs, Lf-MES NPs, and MES were dissolved in PBS (pH 7.4) and added to the gold
nanoparticle (Au-NPs) coated glass slides. The nanoparticles could be adsorbed on the slide by
over-drying under vacuum at room temperature. Dried samples were probed with 785nm
excitation by Raman spectrometer. Finally, enhanced peaks were plotted by Origin Pro

software.

2.2.15 Cellular localization of fluorescent dug (Curcumin) loaded NPs by Confocal study
and localized drug (AZT) quantified by HPLC:

(i) Cellular localization of fluorescent dug (Curcumin) loaded NPs by Confocal study.

Cellular localization of NPs in the SK-N-SH cell line devoid of receptors of Lf-MES NPs was
analyzed as a negative control. 1.4 x 10° SKNSH cells were seeded and allowed to adhere.
Cells were incubated with 10uM of Curcumin containing Lf-NPs and Lf-MES NPs at time
points 30min, lhr, 2hr,4hr,8hr,12hr. The cells were washed with PBS (pH 7.4) to remove
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excess nanoparticles, followed by fixing and staining with DAPI. The coverslips were washed,
mounted on glass slides, and observed under Fluorescent Microscope. The fluorescence was

quantified using ImageJ software (ImageJ Java 1.8.0_112.).
(i) Cellular localization of drug quantified by HPLC.

Cellular localization of fluorescent dug (Curcumin) loaded NPs was analyzed using the HIV-1
Env surface expressing cell line HL2/3, and SK-N-SH was used as a negative control. HPLC
quantified the localized drug (AZT) on HL2/3 cells. The total experimental procedure is given

below.

1.4x10° HL2/3 cells were incubated with 150 uM of AZT containing Lf-NPs and Lf-MES NPs
at time points 30min, 1hr, 2hr,4hr,8hr,12hr. The cells were washed with PBS (pH 7.4) to
remove excess nanoparticles. 200 pl of 30% AgNO3 was added to the lysed cells to precipitate
the protein. The drug was further extracted into the organic phase by adding 1ml HPLC grade
methanol. The total mixture was centrifugated at 12000 rpm for 20 min and filtered through a

0.4-micron syringe filter, and quantified by HPLC.

2.2.16 Competitive binding of Lf-MES NPs to gp160 (gp120+gp41).

The affinity of surface-modified NPs to gp160 (gp120+gp41) was assessed using a competitive
assay. The assay was carried out in the presence of soluble gp160 (1.8ug/ul), lactoferrin
receptor antibody (ITLN-1) (Img/ml), and a combination of both. 0.1x108 HL2/3 cells were
seeded and allowed to adhere to coverslips. The cells were treated with the Lf receptor antibody
for one hour before incubation with Curcumin loaded NPs. In another experiment, the
Curcumin loaded nanoparticles and sol.gp160 (1:1) were added to the cells. The cells were
incubated at 37° C in a 5% CO; incubator for up to 4hours. Finally, the supernatant was
discarded to remove excess NPs, antibodies, or sol.gp160 (The soluble gp160 was purified
from CHO cells, quantified using Nanodrop Lite). The cells were washed, fixed, stained with

DAPI, and mounted. Fluorescent microscopy was used to visualize the mounted coverslips.
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2.2.17 Cell Cytotoxicity by MTT assay:

Cytotoxicity in SUP-T1 cells was measured by quantifying 3-(4,5-dimethylthiozol-2-yl) color
change -2,5-diphenyltetrazolium bromide (MTT, Sigma) in the presence of different
concentrations of the synthesized compounds and nanoparticles. According to the procedure,
the 96-well plate was the seed with SUP-T1 cells at a density of 0.2x10° cells/well and
incubated at 37°C in a 5% CO: incubator for 4 hours. The incubated cells were treated with
different concentrations of the synthesized compounds and nanoparticles. After treatment, the
cells were again incubated for 16 hours in the same incubation conditions. The cells were
pelleted at 1200 rpm for 7 min and resuspended in complete medium. Now, 20ul of 5 mg/ml
pre-dissolved MTT was added to each well and incubated for another 4h. After the incubation,
the cells were pelleted at 1200 rpm for 10 minutes, discarded the media from wells, and formed
MTT-formazan crystals were dissolved in DMSO by adding 100uL into each well. Finally, the
plate was incubated in the dark for 5 mins, and the color change was recorded in an ELISA
reader at 595 nm. The experiments were conducted in triplicate, and the average with standard

deviation was plotted to represent the cell survival.

2.2.18 Inhibition of Cell Fusion.
HL2/3 labeling.

HL?2/3 cells were incubated with 0.5 uM of Calcein AM for 1 h at 37 °C. After incubation after
incubation, the cells were washed by spinning 350xg. After washing, the pellet was incubated
for 30 min at 37 °C. in fresh medium. The dye treated cells were incubated with Lf NPs and
Lf-MES NPs for 1hr after loading the dye.

SupT1 labeling.

SupT1 cells were incubated with fluorescent dye Hoechst (20 uM) for 1 hr at 37 °C. After
incubation, the cells were pellet out at 350xg, and the pellet was resuspended in fresh medium

and incubated another 30 min.
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Dye Redistribution Assay.

The fluorescent dye-labeled, Env protein-expressing cell line (HL2/3) and CD4+, CCR5+,
CXCRA4+ contained cell line (SupT1) were mixed co-cultured at a ratio of 1:1 and incubated
at 37 °C for 2hrs. The fusion was monitored at SuM concentration of the nanoparticles. The
fusion in the presence of 50nM T20 was considered positive control and was regarded as a
negative control in nanoparticles' absence. After incubation, the extent of fused cells was

observed using a Leica Fluorescent microscope or Leica Confocal microscope.

2.2.19 HIV-1 Antiviral activity quantified by p24-ELISA Assay.
(i) HIV-1 Antiviral assay.

10° SupT1 cells were suspended in RPMI 1640 supplemented with 0.1% FBS were seeded per

well and followed by treatment with different concentrations of the synthesized compounds
and nanoparticles. The compounds and NPs were added to the cells, followed by infection with
1ng/ml p24 equivalent of 93IN101 and NL43 virus strains of clade C and clade B were used to
study the inhibition by the molecules. The cells were incubated for 4hrs at 37°C in a 5% CO>
incubator. After incubation, the cells were pelleted at 1200 rpm for 7 mins, and the supernatant
was discarded. The cells pellets were washed with fresh medium (RPMI 1640 supplemented
with 10% FBS), resuspended in medium, and incubated for 96h. After the incubation was over,
the cells were pellet down and collected supernatants for the p24 antigen estimation as per the
below described protocol. p24 levels in the absence of compounds were considered 0%
inhibition and were taken as a negative control, and in the presence of known drugs (T20
(Enfuvirtide) and sol.AZT) were considered positive control. Each experiment is conducted in
triplicates; the data is presented as MeantStandard Deviation.

(i1) p24-ELISA assay.

The HIV-1 core p24 antigen was collected from cells supernet and quantified by p24 Antigen
ELISA Kit after 96hrs of incubation. The infection of the virus was quantified as on detected

levels of viral antigen p24.

The p24 quantification was followed as per the manufacturer’s guidelines. The collected

supernatants were diluted to 10-fold with complete media and then added 100ul of the dilutions
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to each well of the pre-coated ELISA plate. To each well, 25ul disruption buffer was added,
and the plate was sealed. The plate was incubated for 1hr at 37°c. After incubation, each well's
contents were aspirated, and the wells were washed with wash buffer 3x times. Followed, 100ul
of the conjugate solution was added to each well, and again the plate was incubated for 1hr at
37°C. After 1hr incubation, the solution was aspirated, and the plate was washed for 3x times,
and then 100ul of substrate solution was added to each well, and the pate was sealed. After
incubation for 20min at room temperature, the reaction was stopped by adding 100ul of 1N
HCI. Finally, the plate was inserted into the ELISA reader and measured each well's optical
density at 450nm.
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Objective |

Synthesis and Characterization of novel HIV-1 entry
inhibitors based on Epap-1 derived peptides targeting
envelope gp120.
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3.1 Introduction:

HIV-1 envelop protein gp120 is a highly mutated glycoprotein consisting of conserved (C1-
C5) and variable regions (V1-V5) that participate in host cell interactions [170]. The site-
specific interactions are protein-protein interactions with host receptor CD4, co-receptors,
CCR5, and CXCR4. The binding conformation of the virus varies with an amino acid
sequence in the target regions. As per structural information of the gp120-CD4 binding
complex, a hydrophobic cavity of gp120 is occupied by a phenyl ring located at residue 43
(phe43) for interaction with the CD4 receptor [171]. The CD4 further increased the
interaction stability- Arg59 side chain that forms a double hydrogen bond with the gp120-
Asp368 side chain. This interaction ensures the conformational changes in gp120 to open
the third variable loop (V3) that mediates the contacts with CCR5 or CXCR4. The strain-
dependent interactions with co-receptors (CCR5 or CCX4) depend on the amino acid
composition of the V3 loop [172]. Some of the conserved residues in the V3 loop region are
immunogenic and provides interactions with CCR5 -ECL2 loop [173]. Furthermore, Phe43
of gpl20 is involved in HIV-1 sensitivity to Antibody-Dependent Cell-Mediated
Cytotoxicity Responses (ADCC), suggesting further importance of this cavity in HIV-1
infection [174]. To avoid the complexity of targeting the variable viral protein, the host
protein CCR5 is well-studied as a target to disrupt V3 loop interactions. The developed
inhibitors either bind at the interaction interface or the allosteric site. FDA approved drug,

maraviroc binds at the allosteric site of CCR5 and creates conformational changes

 CD4

CCRS
Fig. 3.1: Interaction of extended V3 loop with ECL2 loop of CCR5 upon binding with receptor CDA4.
(Viruses 2010, 2(5), 1069-1105).
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Inhibitors damage the original physiological functionality of receptors, ultimately leading to
adverse events in the host. Present research mostly targets virus proteins either through the
vaccination process or inhibitors to control early infections. In developing inhibitors against
the entry process, natural ligands, and other proteins that interact with HIV-1 envelope
regions are used as a guide to lead the small molecule design [176]. A protein isolated from
women with pregnancy terminated in the first trimester has been reported to possess anti-
HIV activity. A 90 kDa protein called the Early pregnancy-associated protein (Epap-1)
displayed unaltered interaction with gp120 constant region -5 (C5), third variable region
(V3), and interactions with V2, V4, C1, C2 regions. The antiviral activity of Epap-1 was
observed in different strains of HIV -1 (HIV-1M-N, HIV-191US056, HIV-1VB7, HIVVB-
66), and that could be explained by a ternary complex comprising of Epap-1, gp120-41,
CD4, and CXCR4 [177]. This broad-spectrum activity is assumed to be because of the
complex conformation being specific and highly conserved in all the strains, leading to viral
entry [178]. However, Epap-1 delivery, stability, and production are complicated,
necessitating the design of small molecular peptidomimetics, which provide interactions and
activities like Epap-1. In this direction, the interaction interface of Epap-1 with gp120 was
used to develop synthetic peptides, to mimic the binding and subsequent broad-spectrum
activity of Epap-1 against strains of HIV-1[179]. Four peptides were developed and tested
with peptides 2 and 3, showing better binding and activity (Fig. 3.2). Computational design,
including molecular docking of the peptide 2 followed by the fragment-based structure of
molecules (Fig. 3.3), led to identifying molecules with good activity against HIV-1. The
derived scaffold was used for further design of compounds. This objective’s rationale is
synthesis, characterization, and biological evolution of the designed small molecular mimics

and the derived molecules for potential antiviral activity against HIV-1.

3.1.1 Design of small molecules by using Epap-1 and gp120 binding sites:

In the small molecule designed to process, two peptides derived from the interacting region
of Epap-1 with gp120 were selected. Peptides were modeled using PEPFOLD3.0 and, after
iterative simulations, generate valid peptide interaction with more than ten aminoamides.
Epap-1 peptides were docked with gp120 using the HEX 8.0.0 software suite. Based on

peptide interaction with gp120, small-sized fragments containing aminoamides were
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generated and docked into the gp120 to obtain best-hit fragments with improved docking
scores. Based on the fragment interactions, synthesizability, and medical chemistry
considerations, small molecules pharmacophore was designed simulating interaction
conferred by the peptides to gp120. Designed molecules were docked to gp120 and were
ranked based on the docking score using Autodock -Vina v1.2.MGL tools for docking and
PyMol was used for visualization. [180].

Fig. 3.2: Ai) Docking of the peptide 2(magenta) with gp120(green) performed using HEX Docking
suite. ii) Depicts the interactions between the peptide and the residues of V3 loop; The interacting
residues of V3 loop are ASN386, SER387, THR388, ASN392 and ARG419.The interacting residues
of peptide 2 include CYS4, VAL 23, ARG26.

N HN-N N HN-N
/ N N L g A~ _0
N = \_/
UHLMTA-E2 UHLMTA-E3

HN-N
0O
NS N
_N o)
UHLMTA-E4 UHLMTA-ES UHLMTA-E6 UHLMTA-E7
Br Br Br Br
HO o o) OH o OH HO o
HN N~ NH | NH ~~0 N NI | S
sy NS L5
H H N ST R
UHLMTA-E8 UHLMTA-ES

Fig. 3.3: Epap-1 peptide interaction-based molecule mimetics.
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Molecule code | Binding Interacting residues | Volume(A)
energy
(kcal/mol)
UHLMTA-E1 -6.7 ASN362, SER447 706
UHLMTA-E2 -6.4 VAL255, ASN377 402
UHLMTA-E3 -5.8 VAL255, ASN377 301
UHLMTA-E4 -6.4 GLY379, SER447 440
UHLMTA-ES -6.3 GLY379 512
UHLMTA-E6 -6.2 - 320
UHLMTA-E7 -5.8 - 461
ARG252, GLY379, | 820
UHLMTA-E8 6.2 PHE210, ASN377
ARG252, PHE210, | 645
UHLMTA-E9 -6.7 ASN377

Table 3.1: Peptide mimetics interactions with gp120 and corresponding scores,
interacting residues and volume of molecules.

