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While antiretroviral therapy (ART) has revolutionized treatment and prevention of human 

immunodeficiency virus type one (HIV-1) infection, regimen adherence, viral mutations, 

drug toxicities, stigma and pill fatigue are limitations. These have led to the development 

of long acting (LA) ART.  These include, but are not limited to, implantable devices, new 

chemical entities, prodrug modifications and nanoformulations. To these ends, this thesis 

focues on the transformation of nucleoside reverse transcriptase inhibitors (NRTIs) into 

LA parenterals, While elusive, data from our laboratories demonstrated that modifications 

to the PROdrug and nucleoTide technology (ProTide) enables improvements in drug 

apparent half-life and tissue and cell drug penetrance.  Specifically, we now show that this 

modified ProTide approach could be applied successfully to emtricitabine (FTC) amongst 

other hydrophilic compounds to generate LA formulations. This advance can be seen as 

a principal part of commonly accepted antiretroviral and other antiviral treatment regimens.  
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1.1 Human Immunodeficiency Virus (HIV) 

1.1.1   Structure and Lifecycle of HIV 

Acquired Immunodeficiency syndrome (AIDS) is caused by HIV infection with 

associated host immune system destruction leading to the clinical disease [1, 2]. HIV 

(Figure 1.1) belongs to the group lentivirus, retroviridae family and orthoretrovirinae 

subfamily. There are two types of HIV (HIV-1 and HIV-2) that are known to cause viral 

immunopathogenesis and AIDS [3], however, HIV-2 has lower pathogenicity and 

transmissivity. The simian immunodeficiency virus, SIV affecting non-human primates 

also belongs to lentivirus genus [4]. Thus, HIV-1 forms major target of therapeutics with 

the goal of treating and curing HIV-1/AIDS [5]. HIV-1 has two identical single stranded 

(ss) RNA molecules of approximately 9.8 kilobase pairs flanked by two long terminal 

repeats (LTRs) responsible for encoding different HIV proteins i.e. gag, pol, vif, vpr, vpu, 

enc, tat, rev, nef, and antisense protein (ASP) [6] commanding viral infectability and 

intracellular replication processes [7, 8]. The viral ssRNA undergoes reverse transcription 

to form HIV proviral genome (proviral DNA) which then gets integrated into host genome 

with the help of integrase enzyme. 

 

Figure 1.1 Structure of HIV [9] 



2 
 

 

Intravenous injection, sexual intercourse, and mother-to-child (vertical 

transmission) are physical routes through which HIV-1 spreads in human hosts [10, 11]. 

Once infected, HIV patients undergo three stages of diseases. First is acute infection, 

second chronic infection and third clinical  disease, the AIDS [12]. Initially, HIV-1 infects 

CD4+ T cells that express the CD4 receptor (lymphocytes, monocytes, dendritic cells, 

microglial, perivascular macrophages in the central nervous system and histiocytes). This 

occurs through its surface glycoprotein (gp)120 binding to CD4+ receptor whereas CCR5 

and CXCR4 co-receptors aid in virus binding and cellular internalization as co-receptors 

[13]. The lifecycle of HIV-1 infection in target host cells is been represented in Figure 1.2.   
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Figure 1.2 Different stages in the lifecycle of HIV infection [9] 

 

1.1.2 Epidemiology and Current Treatments 

1.1.2.1  Global HIV Statistics  

According to global HIV-1 and acquired immune deficiency syndrome (AIDS) 

statistics – 2020 fact sheets, UNAIDS, 26 million infected people are ART treated (by the 

end of June 2020). In 2019 globally, there were 38 (31.6-44.5) million people living (PLW). 

However, 690,000 (500,000-970,000) died due to AIDS related complications. In the 

same year, 1.7 (1.2-2.2) million people succumbed to new HIV-1 infections. From the 
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start of AIDS epidemic, 75.7 (55.9-100) million people have been infected with HIV and 

32.7 (24.8-42.2) million people have lost their lives due to AIDS related complications 

[14, 15].  The global epidemic and global response of PLWH (in millions) in terms of WHO 

region are represented in Figures 1.3 A and 1.3 B respectively [15].   Additionally, the 

distribution of new HIV infections by key populations globally in 2019 is tabulated in Table 

1.1.   The appearance of new cases of HIV and consequential deaths in 2019 relative to 

2010 by WHO region is represented in Table 1.2. The classification of different categories 

of drugs [16] is represented in Table 1.3. 

 

Figure 1.3 Distribution of (A) PLWH and (B) people receiving ART by WHO region in 2019. 

 

Sr. No. Key population Percent distribution, 

2019 

1. Sex workers 8 

2. People who inject drugs 10 

3. Gay men and other men who have sex with men 23 

4. Transgender women 2 

5. Clients of sex workers and sex partners of other key populations 19 

6. Remaining population 38 

Table 1.1 Distribution of new HIV cases amongst key populations in 2019. 
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Sr. 

No. 

WHO region 

PLWH (millions) 

New Diagnosis (%) annually 

relative to 2010 

Deaths (%) annually related to 

2010 

1. African (25.7) -35 -46 

2. Americas (3.7) +7 -20 

3. Eastern Mediterranean 

region (0.42) 

+47 +57 

4. European region (2.6) +46 +14 

5. South East Asian (3.7) -26 -30 

6. Western pacific (1.9) +3 -36 

Table 1.2 Summary of regional HIV epidemic, 2019. 

 

 Category Mechanism Examples 

1 Entry Inhibitors These are classes of US FDA approved 

drugs which prevent HIV infection from 

infecting CD4+ T-cells. 

CCR5 Antagonist: 

Maraviroc (Selzentry) 

Fusion inhibitor: 

Enfuvirtide, T-20 

(Fuzeon) 

Attachment inhibitor: 

Ibalizumab (Trogarzo) 

2 Integrase Inhibitors These are group of drugs which inhibitor 

the process of integration of pro-viral DNA 

into human genome 

Bictegravir, Dolutegravir 

(Tivicay), Elvitegravir 

(Viteka), Raltegravir 

(Isentress). 

3 Nucleoside and 

Nucleotide Reverse 

Transcriptase 

Inhibitors 

(NRTIs/NUKES) 

These are class of nucleoside/nucleotide 

analog drugs which inhibit the activity of 

HIV’s reverse transcriptase enzyme. 

Emtricitabine, FTC 

(Emtriva), 

Lamivudine, 3TC 

(Epvir), Abacavir 

(Ziagen), Tenofovir 

(TFV), 
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Tenofovir alafenamide 

fumarate (TAF), 

Tenofovir disoproxil 

fumarate (TDF, Viread), 

Zidovudine (AZT, 

Retrovir), FTC plus TAF 

(Descovy), FTC + TDF 

(Truvada) 

4 Non - Nucleotide 

Reverse 

Transcriptase 

Inhibitors 

These are drugs which bind non-

competitively to HIV-1 reverse 

transcriptase and inhibit conversion of HIV 

RNA to pro-viral DNA. 

Rilpivirine (RPV, 

Edurant) 

Doravirine (DOR, 

Pifeltro) 

Etravirine (ETR, 

Intelence) 

Efavirenz (Sustiva) 

Nevirapine (Viramune) 

5 Protease inhibitors These drugs inhibit the viral protease 

enzyme 

Darunavir (Prezista), 

Ritonavir (Boosting 

agent, Norvir), 

Saquinavir (Invirase), 

Atazanavir (Reyataz). 

7 Fixed dose 

combinations 

These constitute approved combination of 

two or more drugs in single tablet regimen 

(STR). 

Atripla (Emtriva, 

Sustiva, Viread) 

Bictarvy (Descovy and 

Bictagravir), 

Cimduo (Epivir and 

Vilead) 

Complera (Emtriva, 

Vilead, Edurant) 
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Delstrigo (Pifeltro, 

Epivir, Viread) 

Odefsey (Emtriva, TAF, 

Edurant) 

Dovato (Tivicay, Epivir) 

Table 1.3 Classes of US FDS approved anti – HIV drugs acting at different stages of infection [16]. 

 

1.2 Hepatitis B Virus Infection 

Hepatitis B viral (HBV) infection is one of the most common liver infections and 

a global public health threat leading to both acute and chronic disease conditions [17].  In 

2015, 257 million people (chronically infected) showed positive test for hepatitis surface 

antigen and 887,000 people died from hepatitis B and related disorders such as hepatic 

cirrhosis and hepatocellular carcinoma (HCC). According to Centers for Disease Control 

and Prevention (CDC) Reports, the estimated number of new HBV infection has 

remained stable since 2015.  However, in 2018 an estimated number of infections was 

21, 600 slightly higher than 2018 target estimate number of 21,500.  Thus, according to 

CDC’s Division of Viral Hepatitis 2025 Strategic Plan, reduction of 16.7 % from the 

estimated number of new HBV infections in 2018 is needed to be attained to reach 2025 

goal of 18, 000 estimated infections (Figure 1.4) [18-20].  
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Figure 1.4 Estimated new HBV infections 

 

Until 2016, 27 million people were aware of their infection condition and 4.5 

million people were on treatment [21].  Additionally, according to the latest WHO reports, 

the proportion of children under 5 years of age which are chronically infected dropped 

just 1% from around 5% of pre-vaccine era [22]. The prevalence of hepatitis B infection 

is highest in WHO Western Pacific Region (6.2 %) and the WHO African Region (6.1%) 

with lowest in the WHO Region of the Americas (0.7%).  Amongst the foreign-born 

individuals staying in the US, prevalence of HBV infection observed in individuals in 2017 

is depicted in Figure 1.5. 
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Figure 1.5 Prevalence of HBV infection in foreign born individuals living in the US in 2017 

 

HBV infection is transmitted through perinatal route (mother to child at the birth) 

[23] or through horizontal transmission (exposure to the infected blood) from injected child 

to uninfected child in the first five years of age [24].  HBV infections can spread through 

needlestick injury during medical, surgical and dental procedures, tattooing, piercing, and 

exposure to infected body fluids [22].  Yellowing of the skin and eyes (jaundice), extreme 

fatigue, and dark urine are major symptoms of infection. Some acutely infected patients 

may develop liver failure may lead to death. However, chronically infected patients may 

develop liver cirrhosis or HCC over later period. Both acute and chronic HBV infections 

are diagnosed by the presence of antibodies against hepatitis B surface antigen 

(HBVsAg). Chronically infected patients are treated with anti-viral medications such as 

entecavir and tenofovir as oral regimen given as 1 pill per day and noted to have fewer 

side effects [25].  However, acutely infected patients should be provided immediate care, 

comfort and nutritional balance [26].  Even though there are various treatment modalities 
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available for controlling the chronic HBV infection, the viral persistence and need of daily 

pill of medication over chronic period are primarily responsible for emergence of viral 

resistance to these treatments [27].  Thus, there forms a great need of developing newer 

drugs and strategies acting against different stages of HBV infection to overcome 

resistance against single class of drugs [28]. Loss of hepatitis B surface antigen (HBsAg) 

with or without parallel loss in hepatitis B antibody (HBsAb) seroconversion and 

undetectable HBV DNA constitute functional cure of HBV.  However, cccDNA which 

constitute part of HBV functional cure, should be silenced or eliminated to achieve 

complete cure of HBV [29].  

1.2.1 HBV pathogenesis 

HBV is a small DNA virus belonging to the family, Hepadnaviridae.  It undergoes 

replication through RNA intermediate formation and then integrates into the host genome 

[30]. HBV is composed of partially double stranded relaxed circular DNA which upon entry 

into the host hepatocytes gets converted into tightly coiled covalently closed circular DNA 

(cccDNA) [31]. cccDNA as a part of episomal minichromosome, plays a vital role in the 

transcription of viral RNA and production of viral proteins [32].  The reported higher 

stability of cccDNA together with long half-life of hepatocytes which HBV infects constitute 

the prime reasons for chronic HBV infections [33]. Stable integrated cccDNA constitute 

latent HBV infection and any abrupt activation due to immunotherapies or chemotherapy 

may cause HBV rebound and worsening of disease condition [34]. Thus, continued 

suppression of HBV infection is highly warranted in improving clinical outcomes such as 

reversing the degree of fibrosis and decreasing the chances of HCC [35].  

Current treatment for chronic HBV infection include immunomodulatory drugs 

such as interferon gamma and nucleotide analogs such as 3TC, entecavir (ETV), adefovir 
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dipivoxil, TDF and TAF [35],  The life cycle of HBV infection and therapeutic targets 

against various stages of the infection is demonstrated in Figure 1.6.  

 

Figure 1.6 Replication cycle of HBV and various therapeutic approaches explored against each of the stage 

of HBV replication [36]. 

 

1.2.2 Anti – HBV Drugs directed to different Stages of the viral life cycle   

1.2.2.1.  Entry Inhibitors 

Cellular receptor sodium taurocholate co-transporting peptide (NTCP) is widely 

responsible for viral entry into the hepatocytes [37].  One example of NTCP receptor 

inhibitor is Myrcludex which lipopeptide which is reported to block the entry of HBV into 

target hepatocytes.  Clinical trials of Myrcludex (in combination with PEG interferon alfa 
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2a, tenofovir, and entecavir are either completed or active.  Myrcludex, also known as 

Bulevirtide has shown be safe and effective in phase IIa study in which 75% of the 

patients reported to have one log reduction in HBV DNA after 12 weeks of treatment with 

Myrcludex B [38] [39].  Cyclosporin A, Ezetimibe are other examples of entry inhibitors 

approved for HBV treatment [40].  

1.2.2.2. Capsid/viral assembly Inhibitors 

Capsid/ viral assembly inhibitors act as anti – HBV agents by destabilizing the 

viral nucleocapsid and blocking the process of RNA packaging thereby generating empty 

capsids with no genetic material encapsulation.  For example, AT-130 is a 

phenylpropenamide which stimulates premature initiation of viral assembly and capsid 

formation thereby generating capsids which are empty and non-infectious [41]. Similarly, 

BAY 41-4109 is an heteroaryldihydropyrimidine compound which interferes with capsid 

formation and misdirects viral assembly process thereby lowering the stability of normal 

capsid formation [42].  