3.1.2 Selection of small molecules for development as an entry inhibitor:

The biologically active small molecules involved in inhibition of the beginning of virus
infection were considered entry inhibitors. Before selecting and developing entry inhibitors,
we have a deep understanding of viruses' entry mechanisms and corresponding protein
domain interactions. In HIV-1, the entry mechanism, and interacted proteins profile, the
structural aspect of studies has been well established: spike protein interactions. The X-ray
crystallography structural studies reveal that the cavity at phenylalanine 43 residue ( phe43
) on gp120, which participated in hydrophobic interaction with CD4 residues and another
residue arginine 59 (arg59) of CD4 participate salt bridge-like hydrogen bond with
carboxylic group of aspartic acid 368 (Asp368) on gp120 [181]. So that we need small
molecules to interrupt the CD4-gp120 interactions. Among the above peptide-based derived
molecules, UHLMTA-E5, UHLMTA-ES8, and UHLMTA-E9 were contained -NH group
may be useful for interaction with Asp368 residue. The pyrazole, dihydropyrimidine
(DHPM)-thioxo ring moieties were pharmacologically significant and have been considered
for entry inhibitor development [182 [183]. The marine extracted natural alkaloid
compounds like batzelladine, crambescidins were found to possess potent antiviral activity
[184]. Such an active isolated alkaloid contains dihydropyrimidine as a core unit that

interacts with HIV-1gp120 in its CD4 interacting region [185]. Further evaluation of
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structural conformation of batzelladine analogs shown that hydrogens on the guanidine ring
formed hydrogen bonds with the ASP368 carboxylic group, which is surrounding the Phe43
cavity [186]. The DHPM scaffold molecules further develop towards cavity and

hydrophobic interactions; it will be considered affordable for entry inhibitors.

The interacting fragments of Epap-1 were considered for designing the pharmacophore of
small molecules. The fragments contribute different kinds of interactions, such as
hydrophobic, hydrophilic, Vander wall, and hydrogen bonds. In establishing a significant
binding fragment with gp120, we must consider the fragment's volume and length were
essential features. The high binding fragments' pharmacophoric future was used to design
small molecules by bioinformatic tools to satisfy drug properties. The volume constraints
and binding affinity of final designed molecules with gp120 were observed in protein-small
molecules docking (Autodock -Vina v1.2 tool). The binding affinity and volume occupied
by molecules expressed in (Table 3.1) and corresponding structures elucidated in (Fig. 3.3)
[180].

3.2 Rationale of the Objective I:

The HIV-1 envelop protein gp120 targeted molecules design and development is necessary
to inhibit the virus entry in the early stage of infection. The rational molecule design has
been possible considering protein-peptide or protein-protein interactions of anti-HIV-1
active small peptides with virus protein. In the study design, development, synthesis, and
characterization of small molecules based on antiviral active peptide Epap-1 and gp120
interaction residues. To develop DHPM scaffold small molecules specifically towards the
CD4 binding site (phe43 cavity) and then improve the interactions by substitutions with

certain bioisosteres for better antiviral activity.

3.3 Results and Discussion:
3.3.1 Design and development of pyrazole and DHPM derivatives:

Based on the earlier studies [180], we have identified UHLMTA-E2, UHLMTA-E3,
UHLMTA-E5 contain pyrazole UHLMTA-E8, UHLMTA-E9 contain DHPM as the

44



Objective |

significant scaffolds. Our analysis showed the dimerization of two designed molecules
(UHLMTA-E8, UHLMTA-E9), DHPM groups were separated by saturated and unsaturated
carbon long chain. In the case of UHLMTA-ES, a saturated carbon chain bridge gives
flexibility for interconvertible conformations of DHPM groups. Whereas in UHLMTA-E9,
the unsaturated carbon chain provides separation to monomers to reduce the conformational
flexibility. The molecule's bridged chain was replaced with another chain containing
unsaturated oxygens to satisfy flexibility and length and enhance hydrogen bonds. Before
proceeding to synthesis, molecules UHLMTIJ-E9(a-g) were docked with gp120, and the
docking score was found to be in the range of -5.0 to -7.0 kcal/ mole (Fig. 3.4). All molecules
docked in between the CD4 binding region (“phe43 cavity”) and the V3 loop. But natural
molecules of DHPM s shown antiviral activity against HIV-1 through pyrimidine -NH
groups form hydrogen bonds with Asp368 residue of gp120 at CD4-gp120 interacting pocket
(gp120-phed3 cavity). We have not observed any favorable interaction against CD4 binding
at the phe43 cavity in the interaction studies' molecule. We should find the new molecules
with an affinity towards the phe43 cavity blocking and forming a salt bridge with Asp368

for effective antiviral activity.

R r Autodock binding
(\\\j { compound | Energy (Kcal/mol)
=
o) | UHLMTI-E9a | 5.2
/\
O | [l\[l O S UHLMTJ-E9b 5.8
P
H S% UHLMTI-E9c | 7.0
O
UHLMTIE9d | 6.6
UHLMTJ-E9 (a-g)
HLMT)- 6.
R=4-OH ; UHLMTJ-E9a UHLMIT) E9e oo
=4-Br ;UHLMTIE9D :
2.0H5-Br  ; UHLMTI-E9c UHLMT)-E9 =0
-4.0CH3 ; UHLMTJ-E9d
= 3-0CH3,4-0H ; UHLMT)-E9e UHLMT)-E9g | -5.5
-3 s UHLMT-£9f
2-CH3 ; UHLMT)-£9g

Fig. 3.4: This depicts UHLMTJ-E9 a-g series molecules docking with gp120 and tabulated respective

binding energies obtained by Auto dock vina.
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3.3.2 Virtual screening of 1,2,3,4-Tetrahydropyrimidine (1,2,3,4-THPM)-oxo and
thioxo derivatives to a specific target to “phe43 cavity”:

The above long-chain separating DHPM dimer (UHLMTA-ES8, E9) derivatives did not show
any favorable interactions at the Phe43 cavity due to the rigid structure, but those binding
close to the pocket. So, we need a small molecule with binding affinity to the phe43 cavity;
towards this purpose, we have avoided the dimerization of DHPM, and monomer molecules
showed docking to gp120 with the same docking coordinates. In the monomer molecules,
the Pyrimidine ring contains a sulphur atom, which was replaced with an oxygen atom to
derive another set of molecules with oxygen interacting environment. All molecules showed
docking with gp120. Further, all THPM molecules were docking at phe43 pocket exhibited
significant binding scores in the range of -4.5 kcal /mole to -6.5 kcal /mole.

However, oxo and thioxo derivatives have shown some deference in binding at the CD4
binding pocket vicinity, which was explained below (Fig. 3.5). The thioxo derivatives
binding RMSD was more consistent than -oxo derivatives. This could explain sulfur atom
contained molecules are favorable for site-specific binding than -oxo. In the structural
aspect, an analysis of amino acid side chains around the molecules would further develop
molecules with improved binding energy. All molecules designed were binding at CD4
binding pocket vicinity and form hydrophobic and hydrophilic interaction with side chains
of GLY-473, ASP-474, TRP-427, ASN-425, ASP-368, MET-426 residues. In those
molecules, the UHLMTJ-254a hydroxy group forms a hydrogen bond with the ASP-474

Fig. 3.5: Depicts THPM molecules' interactions with gp120 (A) Both -Oxo -Thioxo THPM molecules binding
at the vicinity of the “phe43 cavity”. (B) UHLMTJ-254e (blue) molecule binding at exact “phe43 cavity” and
form a hydrogen bond with Asp368 (arrow mark), UHLMTJ-255e (orange) binding at Phe 43 cavity vicinity
(not forming any hydrogen bond).
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side chain and UHLMTJ-254e in a conformation to form a hydrogen bond with ASP-368 by
-NH group of Tetrahydropyrimidine ring. But that was not observed in -oxo derivatives(
UHLMTJ-255 a, e) that was depicted below (Fig. 3.5 B), which means atomic radii of the
sulfur atom in the ring may contributing toward the specific orientation of the molecule for

binding in the pocket along with hydrogen bond formation. All molecules contained a chiral

center at C4 carbon, which will facilitate ring orientation into the two different planes, and
molecules existed in one conformation for good binding at “phe43 pocket” on gp120.

3.3.3 Synthesis and physical characterization of pyrazole derivatives:

UHLMTA-E5 was synthesized following Scheme-1, given in the methodology section. As
per the procedure, ketone and keto ester condensation was carried out under reflux to form
the diketones, followed by the reaction of diketone in hydrazine hydride to form a five-
membered ring pyrazole as a final product by the cyclic reaction. The physical
characterization of molecules was explained below, and the corresponding spectra are

available in the appendix.

e Compound name: 2-(3-phenyl-1H-pyrazol-5-yl) pyridine

Reaction entry: 2.1

HN-N
: UHLMTA-E S
Compound code: U 5 Ifl.”'““?b_lrf“““--‘: “{;
Yield: 90% =N i

Mp(°C): 159-161 °C

IH NMR (400 MHz,DMSO-de): & 8.71( d,1H,Py-H), 7.90-7.77( d, 4H,Py-H,Ph-H), 7.47-
7.27(m,2H, ,Py-H,Ph-H), 7-26-7.25( d, 1H,Ph-H), 7.08(s,1H,Pz-H).

LC-MS: Calcd. For C14H11Ns : m/z 221 .Found: 222[M+1]".
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3.3.4 Synthesis and physical characterization of THPM derivatives:

The designed new molecules UHLMTJ-E9 (a-g) were synthesized following the Scheme-2
as described in methods. The product of the first step (2.2) was prepared by a well-known
“biginelli « three components reaction, and that was used as a reactant for the second step.
In the second step, we have predicted the dimerization of two molecules with dibromo
butanone in miner alkali condition to form the final compound. However, that reaction was
not moved; on the other hand, to form a new compound with an oxygen atom in the sulfur
atom of the first step product pyrimidine ring. We have synthesized 2.2a-g and 2.4a-g with
varied substitutions, and the molecules melting point (Mp) and yield are given ( Table 3.2).
All THPM derivatives(UHLMTJ-254a-g, UHLMTJ-255a-g) possess similar structural
patterns, while differences were in mass, and here, there are two molecules. Further,
2.2a,2.4a molecules were characterized by NMR, HRMS, and FTIR. The spectral data are

given below, and corresponding spectrums are presented in the appendix.

e Compound name: ethyl 4-(4-hydroxyphenyl)-6-methyl-2-thioxo-1,2,3,4-

tetrahydropyrimidine-5- carboxylate.
Compound code: UHLMTJ-254a

IR (neat): 3310, 3167, 3103, 2982, 2930, 2837, 2349,
2114, 1890, 1665, 1609, 1573, 1508, 1455, 1392, 1371,
1329, 1283, 1251, 1194, 1180, 1120, 1026, 954, 872, 835,
818 cm™.

IH NMR (400 MHz,DMSO-ds): § 10.50(s,1H,-NH),9.77(s,1H,-NH), 8.26-8.23(d,2H,Ph-
H),7.51-7.48(d,2H,Ph-H), 5.32(s,1H,-NH-CH),4.04-3.99 (q,2H,- CH>),2.32(s,3H,-CHs),
1.12-1.09(t,3H, CH2-CHs) .

HRMS (ESI): Calcd. For C14H1sN2SO3 [M*+H]: m/z 292.09. Found: 293.0963
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e Compound name: ethyl 4-(4-hydroxyphenyl)-6-methyl-2-oxo-1,2,3,4-

tetrahydropyrimidine-5- carboxylate oH

I'l{j
IR(neat): 3347, 3272, 3140, 2926, 2853, 2349, 2165, \L ﬂ R
1879, 1716, 1650, 1555, 1473, 1412, 1371, 1324, 1265, Hrt [ 0
1204, 1184, 1103, 1092, 1025, 952, 893, 861, 816 cm™. 0% N

Compound code: UHLMTJ-255a

"

M
H

IH NMR (400 MHz,DMSO-d6): & 9.00(s,1H,-NH),7.60 (s,1H,-NH), 7.03-7.00 (d,2H,Ph-
H),6.69-6.66(d,2H,Ph-H), 5.03(s,1H,-NH-CH),4.00-3.99(q,2H,- CH>),2.22(s,3H,-CHs),
1.11-1.06 (t,3H,-CHa-CHs).

HRMS (ESI): Calcd. for C1aH1sN204 [M*+H]: m/z 276.11. Found: 277.1189
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S. No R Cor::;:nd X Reaction entry Yield (%) Mp (°C)
1 4-OH UHLMTI-254a S 2.2a 82 223-225
2 4-Br UHLMTJ-254b S 2.2b 69 245-248
3 2-OH,5-Br | yHLMTI-254¢ S 2.2¢ 75 252-254
4 4-0CH3 | YHLMTI-254d S 2.2d 85 205-207
5 3-0CH34- | yyimT-2546 s 2.2e 82 230-234

OH
6 3- UHLMTJ-254f S 2.2f 65 195-197
7 2-CH3 UHLMTJ-254g S 2.2g 68 175-178
8 4-OH UHLMTJ-255a o) 2.4 43 229-232
9 4-Br UHLMTJ-255b o) 2.4b 35 232-235
10| 2-OHS5-Br | ypivm-255¢ 0 2.4¢ 52 265-267
1 4-OCH3 | UHLMTI-255d 0 2.4d 40 201-203
12 3'08':'3'4' UHLMTJ-255e o) 2.4e 45 244-247
13 3-c UHLMTJ-255f o 2.4f 48 227-229
14 2-CH3 UHLMTJ-255g o 2.4g 37 182-184

Mp= meting point, R= functional groups.

Table 3.2: Physical characterization of synthesized THPM derivatives.