1.2.2.3. Silencing/eliminating cccDNA 

Recently, a high capacity adenoviral vector which lacks almost all the DNA viral 

sequences termed high capacity adenoviral (HCAdV) or helper-dependent adenoviral 

vector (HDAdV) [43, 44] was designed to encode multiplexed CRISPR/Cas9 nuclease 

system/ a transcription activator like effector nucleases (TALENS) directed against HBV 

genome [45]. Since, covalently closed circular DNA (cccDNA) persists chronically in the 

HBV infected cells, its elimination is need of the day towards successful HBV treatment 

[46]. In the study developed by Schiwon et. al., combination of gRNA expression 

cassettes along with Cas9 expression cassettes in one HCAdV resulted in significant 

decrease in HBV antigen production and yielded mutations in HBV genome and 

degradation of HBV cccDNA thereby demonstrating successful HCAdV delivery and anti-
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viral efficacy  [45]. In another study, the authors carefully designed and selected target 

gRNA sequences based on conserved HBV genomic sequences and minimum homology 

to human genome [47]. The target gRNAs designed against the core, polymerase, and 

X-open reading frames (ORFs) in HBV genome were explored after their co-transfection 

of HepG2 cell line with HBV expression plasmid. However, single guide RNA (sgRNA) 

17 and 21 demonstrated consistent reduction in pre-genomic HBV RNA and HBsAg 

production.  Interestingly, hydrodynamic injection of CRISPR gRNA21/Cas9 expressing 

plasmid in HBV mouse model showed higher suppression in HBV expression as 

evidenced by decrease in HBVsAg and four-fold decrease in viremia on day 4 after 

plasmid administration. Similar reports of developing novel CRISPR/Cas9 therapeutics 

targeting HBV-S and X genes demonstrated better anti-HBV activity in-vitro and in M-

TgHBV mouse model after hydrodynamic injection was noted as evidenced by decreased 

serum HBsAg and hepatic HBcAg levels [48, 49]. 

1.2.2.4. Halting HBsAg secretion 

High circulating levels of HBsAg is reported to inhibit host dendritic cells induced 

cytokine production.  It further leads to T-cells exhaustion and the attainment of 

immunosuppressive stage. In efforts to lower HBsAg and serum HBV DNA, nucleic acid 

polymers were developed and tested in HBV infected patients in preliminary study.  

Unfortunately, patients in this study experienced viral bound. Further evaluations of 

inhibitors of HBsAg release are under clinical trials testing [50] [51].  

1.2.2.5. mRNA silencing 

Developing small interference RNA (siRNA) target against viral mRNA could 

lead to prevention of viral protein translation. In pre-clinical mouse model, siRNA was 

reported to reduce HBsAg and HBeAg levels [52].  In phase II a clinical trial of stable 
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siRNA candidate, ARC 520 when administered in patients who were on entecavir 

regimen, demonstrated 22% reduction in HBsAg levels compared to baseline [53].  

1.2.2.6. Immune modulatory agents and vaccines 

Several strategies augmenting host immune response to achieve HBV 

functional cure are been developed [54] [55]. Varied vaccine delivery approaches to 

stimulate host immune response are been explored under clinical evaluations which 

include vaccines based on HBV envelop proteins, T-cells epitopes, HBsAg and HBcAg, 

tarmogens, and DNA based vaccines [56, 57]. Since, toll-like receptors (TLR) play viral 

role in HBV suppression, novel molecules like GS 9620, a TLR agonist, demonstrated 

suppression of HBV DNA accompanied with reduction in HBsAg and HBeAg levels in 

chimpanzee infection model [58].  

1.2.2.7. Thiazolides 

Thiazolide compounds, in addition to their anti-infectives properties have been 

reported to have broad spectrum anti-viral activity [28, 59].  NTZ represents first thiazolide 

compound indicated for cryptosporidium parvum infections.  Its anti-viral activity was 

serendipitous discovery when patients with AIDS (HBV or HCV co-infections) were 

treated for cryptosporidial infections leading to diarrhea [60]. NTZ was approved by US 

FDA in 2002 as anti-protozoal for cryptosporidium parvum infections and marketed as 

AliniaTM by Romark Laboratories Ltd (Tampa, Florida, USA) [61].  However, NTZ was 

reported to have broad spectrum activity against different types of viruses, protozoa, 

anaerobic bacteria, and helminths [62]. NTZ and its active metabolite - tizoxanide (TIZ) 

was reported to have anti – HBV activity in-vitro by inhibiting HBV DNA and HBV core 

antigens HBVsAg and HBVeAg [63].  Recently, NTZ was found to inhibit viral transcription 

and viral product levels by inhibiting the interaction of HBV regulatory protein HBX with 

the host protein DDB1 and through restoration of Smc5/6 expression levels.  Even though 
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nucleotide analogs are efficacious in inhibiting viral replication, they fail to affect viral 

protein transcription from episomal viral covalently closed circular DNA (cccDNA).  Thus, 

by inhibiting the protein – protein interaction, NTZ therapy could provide new means of 

achieving functional HBV cure (Figure 1.7) [64]. 

 

Figure 1.7 Mechanism of action of nitazoxanide in HBV infection model of primary human hepatocytes [64]. 

 

Additionally, NTZ was found to be involved in intra-cellular protein kinase 

activation by double stranded RNA (PKR) which mimics interferon induced cellular 

antiviral activity [65]. Thus, synergistic effects were observed from TIZ, an active 

metabolite of NTZ against HCV infection in 1a and 1b derived replicon cells and 2a cell 

culture models when combined with interferon or ribavirin [63]. 

An interventional clinical trial study evaluating the efficacy of NTZ (300 mg) 

compared to placebo in patients with HBeAg negative chronic hepatitis B infection, is 

recently recruiting participants as of January 23rd, 2020.  A total of 48 participants will be 

randomized in 1:1:1:1 groups with 12 participants in each group to study the effect of NTZ 

compared to placebo and mean change of quantitative HBeAg levels from baseline to 12 

weeks will be monitored as primary outcome measure of the study [66].   Previous trials 

carried out in March 2005 and April 2007 demonstrated NTZ efficacy in 9 subjects which 
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were treatment naïve and HBVeAg positive and HBV DNA quantitated in serum. NTZ 

(500 mg) when administered orally twice daily was effective in reducing HBV DNA below 

the level of detection in 89% of the patients after 4 – 20 weeks of treatment with NTZ. 33 

% (3/9) of patients became HBsAg negative (2/3 after 8 weeks and 1/3 after 48 weeks) 

and 2 subjects which were HBeAg positive became HBeAg negative after 4-16 weeks of 

treatment [67, 68]. 

 

1.3 Nucleosides analogs 

1.3.1  FTC 

FTC belongs to nucleoside analog class of reverse transcriptase (RT) inhibitors 

(NRTIs), having cytosine backbone. Chemically, FTC is 5-Flouro-1-[2R, 5S)-2-

(hydroxymethyl)-[1,3]oxathiolane-5-yl] cytosine and similar in structure to lamivudine 

(3TC) [133] [134]. FTC undergoes intracellular activation to FTC triphosphates (FTC 

TP/FTP) by phosphokinases like other NRTIs.  FTP acts as pseudonucleotide and 

prevents integrated proviral DNA transcription by inhibiting 3’-5’ phosphodiester bond 

formation between 5’ nucleotide triphosphates of viral DNA chain and the drug thereby 

causing cessation of DNA transcription and inhibition of reverse transcriptase activity 

[135] with eventual lowering of plasma viral loads and improvement of CD4+ T-cell counts 

[134]. FTC is eliminated through renal excretion [133].  FTC is often employed in 

combination with other ART for the treatment of HIV-1, HIV-2, HBV and HCV infections 

[133][136][137]. Even though FTC is not approved for HBV indication, it is been 

recommended as an important backbone of fully suppressive anti-retroviral regimen 

along with TAF/TDF for the treatment of patients with HIV and HBV co-infections [138-

140]. FTC belongs to category B which does not show teratogenicity and congenital 

abnormalities. For pregnant women with concurrent HIV infection, an ART regimen 
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consisting of FTC/abacavir/3TC and tenofovir should be started as early as possible to 

avoid the risk of HIV transmission to the newborn child [137].   Additionally, FTC, in 

combination with tenofovir (TFV) constitute an important component of PrEP medications 

for HIV infection approved by USFDA i.e. Truvada (FTC/TDF 200/300 mg) and Descovy 

(FTC/TAF 200/25 mg).  A 2015 PROUD study which was an open labelled randomized 

controlled trial executed at 13 sites in England, UK to test the effectiveness of daily oral 

PrEP regimen of FTC/TFV showed 86 % reduction in the incidence of HIV infection in 

gay, bisexual, and other men who had sex with men (MSM) [19].  FTC is also indicated 

for post-exposure prophylaxis (PEP) after HIV infection as combination with second NRTI 

(TAF/TDF) and a drug from different category [142]. Combination regimen for PrEP 

treatment of HIV infection should be initiated within 72 hours and continued for 28 days.  