3.3.5 Cell cytotoxicity (MTT Assay) of molecules:

Cytotoxicity of synthesized molecules was assessed by MTT assay (section 2.2.17) in SUP-
T1 cells in the presence of increasing concentrations from 25 to 500 uM of compounds, the
dose-dependent analysis that the compound is shown in (Fig. 3.6) dose-dependent
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cytotoxicity. Among the compounds, UHLMTA-ES5 is comparatively toxic at 25 uM, while
all other compounds tested exhibited <20% toxicity at 25 uM; these compounds are tested
for antiviral activity below 25 puM. The CC50 were computed and presented in (Table 3.3).
The synthesized molecules contain both pyrazole and pyrimidine ring; these structures are
reported to possess cytotoxicity. Hence the observed toxicity could be due to the presence
of this substructure. Thus, the pyrazole ring containing UHLMTA-ES5 exhibited higher more
toxicity and CC50 at 37.7 uM. Further, a comparison of cytotoxicity of compounds showed
that the tetrahydopyrimidine (THPM) thioxo derivatives UHLMTJ-254 a-g exhibited higher
toxicity than oxo derivatives UHLMTJ-255 a-g (Fig. 3.6, Table 3.3).

MTT Assay

% of Cell survival

Compounds
®m25uM @ 50pM m100pM m250uM  m 500pM

Fig. 3.6: Graphical representation of dose-dependent cytotoxicity of synthesized molecules in SUP T1 cells.
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3.3.6 Anti-HIV-1 activity (p24 Assay) of molecules:

The molecules' activity in interfering HIV-1 replication was analyzed in Sup T1 cells as per
the procedure given in section 2.2.19. Cells were challenged with HIV-1ge3in101 in the
presence of increasing concentrations of compounds in the range of 0.5 to 10 uM; the 1C50
values are computed and presented in Fig 16 and Table 3.3. The results showed that the
tetrahydopyrimidine (THPM) thioxo derivatives (UHLMTJ-254 a-g) exhibits higher anti-
HIV-1 activity than -oxo derivatives (UHLMTJ-255 a-g), and 1C50 of compounds was at <
5 uM. Among these, one of the molecules, UHLMTJ-254e, shown 50% inhibition at 2.2
MM, while the molecule UHLMTA-E5 has shown ICso at ~ 9 puM. Further, the results
suggest that sulfur-containing molecules have better activity than corresponding oxygen

atom contained molecules, which is useful for developing gp120 targeted entry inhibitors.

p24 Assay
12
10 I
s 8
=4
£ 6
B 4
=
2 i
0
0.05
T20 UHLMTA- a b C d B f g
ES
Compounds

B UHLMTJ-254 ® UHLMTJ-255

Fig. 3.7: Graphical representation of synthesized molecules' IC50 values on 93IN101 (clade C) virus. a) T20
considered as a control, UHLMTA-E5 (yellow bar), b) UHLMTJ- 254 a-g series molecules (green bars) and
UHLMTJ-255 a-g series molecules (blue bars).
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S. No Compound code C((::Sp(_:_?;) (95?1%51%};3?c)
1 UHLMTA-ES 37.73 8.940.19
2 UHLMTI-254a 88.91 4.0+0.14
3 UHLMTI-254b 136.35 4.2+0.15
4 UHLMTI-254c 83.41 3.7+0.15
3 UHLMTI-254d 110.12 4.5+0.12
6 UHLMTJ-254e 100.90 2.240.19
7 UHLMTI-254f 97.62 3.5:0.17
8 UHLMTJ-254g 124.36 5.240.18
9 UHLMTJ-255a 132.38 6.0+0.19
10 UHLMTJ-255b 112.93 7.5+0.13
11 UHLMTJ-255¢ 137.99 5.3+0.15
12 UHLMTI-255d 103.43 6.2+0.12
13 UHLMTI-255e 140.97 8.540.16
14 UHLMTJ-255f 95.86 9.2+0.18
15 UHLMTI-255¢ 135.60 9.5:0.17

Table 3.3: The cell cytotoxicity (CC50) and antiviral activity (IC50£SD) of synthesized molecules
represented in % inhibition concentration.

Summary of Objective I:

The development of HIV-1 entry inhibitors has been difficult due to random mutation,
glycosylation, and low exposure of conserved regions of the virus's envelope protein.
However, cell receptor-interacting regions on the virus are exposed during the virus's entry,
which is a significant target for inhibitor design and development. Many molecules were
attempted and even entered clinical trials, but most failed during different stages of

development. The early stage of inhibition is essential to facilitate the control of infection

53



Objective |

to new cells. The envelope interacting regions are generally blocked by small natural proteins
(defensins, chemokines) and biological molecules, but the major problem with the
availability of those molecules varies with gender and other infected bodies' physiological
condition. One such molecule, Epap-1, is one of the natural proteins released at the time of
the first trimester of pregnant women, which is involved in inhibiting viral entry through
interaction with the V3 loop and the surroundings residues of the envelope [177]. Further
characterization of Epap-1 and envelop interacting regions yielded peptide mimetics, which
could interact with the envelope in the V3 area [180]. In this chapter, based on the
conformation and interacting residues of Epap-1 peptide with envelope, small molecule
mimics were designed with binding affinity to the V3 loop or CD4 binding region on gp120.
Designed small molecule mimics were further evaluated for synthetics ease and stability.
Here, three molecules, UHLMTA-E5, UHLMTA-E8, and UHLMTA-E9, are selected based
on docking scores and moieties, which has involved the virus's interacting mechanism
protein binding region. Since these molecules possess lower binding affinity, their structure
is optimized further to obtain UHLMTJ-254, and 255, formed by removing rigidity in
UHLMTA-E9 molecules, and the new derivatives were docked into gp120. These molecules
showed significant binding at the “Phe43 cavity” vicinity and the structural similarity with
the THPM derivative. Further, the deferences in oxygen and sulfur atom in the pyrimidine
ring exhibited the differences in binding to the envelope. Among the molecules, the
UHLMTJ-254e molecule forms a hydrogen bond with Asp368 residue on gp120, which is
essential for CD4 binding at the time of viral entry. The designed molecules were
synthesized and characterized. Activity results showed that THPM-thioxo (UHLMTJ-254 a-
g) molecules displayed more toxicity than THPM-oxo (UHLMTJ-255a-g) molecules and
CC50 of molecules >80 uM except for UHLMTA-E5. The analysis of the antiviral activity
of molecules on HIV-1g¢31n101(Subtype C)) showed significant anti-HIV activity. The results
suggest that UHLMTJ-254 a-g molecules showed better activity than UHLMTJ-255a-¢
molecules and IC50 values were <5 uM and >5 uM, respectively. One of the molecules,
UHLMTJ-254e, has better activity in low concentration with 1Csg 2.2 uM. In the objective,
we identify a molecular scaffold targeted to the CD4 binding region and useful for further

developing entry inhibitors.
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HIV-1 envelope protein V3 loop and neutralizing antibody 447-
52D interactions based on derived molecules development,

synthesis, and characterization.
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4.1 Introduction

In the process of HIV-1 Entry, the outer surface spike protein (gp120) interacts with host
cell protein by using its conserved (C1-C5) and variable (V1-V5) regions [170]. The
molecular analysis of interactions revealed that this region was sufficiently exposed to
the viral spike to generate neutralizing antibodies and facilitate the interaction with small
molecule inhibitors. The glycosylation of envelope protein (gp120 and gp41) varies in
different virus strains and may contribute to the generation of strain-specific antibodies
in the serum of HIV-1 infected individuals [187]. Among these antibodies, most of them
recognize the third hypervariable (V3) loop of gp120, especially T-cell line adapted
strains of HIVV-1[188]. The V3 loop contains 35 residues with an overall positive charge,
which suggests that loop interactions are mostly control based on the negative charge
tyrosine sulfate (-SOs) group region of CCR5 N-terminal [189]. V3 loop domain's
structural aspect is further classified into three areas: a base, stem, and crown [190]. The
base part contains the most conserved residues located at the core of gp120 with disulfide
bridges followed by the highly flexible stem and crown that extends outside of gp120
core when the loop is conformationally open [191]. The conserved residues in the crown
region are immunogenic and provide interactions with the CCR5-ECL2 loop [192]. High
immunogenicity of the V3 loop facilitates the use of synthetic peptide mimics of the loop
as an efficient antigen to produce antibodies in the immunization process [193]. X-ray
crystallography studies disclosed that the crown part of the VV3 loop adopted B- hairpin
conformation in both V3 -containing gp120 core and complex antibody with V3 peptide
[194]. This is assumed to be because of a conserved region in the center of the crown
consisting of GPXR epitope (GPGR in subtype B and GPGQ in subtypes A, C, and D),
which preserves the structural elements in the V3 loop irrespective of sequence variability
in other portions of V3 loop [194]. Although most anti V3 -loop antibodies neutralize
only a few strains, some of them neutralize diverse strains of the virus. The proper V3
loop native conformation can elicit anti-V3 broadly neutralizing antibodies like 447-52D
and 2219, interacting with other immunodominant regions on gp120[195]. For example,
the interaction studies of 447-52D show contact with both stem and tip of the V3 loop to

neutralize the subtype B virus. From the crystal structure
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Fig. 4.1: Interactions between the v3 peptide and 447-52D. The violet ribbon represents the Fab CDR H3
of 447-52D, and the yellow ribbon represents the V3 peptide. (a) The three-strand B- sheet formed by 447-
52D, and the V3 peptide was shown. (b) Black lines represent the hydrogen-bond interactions between the
sheets. (¢) Side-chain interactions, n-cation stacking between the peptide and the light chain (cyan), and
heavy chain (violet).

(Acta Cryst (2008). D64, 792-802).

Analysis, 447-52D Ab CDRH3 C-terminal interacts with V3 crown N -terminal via
mainchain interaction and side chains interaction with V3 tip residues [196]. Interaction

stability was explained in different bindings:

i.  The anionic (AspH95 of the Ab) and cationic (V3 loop Arg315) formed the Salt
bridge.
ii.  The antibody aromatic residues (TyrH100J and TrpH33 of the 447-52D heavy
chain) formed n-cation stacking with cationic (Arg315 of V3 loop).
iii.  Vander Waals interaction between v3 loop residues (Pro313 of V3 loop - TrpL91
and V3 loop -TrpL96).
iv.  Water-mediated hydrogen bond network at the antigen-binding site [197].

Moreover, antibodies can guide the exploration of small molecules that can modulate
protein-protein interactions via significant site interactions. The designed molecules in
this way have a similar therapeutic effect. This objective's rationale is to design molecular
mimics of the interaction of 447-52D with gp120, synthesize, and characterization their

interaction with gp120 and their anti-HIV-1 activity.
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4.1.1 Design of small molecules through gp120 and 447-52D epitopes interactions:

For the development of peptide structure and interacting residues for small molecules design, we
have used the crystal structure (PDB:1QIJ) of the 447-52D Fab in complex with a 16-mer V3
peptide at 2.5 A%resolution. The system reveals that the V3 loop peptide B- hairpin forms a three-
stranded mixed B-sheet with CDR region H3 of antibody (heavy chain3) [198]. To search for
peptidomimetics from the interaction interface using the pep: MMs: MIMIC tools associated with
the MMsINC database, which provide and perform all options related to the generation of mimics.
The founded peptidomimetics efficacy was assessed by molecular docking with V3 loop peptide.
Pep; MMs: MIMIC is a web-oriented tool; when a three-dimensional peptide structure is given,
it will prepare multi conformers automatically with a three-dimensional similarity search among
17 million conformers calculated from 3.9 million of commercially available chemicals collected
in the MMSsINC database [199]. The tool's input file is peptide structure, interacting residues, and
the output file contains 200 structures with binding scores. Further docking was done by using
GOLD version 3.2, and the input file is taken from the protein data bank, PDB ID is 2B4C, which
is the structure of V3 in the context of an HIV-1 gp120 core, 200 structures and out file generated

with docked conformations and scores considered 10 best score conformations.
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Fig. 4.2 Top nine molecules selected from the virtual screening protocol for 447-52D mimics.

Among the above molecules, UHLMT-A2, UHLMT-A3, and UHLMT-A9 type

molecules have a history as HIV-1 entry inhibitors [189], and s-triazine derivatives as
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anti-HIV-1 RT inhibitors [154]. That primary scaffold was considering for new molecule
development with different functional groups modifications for affective entry inhibition.

4.2 Rational of Objective II:

The immunogenic third variable loop (V3 loop) of gp120 plays a crucial role in virus
entry through co-receptor interactions. The variable interactions have been neutralized
with broadly neutralizing antibodies like 447-52D, etc. The availability of antibodies
varies regularly among the patients, and exceedingly difficult to treat the patients with
synthetic antibodies and small peptides. We need to design and develop small molecules
to target at V3 loop conducted through 447-52D Antibody and V3 loop interactions. In
the study, we focused on the V3 loop targeted drug-like molecules design; molecules
were validated by binding analysis in silico followed, chemically synthesis, and inhibitory

activity in-vitro.

4.3 Results and discussion:
4.3.1 Design and docking of new molecules to target the V3 loop:

As in Fig. 4.2 synthesized based on their features mimicking 447-52D and V3 loop
interactions, the small molecules exhibited similar docking scores in docking with gp120
[180]. However, the selection of molecules and further development depends on both
feasibilities of synthesis and the significant pharmacophore features of the parent
structure. Some molecules, UHLMTA-A2 and UHLMTA-A9 type molecules, were used
as HIV-1 inhibitors. Hence, their molecules were considered for further development; the
components we considered were the type of interactions proposed to occur between the
V3 loop and co-receptor CCR5 during the virus entry [189]. The V3 loop-CCR5
participates principally through ionic interactions involving the positively charged V3
region and negatively charged sulfate group of CCR5. So that, the phenyl sulfonate

moiety mimicked tyrosine sulfate and was critical for the retained terminus of CCR5
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Fig. 4.3: Depicts all newly designed molecules and corresponding compound codes.