Administration of FTC is not associated with serious side effects. However, skin 

discoloration was observed in some patient populations [133]. Headache, fatigue, fever, 

arthralgia, anxiety, insomnia, and depression are some of side reactions associated with 

FTC which are common amongst NRTI class of drugs [143].  

1.3.2  TFV 

             Tenofovir alafenamide fumarate (TAF) belongs to acyclic nucleotide diester 

analog of adenosine monophosphate which is administered in prodrug forms i.e. as 

tenofovir disoproxil fumarate (TDF) and TAF by oral route [107]. Development of prodrugs 

of tenofovir reflect of nucleoside reverse transcriptase inhibitors (NRTIs) has beneficial 

effects as it enhances their pharmacokinetics (PK) and biodistribution (BD) to reservoir 

sites of latency infection i.e. lymphoid tissue and the brain [108]. Its active intracellular 

metabolite – tenofovir diphosphate is responsible for viral suppression during both HIV 

and HBV infections. TDF was approved by the U.S. Food and Drug Administration (FDA) 

for HIV-1 and HBV indication in 2001 and 2008 respectively and soon became the 

backbone for treatment of these infections [109][110][111].  However, TAF was found to 
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be superior to TDF in terms of number of patients treated with TAF showing smaller mean 

serum creatinine increases, less proteinuria, and smaller decreases in spine and hip bone 

mineral densities [112][113].  Thus, TAF was then approved by FDA in 2015.  TAF, a 

tenofovir ProTide was reported to have improved plasma stability due to 

phosphoramidate bond compared to TDF having phosphonate bond linkage in its 

structure [114]. Additionally, TAF showed better intracellular accumulation and activation 

to its diphosphate active metabolite thereby demonstrating 10-fold higher potency in 

mononuclear cells (lymphocytes) which are primary sites of HIV infection [115][116]. On 

Feb 7th, 2018, the US FDA approved Bictegravir as a triple combination medication to be 

marketed as Bictarvy having Bictegravir 50 mg/FTC 200 mg/TAF 25 mg as active 

constituents. Bictegravir is indicated for treatment of HIV infection in patients which are 

naïve to the treatment or as a replacement therapy in patients who are virologically 

suppressed (HIV-1 RNA<50 copies/mL) with no history of treatment failure or prior 

resistance to any of the component of bictarvy [69]. 

1.4 Non-nucleoside reverse transcriptase inhibitors (NNRTIs) for HIV 

infection 

Another highly potent  NNRTI molecule doravirine (DOR) developed by Merck 

[70] is available as single drug (PifeltroTM) as combination formulation of single tablet 

regimen (STR) along with 3TC and TDF (DelstrigoTM) indicated for both treatment naïve 

patients and patients which are virologically suppressed [70].  A phase IIb study is 

currently active evaluating the safety, tolerability, anti-retroviral efficacy and PKs of 

islatravir (ISL) in combination with DOR and 3TC in treatment naïve HIV-1 infected 

patients [71]. Participants randomly assigned to receive 3 days of ISL i.e. 0.25, 0.75, 2.25 

mg in combination with DOR and 3TC or DOR/3TC/TDF. At 48 weeks, 77.4-89.7% of 

patients receiving different doses of ISL showed viral suppression compared to 83.9% of 
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patients receiving DOR/3TC/TDF.  Recently, a phase III randomized, double blind clinical 

trial study for the evaluation of efficacy and safety of DOR (100 mg) / ISL (0.75 mg) in 

treatment naïve patients with HIV-1 infection, sponsored by Merck Sharp and Dohm is 

currently recruiting participants [72] with primary hypothesis that DOR/ISL is non-inferior 

to BIC/FTC/TAF treatments based on percentage of participants with HIV RNA <50 

copies/mL at week 48.  Additionally, a novel investigational inhibitor of HIV-1 capsid i.e. 

GS-6207 having activity against broad range of HIV mutants showing resistance to ARVs 

and other maturation inhibitors have been developed and evaluated in phase I studies 

[73].  Clinical studies demonstrated the potent activity of GS-6207 administered 

subcutaneously with extended duration of action [74].    

1.5 HIV Reservoir Sites of Latency 

The term latency is the state of non-productive infection in subset of cells that 

are transcriptionally dormant but able to produce the infectious virus after stimulation (re-

activation of latency) [75].  Additionally, the term reservoir is referred to cellular or 

anatomical location wherein the HIV resides in a latent state [76]. Even after continued 

suppression of HIV-1 infection in patients due to ART utilization), progeny HIV-1 virions 

can remain persistent in an integrated form as replication competent proviral DNA. This 

is present in a subset of long-lived cells constituting latent reservoir [77, 78]. However, 

aberrant cessation of ART causes re-activation of integrated provirus leading to rebound 

viremia and subsequent emergence of resistant mutant HIV strains [79, 80].  Thus, the 

presence of latently infected cells i.e. reservoirs constitute a major challenge in achieving 

functional HIV cure [80, 81]. The establishment of latent infection occurs early on during 

acute infection and gets executed even before the virus enters systemic circulation [82].  

Thus, early initiation of treatment can reduce the size of HIV latent reservoirs and bring 

us close to the success in achieving functional HIV cure [79, 83].  
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HIV reservoir sites are broadly classified as cellular and anatomical reservoirs 

[84, 85]. Immune cells, specifically CD4+ T-cells constitute the primary site of HIV-1 

infection and are involved in the reservoirs of HIV infection [86-88].  Due to cytopathic 

effects, the activated CD4+ T-cells, post HIV infection undergo cell death.  Cytotoxic T 

cells also play a role in killing the infected CD4+ T cells [89]. However, in this process 

some cells revert to their resting state and then proliferate into memory cells [90].  These 

cells are pivotal in the establishment of cellular latency as they get infected by different 

extend by HIV and are in viral persistence [90-92]. Other cell type of myeloid origin 

includes mononuclear phagocytes (MP; monocytes, macrophages, and dendritic cells) 

which are highly susceptible targets for HIV transmission and are responsible for 

establishment of persistent reservoirs in tissues thereby controlling viral spread [93, 94].  

Additionally, dendritic cells are heterogeneous subsets of antigen presenting cells and 

are responsible for sequestering the HIV virion and present them to T-cells thereby 

causing infection [95].  Astrocytes, endothelial and epithelial cells could also serve as 

reservoir, but it needs affirmation to prove their involvement [96]. 

The other sites of HIV latency are the anatomical sites of reservoirs. Lymphoid 

tissues such as spleen, thymus, lymph nodes and gut associated lymphoid tissues 

(GALT) are sites of HIV replication and form the primary anatomical sites of HIV reservoir 

for latency [96]. Within days of infection, the HIV disseminates from blood into the lymph 

nodes and infects resident CD4+ T lymphocytes and MP which then re-localize to other 

tissues and organs such as brain, gut, lungs, kidneys, liver, adipose, bone marrow, and 

genitourinary systems. The transmission of infection occurs through individual virions and 

through cell-cell interactions [88, 97]. 