Interaction, which could form a feature analog design. However, the sulphonate group
mediated interactions alone may not be sufficient to inhibit entry inhibition [200].
Although we need other moieties, whichever has strong interactions with flacked
residues. So, we developing molecules containing electron abundant negative charge
moieties for participation in hydrophilic, hydrophobic, and cation -n stacking type
interactions with V3 loop residues. The s-triazine skeleton of the UHLMT-A9 molecule
is mainly substituted with different functional groups to design new derivatives with
synthetic ease as blow Fig. 4.3. The analogs of UHLMT-A9 contains negative charge
sulfonate groups, substituted benzene ring, dihydroquinazoline, Isonized, and other
functional groups. The visual analysis of docked molecules with a V3 loop was suggested
that designed molecules are binding at the base, stem, and crown regions with an excellent
binding score (Fig. 4.4, Table 4.1) except the UHLMT-A2 molecule. The
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ARGIN

Fig. 4.4: A) Depicts the binding region of all molecules with gp120. The molecules can be seen bound in
the interface of the folded V3 loop stem (green) and the base of the loop and surrounding residues (grey),
B) Depicts the interface of the interaction of molecule UHLMT]J -258¢ with gp120, C) Depicts the surface
and ribbon representation of molecule UHLMTJ -258¢ with gp120.

Comparison between molecules, trichloro substituted molecules are more significant

binding, then dichloro substituted molecules with better binding energy.

Among them, aromatic and anionic properties contained moieties such as dihydro
quinazoline, sulphonate, and sulphanilamide, isonizide substituted molecules have shown
better binding energy above -8.0 kcal/mole. As per In-Silico dockings studies, moieties
such as dihydroquinazoline ring (-NH-C=0), sulfonate(-SO3’), safinamide(-SO2NH>),
and ester groups(-COOC:zHs) interact with side chains of the crown (HIS308, ILE309,
GLY312, PRO313, TYR318), stem (THR 297PR0O299, ARG304) regions to form
hydrogen bonds. Along with those interactions, the isoniazid and s-triazine aromatic rings
were also involved in cation -n stacking at the base part of the V3 loop (Fig. 4.4). In Silico
analysis, these molecules were predicted to possess good antagonist activity that could be

validated through in-vitro experiments.

4.3.2 General discussion of Synthesized molecules:

In the objective, synthesis was carried out mainly through substitutions and coupling

reaction mechanisms in alkali conditions. That was observed in (Scheme 3,4,5,6,7,8
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(Section 2.2.4,2.2.5,2.2.6) of chemical synthesis. The cyanuric chloride reaction with
different aromatic amines to replace s-triazine chloride with amino groups to form mono,
di, tri substituted - s-triazines (Section 2.2.5,2.2.6). The substituted groups' selection
mainly depends on the area and type of interaction that could participate in the loop
region. The s-triazine derivatives were fulfilled the required parameters with different
amines and groups presenting on the benzene rings. In the developmental process, the
necessary dihydroquinazoline intermediates were commercially unavailable; hence they
were prepared according to the procedure given in Section 2.2.5 (Scheme 4). The
substitution of the chlorine atom depends on the reaction conditions indicated therein.
The substitution of single chloride on s-triazine with an amine group critically depended
on temperature conditions. The whole reaction was controlled under low temperature
<4°C) and the slow addition of alkali NaOH or K>COgz which was used to neutralize
released HCI during rection. After that, a second chloride replacement was carried out at
room temperature in alkaline (NaOH) at pH 7.5 to 8.0. Finally, a third chloride
replacement was carried out in an acetic acid solvent with an amino group of arylamines.
This reaction requires a high temperature for the access equivalent of amine(-NHy). In
that, the access amine acting as a base to neutralize the reaction. All substituted
compounds were further purified by washing, recrystallized, and characterized by NMR,
IR, and HRMS. After the quenching of the reaction mixture in ice-cold water and the
sulfonic acid group contained molecules extract from the water was exceedingly difficult.
For that entire solution was acidified at pH 2.0 and to get the residue sold product. As per
the experimental observation, the ordering of chloride atom substitution was essential.
For that, we should follow the order as first electron-withdrawing groups contained
amines and then bulky size amines, and finally, small, and electron-rich amines. The yield
and melting points of molecules are depicted below and compare to other molecules.
Sulfonic acid molecules yield significantly low. Before going to activity studies in vitro,
all sulfonic acid groups were converted to sulfonate groups by dissolved in PBS buffer at
pH 8.0. The hydrogen ion was replaced by sodium ion to form the sodium salt of sulfonic

acid confirmed by molecules' solubility.
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4.3.3 Physical and Spectral characterization of synthesized molecules:

e Compound name: 2-hydrazinyl-2-oxo-N-(p-tolyl)acetamide

. Y
Reaction entry: 2.6 & o—NH O
WA , A

. .:'?_.{-.
Yield :80% 0 HN-=NH.

IH NMR (DMSO-de): & 10.69(s,1H,NHo-NH-C=0),7.63-7.61(d,2H,Ph-H),7.16-
7.13(d,2H, Ph- H),4.33-4.25 (d,2H,-NH>),2.26 (s,3H,-CHs).

e Compound name: (E)-2-(2-(5-bromo-2-hydroxybenzylidene)hydrazinyl)-2-oxo-N-(p-

tolyl)acetamide

Reaction entry: 2.7 =
Compound code: UHLMTJ-256 — J H:N a

Yield :90 %

s

Mp (°C):262-265

IR (neat): 3283,3203,3044,2915, 2323,1914,1697,1658,1604,1593,1407,1350,1316
1272,1233,1188,1124,1096,1021,964,908,871,822 cm™.

IH NMR (DMSO-de):512.64(s,1H,-N-NH-C=0),11.04(s,1H, -NH-C=0),10.75(s,1H,
N=CH), 8.78(s,1H,Ph-H), 7.77-7.71(m,3H, Ph-H),7.46-7.42(d,1H,Ph- H), 7.18-6.91
(m,2H, Ph-H), 6.88(d, 1H,-OH),2.27(s,3H,- CHs).

HRMS (ESI): Calcd. for C1sH14BrN3Os [M*+H]: m/z 375.02. Found: 376.0293

e Compound name: 2-(4-aminophenyl)-2,3-dihydroquinazolin-4(1H)-one

Reaction entry: 2.9

o
. I
Yield:40% =7 TNH
|
C:_J_HN,_.L\_ -
IR (neat): H H_JLN“_
3287,1607,1557,1487,1408,1329,1176,1126, )
1033,1007,832,800 cm™.

62



Objective 11

IH NMR (DMSO-ds):7.98(d, 1H, Ph-H), 7.61-7.58(d,2H, Ph- H),7.22-7.12(d,1H,Ph-H),
6.88-6.83(d,1H,Ph-H),6.74-6.63(m,4H, Ph-H), 6.55( s,2H,-NH2), 5.71(s,1H,-NH- CH-
NH), 5.58-5.54(d,1H,-NH).

e Compound name: 4-((4,6-dichloro-1,3,5-triazin-2-yl)amino)benzene sulphonamide.

Reaction entry: 2.10a

l

1 “LS,NH_:
Yield: 92% N e

il f’ﬂ‘m"”L‘N"E‘“*e-f] ?
Mp(°C): Infusible H

L

IR (neat): 3293, 3208, 1619, 1552, 1516, 1493, 1425, 1379, 1328, 1295, 1226,
1162,1022, 900, 875, 845, 831 cm™.

IH NMR (DMSO-ds): & 11.37 (s,1H,-NH), 7.80-7.78 (d, 2H, Ph-H), 7.73-7.72 (d, 2H,
Ph- H), 7.73 (s, 2H,-NH;) .

e Compound name: Ethyl 4-((4,6-dichloro-1,3,5-triazin-2-yl) amino) benzoate

Reaction entry: 2.10b
Cl lﬁl

| A
. o - P S,
Yield :93% jjl rt I'ff II' QM5
ol NT T
H

Mp(°C): >300

IR(neat):  3281,3201, 1687, 1607, 1541, 1504, 1431, 1387, 1337, 1318, 1282,
1253,1226, 1186, 1165, 1124, 1014, 960, 878,836, 814 cm™,

IH NMR (DMSO-ds): & 10.88 (s,1H,-NH), 7.80-7.68 (m,4H, Ph-H),4.20 (g, 2H, -CH
)1.22 (t, 3H,-CHs3).
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e Compound name: 4-((4,6-dichloro-1,3,5-triazin-2-yl)amino)benzenesulfonic acid

Reaction entry: 2.10c
Yield: 73%

Mp(°C): Infusible

IR(neat): 3469, 3270, 1618, 1557, 1498, 1423, 1384, 1319, 1225, 1170, 1127, 1035,

1007, 962, 876, 846, 828 cm™

'H NMR (DMSO-de): & 11.16 (s,1H,-NH), 7.58-7.57 (d, 2H, Ph-H), 7.52-7.51 (d, 2H,

Ph- H).

e Compound name:4-((4-chloro-6-(2-isonicotinoylhydrazinyl)-1,3,5-triazin-2

yl)amino)benzenesulfonamide

Reaction entry: 2.11a
Compound code: UHLMTJ-257a
Yield: 85%

Mp (°C): Infusible

Cl

A

N7

N
1L

HN" ™N~ ~NH

;LH] HN

" I

o

'\--h__;:'-

IR (neat): 3206, 1555, 1514, 1408, 1327, 1189, 1154, 1100, 1034, 986, 903,833 cm™.

IH NMR (DMSO-ds): 811.04(d,1H ,-NH-C=0), 10.65(s,1H,-NH-NH-C=0), 10.341(s,
1H, NH), 8.80-8.76(m, 4H,-NH»-S=0,Py-H),7.79-7.70 (m,4H, Ph-- H,Py-H) 7.26-

7.19(d,2H, Ph-H).

HRMS (ESI): Calcd. for C15H13CINgOsS [M*+H]: m/z. 420.05, Found: 421.0586
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e Compound name: Ethyl4-((4-chloro-6-(2-isonicotinoylhydrazinyl)-1,3,5-triazin-2

yl)amino)benzoate.

Reaction entry: 2.11b P "/lx )
I
Compound code: UHLMTJ-257b Hr“ll”J""‘f’{'LrTl-
HM 2

Yield : 83% y ;I:

IR(neat): 3281, 1688, 1605, 1539, 1508, 1411, 1366, 1276, 1227, 1176, 1107, 1017,982,

901, 856 cm™.

IH NMR (DMSO-de): & 10.99 (d,1H,-NH-C=0), 10.63 (5,1H, -NH-NH -C=0),10.34 (1s,
1H, -NH), 8.80-8.75 ( m, 2H,Py-H),7.88-7.41(m,6H,Py-H, Ph-H),4.26-4.16 (g, 2H, -

CH2),1.28-1.24 (t, 3H,-CHs) .

HRMS (ESI): Calcd. for C1sH16CIN7O3 [M*+H]: m/z. 413.10, Found: 414.1079.

e Compound name: 4-((4-chloro-6-(2-isonicotinoylhydrazinyl)-1,3,5-triazin-2

yl)amino)benzenesulfonic acid

)Y
Reaction entry: 2.11c j' “'_Pj
HN N TNH
Compound code: UHLMTJ-257¢ [,-:;H-] ”“T-D
Yield: 72% 0=3=0 ILN,;]
CH

Mp(°C): >300

IR(neat): 3205, 1615, 1568, 1515, 1491, 1317, 1277, 1165,1030, 984, 908, 834cm*

IH NMR (DMSO-ds): 5 11.16 (s,1H,-NH-C=0),10.34-10.28 (d,1H,-NH-NH-C=0),
9.97(s,1H,-NH) ,8.96-8.91(d, 2H,Py-H) 8.06-8.03( d,2H,Py-H), 7.52-7.39 (m, 4H, Ph-

H), 7.16 (s, 1H, ,-OH).

HRMS (ESI): Calcd. for C15H12CIN7O4S [M*+H]: m/z. 421.04, Found: 422.0435.
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e Compound name: 4-((4-(2-isonicotinoylhydrazinyl)-6-(p-tolylamino)-1,3,5-triazin-2

yl)amino)benzenesulfonamide CHL
1
i
Reaction entry: 2.13a qu;]
HH
A
Compound code: UHLMTJ-258a M
P HN"JL‘N "l'“r:JH
. e HH. -0
Yield:80% ~ 1 f
O:;:G [L_N :,]
Mp(°C): Infusible tiH;

IR (neat):3263, 1561, 1487, 1405, 1321, 1154, 1034, 1007, 985, 905, 833cm™*

IH NMR (DMSO-ds): § 10.85(d,1H,-NH-C=0), 9.85 (br,1H,-NH-NH-C=0),9.59,9.26
(br,2H, -NH ), 8.71(s2H,-NHz ), 7.88-7.46(m,8H, Ph-H),7.19-7.07(br,4H,Py-
H),2.23(s,3H,-CHs).

HRMS (ESI): Calcd. for C22H21N9O3S [M*+2]: m/z. 491.15, Found: 493.1405.

e Compound name: Ethyl 4-((4-(2-isonicotinoylhydrazinyl)-6-(p-tolylamino)-1,3,5-

-

triazin-2- yl)amino)benzoate. CHa
1
Reaction entry: 2.13b E-FJ
MNH
.--J;'r-»
Compound code: UHLMTJ-258b N
”,T“ TNTTTTNH
= HHN O
Yield :87% Eiﬁ Tj
s
Mp(°C):238-240 oo T

IR (neat): 3267, 1571, 1486, 1407, 1364, 1273,1173, 1104, 1033, 1008, 805 cm™*

IH NMR (& in ppm): 510.89 (d, 1H, -NH-C=0), 9.57-9.21 (br,1H,-NH-NH-C=0,-NH),
8.79 (s,2H,-NH), 7.96-7.48(m,8H, Ph-H,Py-H)7.12-7.01(m,4H, Py- H, Ph-H),
4.23(q,2H, -CH2 — CHs), 2.23 (s,3H,-CHs),1.25 (t,3H,-CH2 — CH).

HRMS (ESI): Calcd. for C2sH24NgOs [M*+H]: m/z 484.20, Found: 485.2045
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e Compound name: 4-((4-(2-isonicotinoylhydrazinyl)-6-(p-tolylamino)-1,3,5-triazin-2-

yl)amino)benzenesulfonic acid

Reaction entry: 2.13c Iiil

)
Compound code: UHLMTJ-258¢ TT

“‘,l:‘q“
Yield: 68% e

. HMN _:;-{.'.‘

Mp(°C): >300 E“rrj fjﬁ
IH NMR (DMSO-dg): & 11.01( s,1H,-NH-NH- o |

C=0),9.49(s,1H,-NH-NH-C=0),  9.40(s, 1H,-NH),8.96(m,4H,-NH>-S=0,Py-
H),8.09(m,4H,Py-H,Ph-H),7.67-7.48(m,3H,Ph H),7.09-7.07(m,2H, Ph-H),2.23( s,3H,-
CHs).