 

1.6 Long-Acting (LA) ART 
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The development of next generation of agents with prolonged apparent half life 

is required not only for healthy individuals with high susceptibility of acquiring HIV 

infection and in people living with HIV-1 infection [98, 99].  Although ART has enabled 

HIV to become a manageable disease, it cannot eliminate the virus from the host cell 

genome after infection [100].  ART has been successful in reducing the mortality and 

morbidity associated with HIV, thereby prolong the life span of people living with HIV 

infection.  One of the major limitations of ART is poor medication adherence in patients 

who need to take these medications for life.  Failure to achieve medical adherence is not 

only devastating to the patient’s life but also to the health care system [101]. This is 

because medical non-adherence leads to sub-optimal therapeutic levels in the treated 

patients with resultant emergence of mutations causing drug resistance events.  These 

treatments then become non-effective requiring a switch to few alternative regimens 

causing substantial financial burden [102].  Medicinal non-adherence could originate from 

patient, health care provider and health care system [101].  Additionally, there is a fair 

amount of variability observed in the adherence – drug resistance relationship 

characteristics in which some cART regimes are more successful than the others based 

on cost, complexity, intrusiveness and accuracy of the treatments [103]. Furthermore, 

several other factors leading to decreased adherence to ART include societal stigma 

[104], race/ethnicity [105], [106], depression [107, 108], cognitive impairment [106], 

substance use [109] age [110, 111] and adverse effects of medications [112].  Thus, the 

development of adherence monitoring tool is very essential [113]. The importance of RTA 

was demonstrated in a study carried out amongst HIV infected adults and children in rural 

Uganda wherein real time wireless electronic adherence monitoring (EAM) had median 

adherence of 89.5 % and 92.8 % amongst adults and children, respectively.  However, 

99 – 100 % of adherence was observed by interactive voice response (IVR) and short 

message service (SMS) [114].  However, monitoring of technical components and 
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acceptability of patients to these technologies are major challenges which require further 

investigation [115].  

LA therapeutics for the prevention and treatment of HIV infection plays a 

forefront armamentarium for the management of the disease [116].  The abilities of LA 

anti-retroviral therapeutics to sustain drug levels in the therapeutic window for extended 

duration of time constitute the major advantage over standard daily cART.  Further 

development of highly potent LA therapeutics could result in the effective dose reduction 

leading to improved toxicity profile and maximize the risk to benefit ratio of the therapy.  

Drawing from contributions made by LA therapeutics in achieving efficacy in avoiding 

unexpected pregnancy [116] and psychiatric disorders [117], the application of LA system 

for overcoming adherence issues in HIV treatment modality would be highly beneficial to 

both the patients and healthcare providers [118].  Various approaches in the development 

of LA therapeutics are explored. These include LA injectables, LA implants, LA oral 

medications, and LA slow effective release (LASER) ART. 

1.6.1  LA Parenteral (LAP) 

 LA parenteral delivery strategy has several advantages which include 

bypassing hepatic first pass metabolism, avoiding gastric pH induced hydrolysis and 

degradation thereby avoiding variability in plasma concentrations that could be evidenced 

after oral administration.   Additionally, since these formulations show sustained release 

kinetics, the chances of dose dumping leading to systemic toxicity are at minimum 

possibility [119]. LA parenteral formulations are beneficial for patients suffering from pill 

aversion, swallowing dysfunctions, malabsorption, and neurological disorders wherein 

patients are more dependent to clinical care personnel [120].  Since societal stigma is 

one of the causes of patient non-adherence, LA parenteral formulations having sustained 
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efficacy after single administration have great potential in overcoming this stigma and 

improve adherence [121].  

1.6.2. LA Injectables  

More than 75 % of people living with HIV taking oral medications want to switch 

to LA therapeutics given on monthly basis compared to weekly regimen [118, 122-124]. 

With success seen in LA formulation for conditions such contraception [123], mental 

health [125] and disorders related to bones [126], LA ART is expected to improve patient 

adherence and lower issues related to treatment fatigue and emergence of escape 

mutants leading to resistance to therapy [123]. Ibalizumab, a humanized IgG4 

monoclonal antibody delivered via i.v. infusion is one of the examples of FDA approved 

LA injectable (2018) under streamlined approval process for HIV infected patients 

requiring newer therapies [127]. Ibalizumab is a non-competitive inhibitor of CD4+ 

receptor on to which HIV binds and gain entry inside the cell. Ibalizumab when 

administered as 2000 mg infusion following by 800 mg i.v. infusion every 2 weeks 

demonstrated half log reduction in HIV RNA in 82.5 % of treated patients, and 43% of the 

patients had viral loads less than 50 copies/mL in phase III clinical trials enrolling 40 

extensively treated adults with multi drug resistance (MDR) HIV infection.  The other 

examples of drugs which are developed into LA formulations are rilpivirine and 

cabotegravir. A diarylpyrimidine derivative, rilpivirine (RPV, TMC278) is non-nucleoside 

reverse transcriptase inhibitor approved as a part of oral combination antiretroviral 

regimen by US FDA in 2011 [128, 129].  Due to RPV’s inherent insolubility in aqueous 

media, RPV LAP was developed as its nanosuspension formulation [129].  RPV 

nanosuspension formulation when evaluated in phase I clinical trials in HIV negative 

healthy individuals showed sustained plasma RPV levels of more than 10 ng/mL over 12-

26 weeks, plasma elimination half-life of 44-61 days with no grade 4 adverse effects 
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noted [130].  A newer generation of integrase strand transfer inhibitor (INSTI) – 

cabotegravir (CAB, GSK1265744) is an investigational compound currently in late-stage 

clinical development with structure similarity to dolutegravir (DTG) and bictegravir (BIC) 

and comparable potency [131].  However, BIC and DTG possess higher genetic barrier 

to HIV resistance compared to CAB [132].  

Similarly, given the fact that cabotegravir was able to exhibit plasma drug half of 

31.5 hours, 2.2 and 2.3 log10 reduction in HIV RNA levels over 10 days in HIV uninfected 

and PLW HIV after single daily oral doses in Phase I and IIa double blind studies, LA 

injectable nanosuspension of CAB (200 mg/mL) was developed and evaluated in phase 

I open labelled clinical trials. CAB LA administered I.M. in HIV uninfected individuals 

demonstrated sustained plasma CAB levels up to 52 weeks [133].  Several clinical trials 

evaluating combination of CAB LA and RPV LA for the treatment of HIV infection are 

ongoing.  These include LA Anti-retroviral Treatment Enabling (LATTE) phase IIb studies 

[134], the First LA Injectable Regimen (FLAIR) phase III non-inferiority study 

(NCT02938520) [135] and the ART as LA Suppression (ATLAS, NCT02951052) studies 

[136]. Recently, the HIV Prevention Trials Network Study (HPTN 084) to evaluate safety 

and efficacy of CAB LA for PrEP in HIV uninfected women reported CAB LA when 

administered I.M. every 8 weeks demonstrated higher efficacy and safety in preventing 

HIV acquisition amongst cisgender women. Data and Safety Monitoring Board (DSMB) 

stopped the trial early due to CAB LA’s higher efficacy compared to oral Truvada regimen 

[137, 138].  Heath Canada, the regulatory agency for drug approvals in Canada has 

approved Cabenuva, a combination of CAB LA (200 mg/mL) and RPV LA (300 mg/mL) 

as a once monthly injectable nanosuspension formulation for patients who are 

virologically suppressed (HIV-1 RNA < 50 copies/mL). Cabenuva reduces doses days 

from 365 to 12 annually [139]. 
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lbuvirtide, ISL, and GS-6207 (HIV-1 capsid inhibitor) are newer LA agents 

currently under development.  Albuvirtide (320mg) when administered i.v. once weekly 

in combination with lopinavir/ritonavir showed reduction in HIV viral load to less in 50 

copies/mL in 80% of treated patients in phase III trials compared to 66 % of treated control 

patients receiving second line three drug regimen containing TDF [140], NCT03272347.  