HRMS (ESI): Calcd. for C22H20NgO4S [M*+H]: m/z 492.15, Found: 493.1405

e Compound name: 4,4'4"-((1,3,5-triazine-2,4,6-triyl)tris(azanediyl))tribenzenesulfonic

acid OH
. 0=5=0
Reaction entry: 2.15 A
»
Compound code: UHLMTJ-259 pm
N."!'-.‘;_-N
Yield: 95% o NN
Q ﬂ [ iIT Q? 0
) oSy L NP g
Mp(°C): >300 HO & o

IR(KBr): 3414, 1622, 1580, 1558, 1488, 1407, 1328, 1171, 1121, 1068, 1032, 1004,
832cm™.

IH NMR (DMSO-ds): & 9.70 (1s,3H,-NH), 7.67-7.51(m,12H, Ph-H).

HRMS (ESI): Calcd. for C22H20NsOsS2 [M*+H]: m/z. 594.03, Found: 595.0382
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e Compound name: 4-((4-chloro-6-((4-(4-oxo-1,2,3,4-tetrahydroquinazolin-2-
yl)phenyl)amino)-1,3,5-triazin-2-yl)amino)benzenesulfonamide

Reaction entry:2.12a

0
Compound code: UHLMTJ-260a A A-w cl .:;.
(LA s Nz
H J T "o
H

T ,—]\
.

Yield:74%

N.-— x\]/'“‘- .-—““

Mp (°C): Infusible
IR(neat):3281,1560,1490, 1407, 1331,1237, 1155, 1129, 1035, 1007,988,900,832cm™.

LH NMR (3 in ppm): 5 8.17(s,1H, -NH-C=0), 8.16 (d,2H,-NH2-S=0), 7.79 (d,1H,-NH),
7.73-7.72 (M,2H, Ph-H), 7.70-7.68 (d,2H, Ph-H ), 7.59-7.58 (d,2H,Ph-H),7.45(d,2H, Ph-
H),7.27(s,2H,-NH),6.73-6.62(m,4H, Ph- H).5.71(s,1H,- NH- CH-NH).

e Compound name: Ethyl 4-((4-chloro-6-((4-(4-oxo-1,2,3,4-tetrahydroquinazolin-2-
yl)phenyl)amino)-1,3,5-triazin-2-yl)amino)benzoate

Reaction entry: 2.12b

Q

Compound code: UHLMTJ-260b [ “I”u“ NH ol 0

,L L
Yield:81% L L B ,_LJ

Mp(°C):240-241
IR(neat): 3287, 1566, 1487, 1409, 1365, 1309, 1274, 1240, 1175, 1107, 1017cm™.

IH NMR (3 in ppm): & 8.26 (d,1H, Ph-H),7.86-7.43 (m,9H, Ph -H),6.72-6.62 (d,1H, Ph-
H),5.70 (s,1H, ,-NH-CH-NH),4.24(q,2H,-CH>), 1.27-1.25(t,3H,CHs).

e Compound name: 4-((4-chloro-6-((4-(4-oxo-1,2,3,4-tetrahydroquinazolin-2-

ylhphenyl)amino)-1,3,5-triazin-2-yl)amino)benzenesulfonic acid

Reaction entry: 2.12c 0
=7 NH Cl 0
Compound code: UHLMTJ-260c E, Lo A O

Yield: 68% | N

68



Objective 11

Mp(°C): >300

IR (neat): 3270, 1556, 1489, 1405, 1322, 1162, 1121, 1031, 1006, 986, 832cm*

IH NMR (DMSO-ds): & 8.14-8.09 (m,2H, Ph-H),7.90-7.77( m,2H, Ph-H),7.58-

7.11(m,8H, Ph- H).

e Compound name: 4-((4-((4-(4-oxo-1,2,3,4-tetrahydroquinazolin-2-yl)phenyl)amino)-

6- (p-tolylamino)-1,3,5-triazin-2-yl) amino) benzenesulfonamide.

Reaction entry: 2.14a
Compound code: UHLMTJ-261
Yield: 74%

Mp(°C): >300

IR(neat): 3272,2324,205,1914,1603,1566,1538,1486,1400,1320,1247,1151,

1095,987,833,802 cm™.

IH NMR (DMSO-ds): 5 9.83 (br,1H, -NH-C=0), 9.66 (s,1H, -NH),9.51(s,1H, -NH) 9.38
(s,1H, -NH),9.22 (s,1H,- NH),8.12 (d,2H,-NH2-S=0, Ph-H), 7.97 (s,2H, Ph-H), 7.76-
7.45(d,8H, Ph-H), 7.21-7.08 (d, 6H , Ph-H), 2.25 (s,3H,-CHa).

e Compound name: ethyl 4-((4-((4-(4-oxo-1,2,3,4-tetrahydroquinazolin-2-

yl)phenyl)amino)-6-(p-tolylamino)-1,3,5-triazin-2-yl)amino)benzoate

Reaction entry: 2.14b
Compound code: UHLMTJ-261b
Yield: 78%

Mp(°C): 258-260

IR(neat): 3272,2350,2285,2112,1981,1916,1681,1614,1567,1556,1514,1487, 1455,

1403,1214,1169,1120,1031,1006,870,836,803 cm™
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IH NMR (DMSO-d6): § 9.84 (br,1H, -NH-C=0), 9.66 (br,1H, -NH),9.57(br,1H, -NH)
9.37 (s,1H, -NH ),8.14-7.63(m,16H, Ph-H),7.45-6.81(m,2H, Ph-H),4.24-4.18(m,3H,NH-
CH-NH,-CH?),2.25(s,3H,-CH3).1.27- 1.14(t,3H,- CH3).

e Compound name: 4-((4-((4-(4-oxo-1,2,3,4-tetrahydroquinazolin-2- yl)phenyl)amino)-

6-(p-tolylamino)-1,3,5-triazin-2- yl)amino)benzenesulfonic acid.

Reaction entry: 2.14c
Compound code: UHLMTJ-261c
Yield: 65%

Mp(°C): Infusible

IR (neat): 3291, 1557, 1486, 1405, 1324, 1164, 1121, 1031, 1005, 830 cm™.

IH NMR (DMSO-d6): & 9.72 (d, 1H,-NH=C=0), 9.48, 9.38(s,2H, -NH), 8.13-
8.07(m,4H,Ph-H),7.85-7.49(m,12H,Ph-H),7.12-7.10(d,2H,-NH-CH-NH,-NH),

2.25(s,3H,- CH).

e Compound name: 4-((4-(2-isonicotinoylhydrazinyl)-6-((4-(4-oxo0-1,2,3,4

tetrahydroquinazolin-2-yl)phenyl)amino)-1,3,5-triazin-2-yl)amino)benzene

sulfonamide.

Reaction entry: 2.16a
Compound code: UHLMTJ-262a
Yield: 79%

Mp(°C): Infusible

L
H

HM

|
AL

M

Q. NH

P /Sf-
] o
e

NI"""“‘-‘N

HN_ .0

L)

IR(neat): 3287, 1556, 1486, 1407, 1327, 1228, 1155, 1035,1008, 832 cm™.

IH NMR (DMSO-d6):812.44,11.97(br,2H,-NH),10.82((br, 1H, -NH-NH-
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C=0),9.85,9.74(br,2H,-NH-C=0,-NH),8.74(s,2H,-NH,-S=0)8.40-6.64(m, 16H,Ph-

H,Py-H).

e Compound name: Ethyl 4-((4-(2-isonicotinoylhydrazinyl)-6-((4-(4-oxo-1,2,3,4-

tetrahydroquinazolin-2-yl)phenyl)amino)-1,3,5-triazin-2-yl)amino)benzoate

Reaction entry:2.16b
Compound code: UHLMTJ-262b
Yield: 81%

Mp(°C): 260-262

o]
]

O
Y OCHs
HN"L“"J/

|
NN
HN._O

CJ

IH NMR (DMSO-d6): & 10.84(br,1H, -NH-NH-C=0),9.84((br,2H,-NH-C=0,-NH),
8.73(s,2H, -NH),8.15-7.43(m, 16H, Ph-H, Py-H),4.24-4.23(m,-NH-CH-NH,- CHy), 1.26-

1.14(t,3H, -CHs).

e Compound name: 4-((4-(2-isonicotinoylhydrazinyl)-6-((4-(4-ox0-1,2,3,

tetrahydroquinazolin-2-yl)phenyl)amino)-1,3,5-triazin-2-yl)amino)benzenesulfonic

acid.

Reaction entry: 2.16¢
Compound code: UHLMTJ-262c
Yield: 73%

Mp(°C): Infusible

.

C

-

T

o]
JL'NH
L

|
T L

IR (neat): 3291, 1556, 1488, 1407, 1325, 1171, 1123, 1032, 1006, 833 cm™.

IH NMR (DMSO-d6):5 10.86(s,-NH-NH-C=0),8.90-8.86(d,2H,-NH),8.14-7.80(m,6H,
Ph- H, Py-H), 7.72-7.47(m,10H, Ph-H, Py-H).
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e Compound name: N'-(4-chloro-6-((4-(4-oxo-1,2,3,4-tetrahydroquinazolin-2-
yl)phenyl)amino)-1,3,5-triazin-2-yl)isonicotinohydrazide.

=
i
Reaction entry: 2.18 == NH cl
y e S
Compound code: UHLMTJ-263a NN HEH o
Yield: 65% =
ield: 65% [N_/

IR(neat): 3205,1650, 1554, 1484, 1484, 1404, 1284,1177,1127,1035, 981,832,800 cm™.

IH NMR (DMSO-d6):58.84-8.74(m,2H,-NH), 8.17-7.36(m,13H, Ph-H,Py-H,-NH),6.65
(br,1H,NH-CH-NH).

4.3.4 Cell Cytotoxicity (MTT Assay) of new molecules:

The cytotoxicity of the newly designed and synthesized drug-like molecules on human
cell line SUP-T1 cells was conducted to increase concentrations 50, 100, 250, 500, and
750 uM the cell viability was evaluated using MTT assay(section 2.2.17). The results of
the analysis of 50% cell survival concentrations (CCso) showed that the molecules
containing sulfonic groups (UHLMTJ-257¢c, UHLMTJ-259, etc.) exhibited significant
toxicity than the molecules devoid of the sulfonic group (UHLMTJ-257a,b). Along with
dihydroquinazoline, isonized combination with sulfonic group molecules UHLMTJ-
261c, UHLMTJ-265a were more toxic, and CCsp was 176.02 uM and 162.72 uM,
respectively. The remaining molecules were moderately toxic at concertation even > 300
uM, depicted in Fig. 4.4 and Table 4.1. The cytotoxicity results are essential for

conducting antiviral studies.
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MTT Assay
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Fig. 4.4: Graphical representation of Cellular cytotoxicity of synthesized molecules at increasing

concentrations in SUP T1 cells.

4.3.5 Anti-HIV-1 activity (p24 Assay) of new molecules:

The antiviral activity of molecules was analyzed against the replication of HIV-1 in
SepT1 cells below their non-toxic concentrations according to the procedure given in
section2.2.19. Acute infection conducted using 93IN101(clade C) and NL4-3 (clade B)
virus in the Sup-T1 cell line in the presence of increasing concentrations (0.5 to 10 uM)
of the compounds. The virus replicated was estimated in p24 using antigen-capture assay;
the results are presented in Fig. 4.5, and ICso values are presented in Table 4.1. In
comparing di and trichloro substituted compounds, trichloro substituted compounds
showed better anti-HIV-1 activity than dichloro substitution of corresponding molecules.
Among this dihydroquinazoline, isonized combination with sulfonic and sulphonamide
contained molecules UHLMTJ-260c, UHLMTJ-261c, UHLMTJ-262a, UHLMTJ-262c,
UHLMTJ-263a were highly active with ICso of 1.54 pM,0.94 uM. 0.76 pM,0.52 pM,
respectively. The activity difference of molecules could be related to the interaction

affinity with V3 loop residues. These molecules showed similar anti-HIV-1 activity
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p24 Assay
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Fig. 4.5: Graphical representation of dose-dependent action of synthesized molecules against replication of
HIV-1 subtype B (NL4-3) subtype C (93IN101). Each data point is an average of three independent

experiments and presented as Mean+SD. T20 was used as a positive control.

Against clade C, clade B type of virus, while relatively better activity was exhibited

against clade B.
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o IC50+SD IC5015D
s. No Compound Iéz]:!ng ;:f;;; (nM) (uM) TI TI
: Code (Kml'/f;‘m) (s: 11) | (e3mon, (NL4-3, | (93IN101) | (NL4-3)
P Clade C) Clade B)
1 ElgggTL 6.0 >300 8.20+0.13 7.440.11 >36.58 =>40.54
2 UHLMTJ- 73 >300 4.03+0.15 3+0.14 >74.44 >100.0
257a
3 UHLMTJ- 6.8 >300 4.5010.18 3.340.15 >66.66 >90.90
257b
A tfgégirj' 7.7 272.47 3.25+0.12 2.240.18 83.83 123.85
> EIE?;JJ' 8.0 >300 286015 | 2.1:0.12 >104.89 >142.85
6 UHLMTJ- 72 >300 3.60:0.17 | 3.840.19 >8333 78,04
258b
7 UHLMT- 8.7 >300 1.14+0.09 1.0+0.11 ~263.15 ~300.0
258¢
8 ElgggTL 78 121.31 3.17+0.11 3.940.18 38.26 31.10
2 UHLMTJ- 87 >300 2.16+0.19 1.5+0.2 >138.88 >200.0
260a
10 UHLMTJ- 83 >300 2.8310.12 2.5+0.19 >106.00 >120.0
260b
1 UHLMTJ- 83 >300 1541015 | 1.2+0.13 >194.80 2500
260¢
12 Ulgigifl' 9.5 209.28 1.74+0.12 1.1£0.15 120.27 190.25
13 Ulggﬁfl' 8.5 267.29 2.31+0.16 2.6+0.12 115.70 102.80
14 UfggﬂfL 94 176.02 0.94+0.08 0.7+0.04 187.25 25145
13 EI??:;J' -105 151.69 0.760.05 0.610.03 199.59 252.81
16 UHLMTJ- 9.0 24422 1.9310.12 1.840.1 126.53 135.67
262b
17 czgg;;y 9.6 186.86 0.52+0.04 0.540.06 35934 373.72
18 ElgéifL 8.6 162.72 2.20+0.23 1.5¢0.12 73.96 108.48

Table 4.1: Binding energy (kcal/mol) in interaction with V3 loop, CCso, IC50, and therapeutic index (TI)
of newly synthesized compounds.
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Summary of Objective I1:

HIV-1 gp120 contains variable and constant regions; the 3" variable loop (V3 loop)
plays a vital role in interaction with co-receptor during viral entry. The V3 loop is
composed of exposed and buried regions; the exposed regions have recognized the
antibodies. In this study, we have used a V3 loop specific antibody, 447-52D, for
identifying particular features associated with recognition and interaction with the V3
loop for developing small molecule mimics. Based on the structure 447-52D antibody
and V3 loop interaction, peptides mimetics were designed by in silico methods. The
designed mimetics were synthesized based on retained interactions and feasibility of the
synthesis process. Here, we have selected two molecules, UHLMT-A2, and UHLMT-A9,
as parent structures for further development. The UHLMT-A9 was functionally modified
with a molecule containing an s-triazine scaffold. The functional modification was
dependent on the V3 loop-CCR5 interaction mechanism and residues present in the
interacting region. Most of the interactions were hydrophilic along with hydrophobic and
n -1 stacking. The interactions could be mimicked with negatively charged sulfonate,
dihydroquinoline, isonazide, and other benzene substituted moieties on the s-triazine
scaffold. The interaction studies disclosed that tri-substituted molecules interact
effectively with better docking scores at the V3 loop range of -8.0 to -10.5 kcal/mol. The
molecules were synthesized and characterized using NMR, HRMS, and IR. These
molecules showed moderate toxicity >300 uM on SUP-T1 cells. However, a combination
of sulfonate, isonized and dihydoquinozoline moieties contained molecules that showed
high toxicity and CCso ~150 uM. The antiviral activity results suggested that all molecules
have ICso activity in <5 uM except one molecule, UHLMTJ-256, with ICso >7.0 uM. The
molecules showed similar activity against both subtype B and C viruses; further, sulfonate
group-containing molecules have better antiviral activity than non- sulfonate group. In
conclusion, sulfonate group-containing molecules will be promising lead molecules for

developing molecules with ICsp at nanomolar concentrations.
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Objective 111

Sulfonate modified lactoferrin nanoparticles as drug
carriers with dual activity against HIV-1.
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5.1 Introduction:

HIV-1 can be treated with a range of 27 drugs that target various stages of the virus life
cycle[58]. The existing drugs are categorized based on viral protein targets, such as entry
inhibitors, fusion inhibitors, reverse transcriptase inhibitors, integrase, and protease inhibitors.
However, all approved drugs have limitations due to high drug resistance and unfavorable
properties like less half-life and adverse side effects[68]. This limitation necessitates
developing novel drugs and treatment options to control infection and mitigate AIDS in
infected individuals. Highly Active Antiretroviral Therapy (HAART) is a combination of
antiviral drugs used for decreasing viral load in the patient body, which is highly effective than
a single antiviral therapy[118]. HAART faces remarkable challenges due to lack of adherence
to the treatment schedule, reduced availability of drug levels in the body, and unexpected heart,
liver, kidney, and CNS toxicity [201][202]. Also, the present treatment is incapable of complete
eradication of the latent virus. These factors warrant novel delivery mechanisms to improve

therapeutic concentrations of drug with prolonged half-life and low toxicity.

The entry of HIV-1 into targeted cells is mediated by successive interaction of envelope
protein, gpl120 with primary receptor CD4 and co-receptors, CCR5, or CXCR4[171]. The
variants of HIV-1 that utilize CCRS5 for entry are known as R5 isolates, and the ones that use
CXCR4 are X4 isolates. Some of the isolates, called R5X4, utilize both co-receptors. The
CCRS5 receptor is a seven-helix transmembrane protein with an N-terminal consisting of acidic
amino acids and post-transitionally modified tyrosine sulphate residues. In the entry process,
R5 isolates essentially use tyrosine sulphates and ECL-2 loop of CCR5[171][173]. The co-
receptor usage depends on the sequence of the variable loop, V3 of the viral envelope gp120.
The V3 loop, being highly immunogenic, plays an essential role in antibody recognition[193].
Previous studies of the gp120-CCR5 complex reported conserved epitopes and an overall
positive charge on the V3 loop. This charge plays a vital role in electrostatic interaction with

polyanion functional groups.

Further, studies demonstrating the anti-viral activity of small molecules substituted with
sulfonates and phosphonates reported better inhibitory activity by the former. This difference
in inhibition could be attributed to the V3 loop's affinity to the sulfates, as seen in the case of
CCR5-Nt[189]. This established that polyanion sulfonated groups on the nanocarrier surface
would have electrostatic interaction with the V3 loop of gp120.
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In recent times, research in nanomedicine is focused on developing delivery options to treat
HIV/AIDS. Nanomedicine is the nanoscale self-assembly of polymer materials by engineering
technology for better therapeutic drug delivery. Polymer materials used in medical applications
include lipids, organic, inorganic polymers, PEG, proteins, etc. [203]. Nanomedicine can
facilitate the co-delivery of a combination of drugs in a therapeutic modality. It can also
facilitate the delivery of poorly water-soluble drugs at the tissue or cell level and
macromolecular drug delivery to intracellular actionable sites. Despite nanomedicine's
advantage, many disadvantages like nonspecific delivery and toxicity of polymer materials
have been observed in clinical applications. Today, only a few Nano-formulations are approved
by the FDA [204]. Several parameters are considered for using Nano vehicles for drug delivery,
such as biocompatibility of material, size, the surface charge of the particles, etc. More recently,
pre functionalized biomaterials have been demonstrated as delivery vehicles for better cellular
receptor interaction and uptake of loaded drugs [205]. In clinical translational research, surface
modified nano-vehicles with specific functional group modifications have shown better
biodistribution and interaction with a subset of cells in actionable tissue.  The naturally
available materials for the preparation of nanoparticles are mostly proteins, lipids, chatoyant,
etc. Among this, proteins have been widely used as a matrix for nanoparticle preparation for
better biocompatibility, higher biodegradability, and lower immunogenicity [206][207]. The
availability of moieties on proteins for surface modification, with specific functional groups,
provides an opportunity to develop nanoparticles for receptor-based internalization. Many
proteins viz albumin, transferrin, gelatin, etc. are extensively used to prepare nano-drug carriers
[208].

This study used Lactoferrin as a nanocarrier, known for its anti-viral, antibacterial, antifungal
activity[143]. Lactoferrin (Lf) is a transferrin family 80K Da glycoprotein, abundantly available
in mammal milk, secretory fluids, and white blood cells [142]. Previously, Lf-NPs have been
reported as drug carriers for HIV-1 ART drugs with optimal results[146]. To improve the
efficiency and target specificity of the Lf NPs, the surface was modified by sulfonate groups
to target the V3 loop of gp120. We report the modified Lactoferrin-MES Nanoparticles'

preparation, characterization, and biological activity (Lf-MES NPs).
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5.2 Rational of Objective I1I:

Highly Active Antiretroviral Therapy (HAART) was a more effective treatment for AIDS
patients. In the treatment process, a combination of drugs in different dosages was used
continuously, which causes some side effects. To improve the drug availability at target
continually with fewer side effects, we need new technology and delivery systems.
Nanotechnology was used for drug delivery with different materials compatible with the human
body and other properties. Mostly protein nanoparticles were used for drug delivery and
modified surface with groups for target-specific. In the objective, we were using lactoferrin
protein nanoparticles for antiretroviral drug delivery along with surface modified with small
functional groups for viral envelope targeting. The drug carrier Lf-Nps loaded with AZT, and
the surface modified with sulfonate groups acting against entry and post-entry of HIV-1. In the
study, we were preparing the physical and biological characterization of surface modified AZT-
loaded Lf-Nps.

5.3 Results & Discussion:
5.3.1 Preparation and Physical Characterization of nanoparticles:

The reported drug-loaded surface modified Lf-MES NPs were prepared by a sonochemical
method (section 2.2.7) in MES's presence (Fig. 5.1). The nanoparticles were observed to be
spherical, and the size measured by FE-SEM and TEM for Lf-AZT NPs was in the range of
90 nm to 120 nm Lf-MES-AZT NPs was in the range of 55nm to 79 nm (Fig. 5.2(i)A and B).
In suspension, Lf-AZT NPs in Milli-Q showed size distribution below 102 nm, and Lf-MES-
AZT NPs showed uniform size distribution of 72nm (Fig. 5.2 (ii)A and B). As explained by
zeta potential, the electrostatic charge of formed NPs was observed to be -9.4mV and -20.4 mV
for Lf NPs and Lf-MES NPs, respectively (Fig. 5.2(iii) A).

The native agarose gel electrophoresis technique was employed to study the particles' charge.
The sign and charge are decided by their pl value and the running buffer((section 2.2.10). This
can be visualized by the difference in migration in the agarose gel. In the gel, sol. Lf, Lf-NPs,
and Lf- MES NPs were loaded, and the DNA ladder was taken as a positive control. From (Fig.
5.2(iii) B) shows that the comparative migration of Lf-MES NPs increased towards anode at

constant time and voltage. The results show that the negative charge on Lf-MES NPs is greater
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than Lf-NPs. This charge difference may reflect the modification of Lf NPs by sulphonate

groups.

The drug-releasing of loaded particles was explained in the presence of an acidic solvent

(section 2.2.11). Lf NPs were seen to be sensitive in acidic conditions, as observed by estimated

drug release at different pH. The delivery of AZT from nanoparticles varies with pH change
from low to high with a maximum at pH 5.0 for both Lf NPs and Lf-MES NPs (Fig. 5.2(iv)).

Drug loading capacity (LC) and encapsulation efficiency (EE) of nanoparticles are essential

aspects that dictate effective therapeutic delivery at target. Based on the formula (section
2.2.12), the LC and EE of Lf-AZT NPs and Lf-MES-AZT NPs were calculated as 6.5%,63%,

and 7.2%, 68%.
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Fig. 5.1: Preparation of nanoparticles by sol-oil method A) Depicts the procedure followed for Drug loaded

Lf NPs B) Depicts the procedure for drug-loaded MES conjugated Lf NPs.
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Fig. 5.2: (i) Characterization of size and shape of A) AZT loaded Lf-NPs B) and MES-Lf-NPs by TEM and FE-
SEM. AZT loaded Lf NPs showed a size range of 90nm to 120nm and AZT loaded Lf-MES NPs were in the
size range of 55nm to 79nm.ii) Characterization of size distribution of NPs in suspension. A) distribution of Lf-
AZT NPs B) distribution of MES-Lf-AZT NPs by Nanosight. The distribution of particles in milliQ reported a
mode of 102nm for Lf-AZT NPs and 76nm for MES-Lf-AZT NPs. (iii) A) Characterization of charge distribution
of NPs in suspension by Zeta Sizer, Lf NPs showed a zeta potential of -9.4mV and Lf-MES NPs showed a
potential of -20.4 mV. B) Merged image of Agarose gel loaded with soluble Lactoferrin, Lactoferrin NPs and
MES conjugated Lactoferrin NPs. DNA Ladder was used as a control. Lf-MES NPs showed greater movement
towards anode in comparison to sol.Lf and Lf NPs. iv) Graph plotted between pH and concentration of AZT to
represent pH dependent drug release of Lf-AZT NPs and Lf-MES-AZT NPs . Maximum drug release was
observed between pH 5.0-6.0. No Significant difference was observed between the Lf-AZT and Lf-MES-AZT

5.3.2 Analysis of MES conjugated Lf nanoparticles by solid-state NMR:

The functional characterization of surface modified NPs (Lf-MES NPs) was performed by
solid-state NMR (section 2.2.13). The NMR active nucleus *H,*3C,*S,*N,’0,%Na of Lf-MES
NPs mainly used to determine particles' functionality. The MES molecule conjugated on
protein nanoparticle by a disulfide bond formed by reaction between sulfhydryl (thiol) groups

of a cysteine residue of protein and MES during sonication. For the conformation
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—— Lf-MES NPs + MES

i — Lf-MES NPs
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Fig. 5.3: Characterization of MES group on Lf — MES NPs by *Na nucleus with MAS NMR
at 132.33 MHz. a) Na nucleus spectra of Lf-MES NPs + MES physical mixture b) 2Na
nucleus spectra of Lf-MES NPs c) 2°Na nucleus spectra of MES molecules.

Of that bond generally, sulfur NMR was useful. Still, the sulfur NMR performance was tough
due to low natural abundance (0.76%), a small gyromagnetic ratio (g= 2.055x10” rad T 1 S*)
of NMR active isotope of sulfur **S nucleus[209]. However, the analysis of other NMR -active
nucleus (*H,*3C,'*N,70) spectrum of Lf-MES NPs was complicated by the complexity of
macromolecular spectral overlapping from a large number of unique signals [210]. Here, we
performed solid-state NMR of the active quadrupole nucleus *Na of Lf-MES NPs for
functional validation of Sodium -2 -mercaptoethanesulfonate (MES) on Lf-NPs. In the below

spectral analysis, the difference in the chemical shift of 2Na nucleus in MES and Lf-

MES NPs was observed in the range of 0.64 ppm. The negative chemical shift (6 = -0.50 ppm)
of 2Na nucleus in Lf-MES NPs represents the protein field's shielding effect on the nucleus
due to the chemical bond. Otherwise, the physical mixture of MES and Lf-MES NPs generated
two peaks corresponding to individual molecules with similar chemical shifts (Fig. 5.3). That
means in a mixture compound protein filed not shown any shielding effect on *Na nucleus.
The results suggest that the MES molecule binds with Lf-NPs through chemical bonds offered
in a new chemical shift but not observed in the physical mixture. The detailed spectra of

individual molecules are shown in the appendix.
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5.3.3 Characterization of Functional groups on protein nanoparticles.