Another potent antiviral drug under development by Merck is ISL (ISL, MK-8951) 

which belongs to a new class of compounds called nucleoside reverse transcriptase 

translocation inhibitor [141]. Currently, Merck in collaboration with the Melinda and Gates 

Foundation are in the process of initiating a Phase 3 trial (IMPOWER 22) to evaluate the 

efficacy of oral long acting ISL administered once monthly for PrEP treatment of women 

and girls at high risk of HIV-1infection in sub-Saharan Africa region [142]. 

1.6.2.1.   LASER ART 

Rapid metabolism, poor pharmacokinetics (PK) and biodistribution (BD) profiles 

constitute major limitation of ARV drugs [143].  However, chemical modifications and 

efficient encapsulation of ARV into LA formulations with desired sustained release 

kinetics could overcome these limitations.  The term LASER ART was coined based on 

the need to improve ARV’s inherent disadvantages. The utilization of LASER ART was 

achieved by chemically modifying parent active ARVs into hydrophobic and lipophilic 

prodrugs and their subsequent nanoformulation with resultant improvement in dissolution 

profiles enabling enhanced drug membrane permeability and distribution with sustained 

release of active drug levels in the therapeutic window to limit related systemic toxicity 

and development of drug resistance [144].  LA prodrugs undergo enzymatic and or 

chemical mediated hydrolysis to release active parent molecules over extended periods 

[145] [146].  These lipophilic formulations target immune cells such as CD4+ T cells and 

macrophages which serve as drug depots and transporters of ARVs to reservoir sites of 
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HIV-1 infection such as central nervous system [147]. Prior reports of drugs modified to 

produce LASER nanoformulations have demonstrated enhanced and sustained anti-

retroviral efficacy [148].  

1.6.2.2. Targeted nanotechnology (Nano) ART 

ART targeted towards CD4+ T-cells and macrophages which constitute primary 

sites of HIV infection, has been developed and explored by attaching targeting ligands 

on the surface of the drug delivery carrier. To this end, folic acid (FA) mediated targeted 

therapeutics for monocyte-macrophage targeting [149] are being widely explored. In one 

of the studies, FA conjugated to poloxamer P407 surfactant was synthesized and then 

conjugated onto the polymer used to coat ARV drug nanoparticles. Interestingly, the 

folate-P407 targeted ritonavir boasted atazanavir nanosuspension demonstrated 

enhanced macrophage uptake, retention and sustained in-vitro anti-retroviral efficacy 

with minimum cytotoxicity.  Following I.M. injection, the folate targeted formulation 

showed 5-fold increased drug levels in both plasma and tissue compartments and 100-

fold improvement in drug pharmacodynamic profiles in mice models [150]. Similarly, anti-

CD4+ antibody targeted liposomal formulation was developed and explored.  Anti-CD4+ 

targeted nevirapine and saquinavir dual loaded immunoliposomes were then evaluated 

for cellular uptake using confocal microscopy (qualitative) and flow cytometry 

(quantitative) in Jurkat T-cells. Enhanced cellular uptake and suppression of viral 

replication was observed at a concentration of 5ng/mL for dual loaded immunoliposomes 

implying their efficacy in better management of HIV infection [151].  

Thus, development of targeted therapeutics and their delivery through 

intramuscular route has achieved the ideal characteristics of LA formulation which are 

plasma stability, cell and tissue targetability with improved pk and pharmacodynamic 

profiles in both rodents and primate studies [150, 152].  
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1.6.3. Implantables 

LA implants play very vital role in disease states in which sustained release of 

therapeutic agents is highly needed. These include conditions involving hormonal 

contraception, prostate cancer, diabetes, chronic coronary artery disease, 

cytomegaloviral rhinitis and HIV infections [153]. One of the important requirements for 

drug compatibility with implant technologies is potency [154]. Since there is a limitation 

in the amount of drug that could be loaded into an implant, therapeutic molecules with 

higher potency and lower dose are suitable for formulation into an implant drug delivery 

vehicle.  

LA implant approaches are categorized into two types [155]:  

1. Matrix type:  Drug is dispersed in a polymeric matrix which dissociates by 

biodegradation thereby releasing the drug in the systemic circulation at a controlled rate  

2. Reservoir type: Consist of a core of drug which is encased into polymeric barrier.  

The rate of drug release depends on the physico-chemical properties of the polymeric 

component. 

TAF which is indicated for both HIV and HBV infections has been formulated as 

an LA implant using several approaches. In one of them, the drug was loaded into 

microperforated silicone tubing having polyvinyl pyrrolidone (PVA) coating. This was then 

implanted subcutaneously into beagle dogs and its PK and drug release profile was 

monitored [156].  A zero-order release kinetics was observed for TAF from the implant 

over first 30 days and intracellular drug concentration of tenofovir diphosphate observed 

was 11 – 31 times higher than those achieved in iPrEX study with TDF administration 

[157].  Elsewhere, a refillable non polymeric nanofluidic implant also called as 

nanochannel delivery implant, NDI was developed for delivering TAF and FTC [158]. NDI 

is composed of silicone nanochannel membrane two sealable, refillable silicone drug 
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loading ports and a titanium drug reservoir.  Drug loaded device had FTC (69.1 mg) or 

TAF (72.9 mg) sealed within silicone. NDI has superior advantages of refillability meaning 

once the drug reservoir gets exhausted it could be refilled without removing the implant. 

Post administration in rhesus macaques, NDI showed TFV DP concentrations in PBMCs 

3 days after implantation and increased up to 70 days.  FTC-TP levels were detected and 

sustained in PBMCs from days 3 – 28 post implantations. NDI was found to be well 

tolerated with 33 % of the animals showed swelling/seroma around the device which was 

resolved within a week and 2/3 developed ulceration over 70 days.  Additionally, ISL (ISV) 

which is a potent reverse transcriptase translocation inhibitor [159] which was formulated 

as non-biodegradable polymeric implant and evaluated in rats.  Apparent ISV plasma 

half-life noted was about 100 days which inspired researchers to further develop and 

evaluate ISV implant in human clinical trials. Currently, phase I clinical trials of ISV is in 

process and initial finding showed 62 mg dose implant could achieve a sustained linear 

drug release with zero order kinetics with levels of ISV triphosphates which were 7 times 

higher than EC50 inhibitory concentration in wild type virus over 12 months duration [154].  

Another paradigm of implant technology includes biodegradable implants.  Recently, an 

ultra LA biodegradable implant of DTG was developed and evaluated in rhesus 

macaques and a humanized bone marrow liver thymus (BLT) mouse model of HIV 

infection. This technology was focused on in-situ subcutaneous implantation approach 

wherein DTG, PLGA and NMP in the ratio 0.3:1:3 was injected as liquid formulation which 

solidifies subcutaneously within first 48 hours and then biodegrades gradually.  

Subcutaneously solidifying implant of DTG was found to be well tolerated in both the 

animal models.  Detectable DTG levels were recorded for up to 9 months in some mice 

and up to 140 days in non-human primates.  Additionally, single administration of DTG 

subcutaneous implant demonstrated suppression of acute HIV replication and protection 

against repeated high dose vaginal HIV challenges [160]. 
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Additionally, a subdermal implant of TAF was developed and its 

pharmacokinetic profile was evaluated in beagle dogs [156].  The implant designed was 

developed by authors inspired by their previous success on pod intravaginal ring (pod-

IVR) system [161]. The subdermal implant consisted of polyvinyl alcohol (PVA) coated 

drug filled silicone cylinder having orthogonal delivery channels. The physicochemical 

properties of the coating polymer and the number and cross-sectional diameter of the 

cylinder determine the drug release profile from the subdermal implant (Figure 1.8). The 

TAF loaded subdermal implant showed zero order burst free sustained release over 30 

days in vitro. On average, 98% of TAF was released in-vitro over 40 days period. 

However, in-vivo pharmacokinetic evaluation of subdermal TAF implant in beagle dogs 

showed statistically insignificant differences to in-vitro release documented previously. 

No adverse toxic events related to implant was noted during the study. TAF implant 

showed sustained plasma TAF/TFV levels with constant TAF/TFV molar ratio 

demonstrating implant stability in-vivo throughout the study. A median TFV active 

metabolite i.e.TFV diphosphate (TFV-DP) levels of 511.8 fmoles/106 was noted over 35 

days which declined over 40 days. These median TFV-DP concentrations were 11-32 

times higher compared to the protective TFV-DP concentration observed in iPrEX clinical 

trial study which was 16 – 48 fmoles/106 cells.  The authors conclude that the subdermal 

implant should be further developed for once a year delivery system and when used in 

combination with parenteral injectable system could form an important element of highly 

active anti-retroviral therapy regimen. Another approach for innovative delivery of TAF is 

a silicone-based transdermal matrix-based (drug-in-adhesive) patch with polyisobutylene 

adhesives, which has been tested on dermatomed human cadaver skin and has been 

established to yield a permeation flux of 7 μg/cm2/h over 1 week, which extrapolates to 

a release rate of 8.4 mg of TAF per day. This noninvasive approach offers convenience, 

simplicity, has no procedural requirements and thus stands to be more user friendly. 
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Thus, LA strategies that could extend the biological activity from weeks to 

months to a year could be a major step forward in managing the HIV disease in a safe 

and efficient manner [118]. However, LA implants have both advantages and 

disadvantages as sustained release drug delivery modality.  LA implants carry 

advantages in terms of treatment termination wherein the administered dose in implant 

could be halted anytime during the treatment if potential side effects were noted or the 

therapy was needed to be stopped due to treatment completion.  Additionally, due to their 

sustained release kinetics, reduction in frequency of dosing could be achieved and dose 

dumping phenomenon could be avoided thereby lowering systemic toxicity.  Furthermore, 

encapsulating highly potent therapeutic molecules could reduce the amount of drug 

needed to be release thereby rate of release could be efficiently controlled and monitored. 

LA implants also provide privacy during the treatment thereby overcoming issues related 

to societal stigma, thus improving patient adherence.  LA implants are widely employed 

to achieve contraceptive efficacy to avoid unwanted pregnancy in low income countries 

[162]. For HIV treatment, formulating a single implant with two or more drug combination 

could be achieved or having two different implant formulations could also be developed.  

However, to further enhanced the efficacy of treatment, long injectable formulations of 

cabotegravir or rilpivirine or LA broadly neutralizing anti-bodies [163, 164] could be 

administered along with LA implant. However, the needed of LA implants to be inserted 

and removed by trained personnel in a sterile environment forms the major disadvantage 

towards their development. 
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Figure 1.8 Structural representation of TAF implant. (A) Three-dimensional model and (B and C) cross-

sectional sketch of TAF implant. The TAF was loaded in black space inside PVA coated silicone scaffold 

[156].  

 

1.6.4. Broadly Neutralizing Antibodies (bnAb)   

Neutralizing antibodies elucidate humoral response against specific sites on the 

antigen present in xenobiotic agent i.e. foreign to human body [165].  Foreign bodies 

could be the microorganisms responsible for bacterial, fungal, and viral infections.  Even 

though neutralizing antibodies are effective against specific antigen with minimal genetic 

variation, these antibodies became less effective against complex viruses such as HIV 

and influenza showing broader variability in their genetic components. Recently, 

antibodies with their ability to neutralize microbes with wider range of genetic variability 

are been developed termed as bnAbs. Antibodies are known for their efficacy against 

bacterial and viral infections and Palivizumab monoclonal antibody was approved by the 

US FDA in 1998 for the prevention of respiratory syncytial infections in adults who are 

the risk of acquiring the infections [165].  Although a transient reduction in plasma viral 

loads and delayed rebound was observed after administration of first generation of bnAbs 

against HIV infection such as b12, 2F5, 4E10, 2G12 and KD-247, emergent of resistant 

viral strains was the major challenge in the bnAb pre-clinical and clinical development 



32 
 

[166, 167].  However, development of potent bnAbs such as 3BNC117 and VRC01 

against CD4 binding cites was found to be slow down viral rebound in patients with 

analytical ART interruption and having low viremia compared to patients administered 

with ART in phase II b clinical trials [168]. Excitingly, both VRC01 and PGT121 have 

shown to block HIV replication in activated T-cells constituting viral reservoir in-vitro [168]. 

Additionally, PGT121 was found to be associated with significant depletion in proviral 

DNA due to its dual activity of killing latently infected cells by recruiting NK cells and 

latching on HIV-Env protein expressed on infected cells thereby preventing further 

formation of latently infected cells by inhibiting HIV release from activated reservoirs 

[168], [169]. bnAbs having abilities to inhibit both cell free and cell associated viral 

replication i.e.10-1074 and NIH 45 – 46 mAbs are effective in suppressing viraemia in-

vivo compared to mAbs inhibiting cell free virus i.e.10E8 and 3BC16 [169]. 

Furthermore, modifications of bnAbs that could enhance their potency, prolong 

their biological half-life, improve Fc receptor (FcR) binding and achieve polyfunctional 

activity are widely been explored [170]. Selective modifications on antigen binding 

fragment of Fab of bnAbs have been reported to enhance both the potency and 

polyfunctionality of bNAbs. Additionally, several studies have shown that the 

modifications of Fc region of bnAbs could extend the serum IgG half-life, maintain IgG 

homeostasis, enhance mucosal localization, immune protection, and durability of immune 

protection [171, 172],  [173].  For example, VRC01-LS generated from site directed 

mutation of VRC01 resulted in 3 fold enhancement in serum half-life in non-human 

primates, and caused increased persistence of antibodies at the mucosal sites thereby 

improving immunity (Figure 1.5) [170, 174].   
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Figure 1.9 Approaches to enhance bNAbs efficacy. (A) Structure-based design strategies (B) Mutations on 

Fc region to increase biological half-life (C) Combination of multi-specific bNAbs to overcome viral resistance. 

(D) Heavy chain antibody mediated prevention of viral cellular transmission and CD4+ coreceptors targeting 

for the inhibition of viral spread. (E) Administration of combination of bNAbs, CAR-T and latency reversal 

agents to affect HIV-1 reservoir [170].   
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1.6.5. Transdermal Systems 

 With similar advantages to subdermal implants, transdermal delivery route for 

development LA therapeutics are being explored to enhance patient compliance and 

improve adherence outcomes. Transdermal delivery approaches are meant to improve 

patient compliance since these could be self-administered once and be self-disabled by 

patient at the end of the treatment thereby by-passing the need for daily cART regimen 

and incase of injectables, the need of health care workers. Microarray patch (MAP) 

technology form the principal strategy for transdermal delivery of therapeutics [175]. 