Lf-NPs, Lf-MES NPs, and MES were analyzed for changes in functional groups' vibrational
mode at different wavelengths, and the experiment conducts as per the procedure section
2.2.14. In the study, significant differences were explained through the disulphide bonds and
sulphonate groups on Lf-MES NPs. From the spectrum (Fig. 5.4), the CYS-CYS disulphide
bonds conformation (g-g-t) was observed at 523 cm™, the CYS-MES disulphide bonds were
observed at 589 cm™. CgH. wagging mode was seen at 795 cm™; the band at 1064 cm™
corresponds to Sulfonate (SOs) in the MES spectrum. The same peak was shifted (8 cm™) to
a lower wavenumber in the Lf-MES spectrum due to a difference in cation ionic pairs'
interaction in solution. The peaks at 1584 cm™and 1610 cm™ correspond to Phe, Tyr (C=0

stretching vibration) groups. The vibrations of Lys NHs* was observed at 1121 cm™-1185 cm
1

——LEfMES NPs
4500 4 —— MES

-
th

[=]
[=]
1

Intensity (a.u.)

Fig. 5.4: Characterization of Functional groups on protein nanoparticles by SERS at 785nm
excitation.The CYS-CYS disulphide bonds conformation (g-g-t) was observed at 523 cm',
the CYS-MES disulphide bonds were observed at 589 cm™. The band at 1064 cm™
corresponds to Sulfonate (SOs) group. The Spectrum of Lf-NPs is in black , Lf-MES NPs
is in blue and MES in red.

5.3.4 Cellular localization of fluorescent drug (Curcumin) loaded NPs by Confocal study
and localization of drug (AZT) quantified by HPLC.

Curcumin-loaded Nanoparticles were used to visualize the nanoparticles' localization in HL2/3
cells at different time intervals from 30 min to 12 hrs. As seen in Fig. 5.5(i), the localization of
Curcumin (Green fluorescence) in Lf-Cur NPs treated cells (panel A) were observed starting
from 1hr time point reaching to a maximum at 4hr followed by the decreased intensity in later
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time points. In Lf-MES-CUR NPs (panel B), the localization started at a 30min time point and
reached the maximum at 4hr. Despite a minor decrease in the fluorescence in later time points,
the localization sustained up to 12hrs. The drug's availability was quantified by measuring
Curcumin's fluorescence intensity and is depicted in the graph (Fig. 5.5(1)C). SKNSH cells
were used as negative control. The results represented in Fig. 5.6 showed an increased
localization in the SK-N-SH cells at 2hr and 4hr time points, 4hr being the highest. No
significant difference was observed between cells treated with Lf-CUR NPs and Lf-MES-CUR
NPs, unlike in HL2/3 cells, suggesting the role of gp120 in nanoparticle localization. The
internally localized AZT in HL2/3 cells was further quantified at different time points by
HPLC. From (Fig. 5.5(ii)), the availability of AZT was significantly high at all time points
starting from 30mins in Lf-MES-AZT NPs, sugadesting that L-MES-AZT NPs highly interact

A) Lf-CUR NPs B) Lf-MES-CUR NPs i)
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Fig. 5.5: (i) Cellular (HL2/3) localization of fluorescent drug, Curcumin loaded A) Lf NPs and B) Lf-MES NPs
0.5hr, 1hr, 2 hr, 4hr, 8hr, 12 hr time points. As visualized by the fluorescence (green), Lf-MES-CUR NPs, showed
better localization of the drug than Lf-NPs at all time points. Lf-MES- CUR NPs showed effective localization and
long-term delivery at 30 min and 12hr time points respectively. C) The fluorescent intensity was plotted as a graph
using ImageJ software. (ii) The amount of AZT localized in the cell at different time points when delivered through
Lf NPs and Lf-MES NPs was estimated through HPLC and plotted as a graph. The results reflected the localization
assay with Cur NPs. Both Lf-AZT NPs and Lf-MES-AZT NPs showed maximum localization at 4hr time point but
Lf-MES-AZT NPs sustained the localization until 12hr.
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Fig. 5.6: Cellular (SKNSH) localization of fluorescent drug, Curcumin loaded A) Lf NPs and B) Lf-MES
NPs 0.5hr, 1hr, 2 hr, 4hr, 8hr, 12 hr time points. As visualized by the fluorescence (green), Lf-CUR NPs, and
Lf-MES- CUR NPs didn’t show significant difference of the drug at all time points C) The fluorescent
intensity was plotted as a graph.

5.3.5 Competitive interaction of MES nanoparticles with HL2/3 cell surface gp160:

The affinity of MES nanoparticles to bind with gp160 was determined by treating HL2/3 cells
with NPs in the presence of lactoferrin receptor antibody (ITNL-1) and purified gp160 (section

2.2.16). Curcumin-loaded Lf and Lf-MES nanoparticles were used to visualize the difference
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in localization. The results are depicted in (Fig. 5.7) with (panel 1) comprising of Lf-CUR NPs
and (panel I1) comprising of Lf-MES-CUR NPs localization. In Lf-CUR NPs, a notable
decrease in fluorescence intensity was observed in HL2/3 cells treated with ITLN-1, which
blocks the interaction and receptor-mediated endocytosis of the NPs. No significant difference
in fluorescence was observed in cells treated with ITLN-1+gp160, suggesting no involvement
of gp160 in localization of Lf-CUR NPs. This was also confirmed in cells treated with
sol.gp160 only, where no difference in fluorescence than control was observed. In Lf-MES-
CUR NPs, a significant decrease in fluorescence intensity was observed in cells treated with
sol.gp160 and a combination of sol.gp160+ ITLN-1 Ab. Sol.gp160 binds to free Lf-MES-CUR
NPs, reducing its availability to HL2/3 cells, thus decreasing Curcumin's localization. Similar
results were observed in the presence of ITLN-1 and gp160. However, treatment with ITLN-1
Ab alone showed an exceptionally low decrease in intensity. The results confirm the interaction
of MES NPs with gp160. Treatment with NPs in the absence of sol gp160 and ITLN-1 was

) Lf-CUR NPs 1) Lf-MES-CUR NPs
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Fig. 5.7. The figure depicts the localization of Lf-CUR NPs and Lf-MES-CUR NPs in the presence of agents B)
sol gp160 to competitively bind Lf-MES-CUR NPs C) ITLN-1 Ab to bind to Lf receptors on HL2/3 cell surface
D) ITLN1+gp160. A) The localization in the absence of agents was taken as control. The localization in Lf-MES-
CUR NPs was majorly inhibited in the presence of gp160 and a combination of ITLN-1 Ab and gp160. The
localization of Lf-CUR NPs was majorly inhibited in the presence of ITLN-1 Ab, and no difference was observed
in the presence of other agents.
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5.3.6 Cell Cytotoxicity Assay:

Cytotoxicity of the nanoformulations (Blank Lf, Lf-MES NPs, and Lf-AZT, Lf-MES-AZT)
was assessed by MTT Assay (section 2.2.17). The cell survival in the presence of nanoparticles
was compared with sol. AZT. MES was used as a control, and cell survival was measured at
concentrations 25uM, 50uM, 75uM, 100puM, and 150 pM. The blank Lf, Lf-MES, and AZT
loaded nanoparticles showed low toxicity at all concentrations. Toxicity induced by MES
powder was also observed to be negligible. A significant difference in cell survival between
the nano-formations and sol. AZT was observed at all concentrations with a 35% difference at
150uM (p-value < 0.0001) (Fig. 5.8).
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I ves Lf NPs [ Lf-MES NPs sol.azr [l Lf-AZT NPs

Lf-MES-AZT NPs

Fig. 5.8: Depicts the cell survival in terms of % control. The nano-formulations of AZT showed
significantly lower toxicity than soluble AZT. The blank nanoparticles and MES showed negligible
toxicity. Data is represented as Mean+SD of triplicate experiments and significance was calculated
using Two-way Annova. * indicates a p-value < 0.05.** indicates value < 0.01, *** signifies value
<0.001 and **** signifies value < 0.0001 vs sol.AZT.

5.3.7 Inhibition of Cell Fusion:

The role of Lf-MES NPs in inhibiting the fusion of the virus to the host cell was monitored
using the dye redistribution assay according to the protocol described in section 2.2.18. HL2/3
and T-Cell line, SupT-1 previously loaded with cell-permeable dyes, were allowed to contact
and fuse in the presence of nanoparticles. The cellular mixing of the dyes was observed to
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Fig. 5.9: Inhibition of Cell Fusion depicted by dye redistribution assay. The fusion was monitored
in presence of Lf NPs and Lf-MES NPs and T20. Both, Lf NPs and Control experiment showed 80-
100% fusion, with green and blue dye mixing in the fused cells. Lf-MES showed inhibition of
fusion with onlv 50% of the cells showina dve mixina.

Confirm the fusion of the cells. The results obtained are represented in (Fig. 5.9). The fusion
of the cells in control and Lf NPs treated cells shows an approximate 100% and 80% fusion,
respectively, while in the positive Control (T-20 treated cells), the fusion was negligible. In Lf-
MES NPs, the cells' fusion was seen to be inhibited, with only 50% of cells participating in the

fusion. This suggests the activity of Lf-MES in the entry/ fusion of the virus.

5.3.8 Anti-viral activity of nanoparticles :

The inhibition of HIV-1 infection was analyzed by quantifying the viral p-24 antigen by ELISA
Assay (section 2.2.19). The Lf-MES-AZT NPs (1C50:15.2nM) showed significantly greater
inhibition (p-value < 0.0001) than sol. AZT (IC50:46.7nM) and Lf-AZT (1C50:34.2nM). The
percent inhibition of viral replication versus concentration was plotted in (Fig. 5.10). Blank Lf-
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Fig. 5.10: Depicts the HIV-1 inhibition in terms of % control. The Lf-MES-AZT NPs showed
significantly better activity in comparison to both Sol. AZT and Lf-AZT NPs. The blank Lf-MES NPs
showed inhibition when compared to Blank Lf-NPs. Data is represented as Mean+SD of duplicate
experiments and significance was calculated using Two-way Annova between Sol.AZT vs Lf-MES-
AZT NPs and Lf-AZT NPs vs Lf-MES-AZT NPs. **** indicates p-value < 0.0001, ,** indicates value
<0.01, *** signifies value < 0.001.

MES NPs showed marginally better inhibition of infection in comparison to Blank Lf NPs.

This suggests the probable involvement of MES nanoparticles in controlling the disease.

Summary of objective I1I:

We present a surface modified protein nanoparticle that can control HIV-1linfection by
inhibiting the entry and successfully delivering the ART drugs to the infected cell. The
advantage of using the protein polymers as drug carriers is the interaction of hydrophobic and
hydrophilic side chains of amino acids with both water-soluble, insoluble molecules [211]. The
preparation method presented is simple water in the oil sonochemical way without using toxic
surfactants to stabilize particles [212]. The sol-oil process ensures the particles' spherical
structure necessary for drug interactions, and the sonication step enables self-assembly to form
nano-sized particles. The presence of 34 cysteines, two disulfide bonds, and freely available
Cysteine groups allows Lf to create intra/intermolecular disulphide bonds within the protein or

other external molecules [213][214]. The surface modification of the Lf NPs is initiated by
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HO,* free radicals generated by sonochemical irradiation activating either sulfhydryl group of
CYS (cysteine) residue or MES [215][216].

The formed nanoparticles showed acceptable morphological parameters such as size and shape,
influencing the particles' biological response and interactions. The particles' spherical shape
enables easy cellular entry, and the smaller size optimizes the enrichment of particles on the
receptors [217]. The range observed for the LF-MES-AZT NPs is optimal for cellular uptake
of particles by the endosomal mechanism, thus making them an acceptable delivery vehicle.
The zeta potential decides the stability arising from repulsion between the formed particles
[218]. The magnitude of the zeta potential observed is permissible to consider the particles
stable. The dominant-negative charge confirmed by particles’ migration towards the anode in
a native agarose gel plays a pivotal role in biological interactions[168]. In blood fluidic
distribution, nanoparticles interact with several protein coronae based on the particles[219].
Negatively charged particles are abundantly available at the target site, unlike the positively
charged particles, which tend to interact more with serum or other biological fluid proteins,
decreasing its half-life in blood[220]. This makes the formed particles acceptable carriers. The
observation from the native agarose gel electrophoresis confirmed the surface modification of

Lf NPs with a sulfonate group.

The functional characterization to confirm newly formed nanoparticles' surface
modification was performed through the surface-enhanced Raman spectroscopy (SERS). The
SERS is a powerful analytical tool to study complex biomolecules and to observe dynamic
structural changes in the biochemical fingerprint region. The Raman signals of the target
sample are enhanced by the energy transfer mechanism when placed onto metal nanostructures
(Au-NSs) [221]. The surface-enhanced resonance spectrum is analyzed to give structural
modification of functional groups of samples at the Near-infrared (NIR) region[222]. In the
case of the protein spectrum, significant conformational changes are observed in certain amino
acids (Cys, Phe, Gly, Pro, Met) and their corresponding functional groups' vibrations like
C=0,-CO0",-NH3",-C-S,-C-H,-S-S- [223]. The other primary vibrational frequency of CYS-
CYS disulphide bond conformation (g-g-t), CYS-MES disulphide bond, CgH2 wagging mode,
and the band corresponds to Sulfonate (SOs ) of MES were observed in the
spectrum[224][225]. The influence of cation ionic pair interaction in solution on functional

group peak shifting, as shown in the spectrum [226][227]. Overall, the SERS spectrum of Lf-
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MES NPs provided vital information of functional groups suggesting the addition of sulfonate

groups on nanoparticles.

The enrichment of the active pharmaceutical ingredient of the Nanoformulation at the target
site is ensured by its control release from the carrier polymer. The nanoparticle's drug release
depends on the polymer's chemical nature and external stimuli, such as pH or temperature,
which degrade the polymer to release the drug[228]. Like other Acidic sensitive nanoparticles
that degrade at pH 4.5 -5.5[229], biodegradable Lf NPs, Lf-MES NPs also showed a maximum
drug release at pH 5.0. The receptor-based localization and drug(Curcumin) release of NPs was
evaluated by fluorescent studies[146]. The increase in fluorescence seen in Lf-MES-CUR NPs
is contributed by the gpl60 targeted enrichment of the MES NPs, facilitating their
internalization availability. The fluorescence suggests early localization followed by sustained
presence even at higher time points, making these viable nano-carriers for prolonged drug
release. The results confirm that surface-modified NPs are more specific towards gp160 protein
and slow-release during the action. The results were reconfirmed using AZT loaded NPs by

using semi-preparative HPLC.

The reported particles demonstrated an acceptable toxicity profile, similar to other in-vitro and
in-vivo studies conducted, that showed better safety with Lf-AZT NPs in comparison to sol
AZT[146 ]. The viral inhibition observed in fusion assay and p24-ELISA assay suggests a dual
activity via drug release and control in the viral particles' entry/fusion. Overall, the Lf-MES
NPs obtained by surface modification with sulfonate groups conjugated by disulphide bonds
were shown to be efficient against HIV-1. The specificity of LF-MES NPs to virus envelope
protein was confirmed through cellular localization studies, and binding affinity was confirmed
by competitive assay. The surface modified nanoparticles can be loaded with ART single or
multiple drugs for long term control release and for increased drug concentration at that target
site.
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Overall summary & conclusion of the Thesis

The thesis's outcome can be divided into two parts. The first part of the thesis explored HIV-1
entry inhibitors' development based on the active peptide and broadly neutralizing antibody
interacting mimetics explained in Objective | and I1. The other part of the thesis was the
protein nano delivery system for antiviral drug delivery and surface modified with functional
groups acting as a target-specific and inhibiting HIV-1 entry. The dual nature nano-drug
delivery system was briefly explored in Objective IlI.

Objective I:

The protein Epap-1 was taken to design compounds to target HIV-1 entry by binding
to the V3 loop of gp120.

From designed molecules, pharmacologically stable pyrazole, dihydropyrimidine
(DHPM) mother structure compounds were selected for development.

The three molecules, UHLMTA-E5, UHLMTA-E8, and UHLMTA-E9, contain
pyrazole, dihydropyrimidine (DHPM), respectively.

Compare to pyrazole, DHPM scaffolded natural molecules have shown entry inhibition,
so UHLMTA-E8 and UHLMTA-E9 selected for further development.

The Insilco docking studies reveal that DHPM derivatives are binding in-between V3
loop and CD4 binding site (phe43 cavity) with binding score -5.0 to -7.0 kcal/mole.

Trying to synthesize UHLMTA-E9 derivative molecules by 1,2,34-
tetrhydropyrimidine (THPM)-thioxo molecules used as reactants, but the reaction was
a failure to get a set of molecules are 1,2,3,4- THPM-0xo compounds.

The 1,2,3, 4-THPM-thioxo (UHLMTJ-254a-g) and 1,2,3, 4-THPM-oxo (UHLMTJ-
255a-g) molecules were docking with gp120 to get binding results at“phe43 cavity”
and near phe43 cavity region respectively.

The UHLMTJ-254e molecule binding at the pocket of CD4 binding and participated in
hydrogen bonding with ASP-368 of gp120, crucial for gp120 -CD4 interactions.

The synthesized series of molecules were structurally similar, but only two atoms (S,
0O) were exchanged, which was Confirmed by physical characterization with NMR,
HRMS, and FTIR of two molecules UHLMTJ-254a, UHLMTJ-255a.

Total synthesized 15 molecules UHLMTA-E5, UHLMTJ-254 a-g, and UHLMTJ-255a-
g were further biologically characterized.

The compounds cytotoxicity was testing (MTT assay )Jon SUP- T1 cells in different
concentrations from 25 to 500 puM, and HIV-1g3in101 Subtype C virus was used for the
antiviral test (P24 assay) and used compound concentrations in the range of 0.5 to 10
MM.
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UHLMTA-E5 (CCso = 37.7 uM) is comparatively toxic at 25 pM, while all other
compounds tested exhibited <20% toxicity at 25 uM.

Cytotoxicity of compounds showed that Tetrahydopyrimidine (THPM) thioxo
derivatives UHLMTJ-254 a-g exhibited higher toxicity than oxo derivatives UHLMTJ-
255 a-g.

The antiviral results showed that UHLMTJ-254 a-g exhibits higher anti-HIV-1 activity
than UHLMTJ-255 a-g, and IC50 of compounds was at < 5 pM. Among these, one of
the molecules, UHLMTJ-254e, shown 50% inhibition at 2.2 uM, while the molecule
UHLMTA-ES5 has shown ICsp at ~ 9 uM.

» The overall conclusion of Objective | was 1,2,3,4- tetrahydopyrimidine (THPM)-thioxo

derivatives were showed better activity with site-specific (phe43 cavity) binding and
used for further development as entry inhibitors.

Objective 11:

The Broadly neutralizing antibody 447-52D was taken to design small-molecule mimics
based on specific features associated with recognition and interaction with the V3 loop.

The designed mimetics UHLMT-A2 and UHLMT-A9 were selected for synthesis based
on retained interactions, the synthesis process's feasibility, and parent structures for
further development.

The s-triazine scaffold contained UHLMT-A9 molecules derivatives were prepared with
different functional groups to interpret the V3 loop-CCRS5 interactions.

The interactions could be mimicked with negatively charged sulfonate, dihydroquinoline,
isoniazid, and other benzene substituted moieties on the s-triazine scaffold.

The interaction studies disclosed that most of the interactions were hydrophilic along with
hydrophobic and & -n stacking.

Tri-substituted molecules interact effectively with better docking scores at the V3 loop
range of -8.0 to -10.5 kcal/mol than disubstituted molecules.

The molecules were synthesized with better yields, and the cytotoxicity of molecules was
conducted on SUP-T1 cells in increasing concentrations 50, 100, 250, 500, and 750 uM,
and the cell viability was evaluated using MTT assay.

Sulfonic groups contained molecules UHLMTJ-257¢,UHLMTJ-259 .etc showed
significant toxicity then UHLMTJ-257a,b molecules .

Most of the molecules showed moderate toxicity >300 uM. However, a combination of
sulfonate, isonized and dihydoquinozoline moieties contained molecules (UHLMTJ-
261c, UHLMTJ-265a) showed high toxicity and CC50 ~150 uM.
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Anti-viral activity of molecules conducted on 93IN101(clade C) and NL4-3 (clade B) virus
in Sup-T1 cell line in the presence of increasing concentrations (0.5 to 10 uM) of the
compounds.

UHLMTJ-260c, UHLMTJ-261c, UHLMTJ-262a, UHLMTJ-262c, UHLMTJ-263a were
highly active with IC50 of 1.54 uM,0.94 uM. 0.76 uM,0.52 uM, respectively.

The antiviral activity results suggested that all molecules have ICso activity in <5 uM
except one molecule, UHLMTJ-256, with ICso >7.0 uM.

» Overall conclusion of Objective Il was neutralizing antibody-based drug design and

development to provide knowledge about valid target site recognition, consequently,
reduce the biological and chemical rick of small molecules.

» The mimicking chemo superiors are considered as “hits” for lead molecule development

with various modifications. In general, QSAR or pharmacophore models have been used

to further develop molecules for better binding at target protein.

Objective I11:

Preparation of surface-modified Lactoferrin nanoparticles (NPs) with Sodium 2-
mercaptoethanol sulfonate (MES) in oil in the water sonochemical method to form new
particles Lf-MES NPs.

The surface-modified Lf-MES NPs acted as a mimic of CCR5 sulfonate groups to target
the V3 loop of gp120.

Lf-MES NPs were loaded with AZT drugs and physically characterized.

TEM and FE-SEM were used to measure the size of NPs, AZT loaded Lf NPs, and AZT
loaded Lf-MES NPs showed a size range of 90nm to 120nm and 55nm to 79nm,
respectively.

Characterization of charge distribution of NPs in suspension by Zeta Sizer, Lf NPs
showed a zeta potential of -9.4mV. Lf-MES NPs showed a potential of -20.4 mV, thus
suggesting the presence of sulfonate groups on the surface, and a native agarose gel
experiment confirmed that.

pH-dependent drug release of Lf-AZT NPs and Lf-MES-AZT NPs. A maximum drug
release was observed between pH 5.0-6.0 in both.

Structural changes in Sol-Lactoferrin, Lactoferrin Np, and Drug Loaded Lactoferrin NPs
were recorded by Surface-Enhanced Raman Spectra and 22Na nucleus solid-state NMR.
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Enhanced localization of Lf-MES NPs was observed on HIV-1 gp160 envelope protein-
expressing HL2/3 cell line using curcumin-loaded Nanoparticles at different time
intervals from 30 min to 12 hrs, and SKNSH cells were used as a negative control.

Lf-MES NPs affinity to bind with gpl160 was determined NPs in the presence of
lactoferrin receptor antibody (ITNL-1) and purified gp160.

MTT Assay assessed the nanoformulations' cytotoxicity (Blank Lf, LF-MES NPs, and Lf-
AZT, LI-MES-AZT) results in negligible toxicity at 150 yuM.

Dye distribution assay was conducted with HL2/3 and SUP-T1, which is predicted the
role of Lf-MES NPs in inhibiting the fusion of the virus to the host cell.

Cell fusion results suggested that Lf-MES NPs, the fusion of the cells, was inhibited with
only 50% of cells participating in the fusion, and T20 was used as the positive control.

Antiviral activity of Lf-MES-AZT NPs (IC50:15.2nM) showed significantly greater
inhibition when compared to sol.AZT (1C50:46.7nM) and Lf-AZT (I1C50:34.2nM).

The conclusion of Objective I11 was surface-modified biocompatible protein nanoparticle
drug delivery was essential for safe drug delivery along with target-specific for chronic
diseases.
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i) Copies of TH NMR, HRMS and IR spectra for representative compounds
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ARTICLE INFO ABSTRACT

Keywords: Intriguing properties and structural dynamics of Lactoferrin have been exploited in numerous applications, in-
Drug delivery cluding its use as self-assembling, pH sensitive nanoparticles to deliver intended cargo at the disease site. In this
Nanoparticles study, we explore the possibility of surface modification of Lactoferrin nanoparticles to hone its specificity to
Lactoferrin target HIV-1 infected cells. Existence of free cysteine groups on Lactoferrin nanoparticles available for reaction
f]%li)(lp with external molecules facilitates conjugation on the surface with Sodium 2-mercaptoethanesulfonate (MES).
MES Conjugation with MES is used to edge a negative charge that can mimic CCR5 and Heparan sulfate (initial point

HIV-1 of contact of HIV-1 env to host cell surface) electrostatic charge (Sulfate group). A simple sono-chemical irra-
diation method was employed for self-assembly of Nanoparticles and for surface modification. The nanoparticles
serve dual purpose to abrogate extracellular entry and to target viral enzymes, when loaded with ART drugs. The
morphology and size distribution of the formed particles were explored using Transmission Electron Microscope
(TEM), Scanning Electron Microscope (SEM) and Dynamic Light Scattering. Raman SERS was employed to
understand the difference in the protein upon surface modification. The anti-HIV property of the particles was
confirmed in-vitro. The modified device demonstrated acceptable nanoparticle properties with controlled release
and higher effective concentration in the area of infection.

1. Introduction

Highly Active Antiretroviral Therapy (HAART), the current treat-
ment method for HIV-1 infected patients, involves using a combination
of anti-HIV-1 drugs to decrease viral load in the patient body [1]. De-
spite being effective, HAART faces remarkable challenges due to lack of
adherence to the treatment schedule, reduced bio-availability and un-
expected heart, liver, kidney and CNS toxicity [2,3]. These factors
warrant the requirement of novel delivery mechanisms to improve
therapeutic concentrations of drug with prolonged half-life and low
toxicity. In clinical translational research, surface modified nano-ve-
hicles with specific functional group modifications have shown better
biodistribution and interaction with a subset of cells in actionable tissue
[4].

The HIV-1 entry into host cells is facilitated by sequential interac-
tions of envelope protein, gp120 with primary receptor CD4 and co-
receptors, CCR5 or CXCR4 [5]. Earlier reports of the gpl120-CCR5
complex reported conserved epitopes and an overall positive charge on
a variable (V3) loop of gpl20. This charge plays a vital role in

* Corresponding author.
E-mail address: akondapi@uohyd.ac.in (A.K. Kondapi).

https://doi.org/10.1016/j.colsurfb.2020.110979

electrostatic interaction with polyanion functional groups of CCR5 N-
terminal [6]. Studies on sulfonate and phosphonate substituted small
molecules reported better HIV-1 inhibitory activity by the former. This
alteration in inhibition could be attributed to the affinity of V3 loop to
the sulphates, as also seen in the case of its interaction with CCR5-Nt
[6]. Further, prior to the engagement of CD4 receptor, the virion par-
ticles interact with a cluster of anionic polysaccharides known as He-
paran sulfate (HS) on the host cell surface. This interaction is mediated
by the V3 loop and studies demonstrated HIV-1 neutralizing properties
of compounds that mimic HS by competitively binding to the V3 loop of
gp120 [7]. In one study, Sodium 2 mercaptoethanesulfonate (MES)
conjugated gold nanoparticles were exploited to mimic HS to compe-
titively bind the surface glycoproteins of HSV-1, these interactions were
mediated by sulfonate groups of MES [8]. This established that poly-
anion sulfonated groups on nanocarrier surface would have electro-
static interaction with V3 loop of gp120.

In this study, we used Lactoferrin (Lf), as nanocarrier, known for its
anti-viral, antibacterial, antifungal activity [9]. Lf is a transferrin family
80KDa glycoprotein which is abundantly available in mammal milk,
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