MAPs are essentially micron scale system used for both drugs and vaccine delivery 

through intra-dermal route [176, 177]. Ideal properties of drugs delivered through MAP 

include their molecular weights of 500 dalton, melting points of <250 0C, and log P value 

of 3 [178].  MAPs offer additional benefits of avoiding injuries related to needle stick and 

the risk of transmission of blood borne diseases related to accidental exposure to needle 

specially in the developing world [179].  Keeping in mind the advantages offered by 

MAPs, novel dissolving microarray patch of rilpivirine LA was developed for its 

intradermal delivery [180]. The authors anticipated that RPV LA when delivered through 

MAP would form a depot in the skin and dissolved in the interstitial fluid and released and 

absorbed in the systemic circulation [181].  Given the hydrophobicity of RPV, the released 

drug from MAP would target secondary lymph nodes which sites of latent HIV infection 

[182]. In developing MAPs of RPV LA formulation, low molecular weight PVA (9-10kDa) 

was employed. Several batches of RPV LA MAPs were made by varying the composition 

of PVA and RPV LA. Base plate used in MAPs was an aqueous solution having a 

composition of 20 % w/w PVA (3600kDa) and 1.5 % (w/w) glycerol. The sequential 

process of preparation of RPV LA MAPs is summarized in Figure 1.10.  RPV LA MAPs 

when evaluated in invitro drug release model demonstrated penetration of RPV through 

the skin and maintained its physico-chemical integrity.  Additionally, in-vivo evaluation of 
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RPV MAPs in rats reached plasma levels of 431 ng/mL at day 7th which was 10 times 

higher compared to trough concentration obtained after single administration in previous 

clinical trials [180]. 

Similarly, transdermal delivery of TAF was explored to achieve sustained 

release of TAF in comparison to orally delivered 25 mg/ day TAF.  One of issues with 

orally delivered TAF is its poor bioavailability which is 25%.  Hence, authors targeted 8 

mg/day TAF release in the blood as target dose bioequivalent to orally delivered TAF 

[120]. Two types of transdermal TAF delivery systems were developed i.e. transdermal 

TAF patches composed of acrylate adhesive (DURO-TAK 87-2516) and suspension 

patches composed of silicone (BIO-PSA 7-4301) and polyisobutylene (DURO-TAK 87-

6908) adhesives.  In-vitro permeation studies in human epidermis were carried out using 

vertical Franz diffusion cell for period of one week.  Acrylate patches composed of 2% 

TAF and permeation enhancers showed flux of 0.60 ± 0.09 µg/cm2/h. In contrast, silicone-

based patches composed of 15 % TAF demonstrated flux of 7.24 ± 0.47 µg/cm2/h. 

However, the optimized TAF loaded transdermal silicone patch – SP7 was further 

characterized for drug loading, in-vitro release, coat weight and thickness.  The optimum 

SP7 patch was reported to have percent in-vitro drug release of 97.43 ± 19.03, drug 

content of 6.26 ± 0.32 mg/cm2, coating thickness of 186 ± 4 and coat weight of 29.39 ± 

4.67 mg/cm2
 at room temperature for the duration of 3 months.  
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Figure 1.10. Schematic representation of RPV LA MAP manufacturing process (A) RPV LA MAPs 

micrographs (B) and (C) digital images of RPV LA MAPs [180]. 

 

1.6.6.   Vaginal Rings 

On July 24th 2020, the European Medicines Agency (EMA) announced that LA 

Dapivirine ring received a positive benefit risk opinion from human medicines committee 

for HIV prevention [183]. Dapivirine LA vaginal ring is made of silicone and meant to 

sustain the release Dapivirine over duration of 28 days in healthy women which are at 

the higher risk of HIV infection. After 28 days, LA ring is needed to be replaced with a 

new ring. Dapivirine LA vaginal ring is a complementary approach to high-risk women 

when access to the oral PrEP is not feasible [184].  In A Study to Prevent Infection with 

a Ring for Extended Use (INSPIRE, MTN-020) showed that monthly LA Dapivirine ring 

containing 25 mg of Dapivirine when used regularly could reduce the risk of acquiring 

HIV infection in women up to 56 % [185, 186]. Dapivirine is an NNRTI that has activity 

against a broad range of HIV-1 subtypes and was developed for topical administration. It 
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has been studied in 2 phase 3 studies and showed HIV risk reduction of 27 and 31%. 

Follow-on extensions showed even better results and improved adherence. 

1.6.7. LA Oral Therapy 

Though oral route of administration is feasible and non-invasive high pill burden 

and fatigue related to ART forms one of the major hurdles in achieving medication 

adherence [101], [187]. In order to overcome the need of taking multiple pills, simplified 

dosage forms with a single pill regimen such as Truvada, Atripla, Complera, and Stribild 

have been approved by the FDA for  prevention and treatment of HIV infection [188]. 

However, these tablets need to be taken daily and any occasion of missed dose could 

lead to emergence of resistant viral strains leading to treatment failure [103, 189]. Thus, 

there is a need to develop drug delivery technology that could be given orally releasing 

drug for a sustained period thereby reducing dosing frequency and improve patient 

adherence and treatment success. In order to achieve extended release kinetics per oral 

delivery, a gastro-retentive drug delivery system with abilities to sustain drug delivery 

form a principal choice in the formulation development [190]. With these goals in mind, 

the authors attempted to develop a star shaped polymeric gastric resident dosage form 

with the ability of load and release multiple drugs to achieve sustain release dosage form 

for HIV maintenance therapy [191]. In this research the authors developed modular 

polymeric drug delivery system having star shaped external morphology loading DTG, 

CAB and RPV which folds and recoils in stomach and releases these drugs over a period 

of week in a swine model. The authors believe if this technology becomes successful in 

clinical trials it could bring about a substantial paradigm shift in HIV-1 treatment.  In 

addition to tablets, liquid capsules, soft gels, suspensions and emulsions are other forms 

of drug, a polymer stabilized nanoemulsion of poorly water-soluble drugs efavirenz and 

lopinavir was developed and optimized to achieve on-demand concentrations at the 

patient’s end.  The apparent permeability of drug loaded nanoemulsion demonstrated 
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improved in-vitro transcellular permeation with no negative effects on anti-retroviral 

effects [192].  More interestingly, in order to achieve a customized release profile of 

drugs, a novel 3D- printing technology was been explored for oral delivery of combination 

of drugs in a single pill regimen [193].   Taking advantage of the controlled release kinetics 

offered by 3-D printed pills, guaifenesin loaded polymeric 3D-printed tablets were 

developed and their release kinetics were compared with the commercially available 

guaifenesin bi-layer tablets.  A comparable release profile and similar physico-chemical 

and mechanical properties were noted for 3D-printed tablets compared to commercial 

formulation [194].  With these advantages, 3D- printed tablets loading multiple ARVs with 

desired release kinetics could be developed and explored as sustained release oral 

delivery technology. 

      



39 
 

 

 

 

 

 

 

Chapter 2 

Project Hypotheses and Research Goals 

 

 

 

 

 

 



40 
 

2.1.  Hypotheses and Aims 

Project 1: Development of LA Nanoformulated NRTI ProTides against HIV-1 infection - 

(Chapters 3, 4, 5) 

Project 2: Development of LA Nanoformulated Prodrugs against HBV infection - 

(Chapter 6) 

Project 1 Hypothesis 

We hypothesize that developing a library of LA slow effective release 

emtricitabine (FTC) ProTide nanoformulations will provide potent antiretroviral activities 

by increasing the developed FTC ProTide’s apparent half-life, improving plasma stability 

and thereby targeting HIV reservoir sites to reduce dosing frequency for continual viral 

suppression.  By employing LA ProTide nanocrystal strategy to create a LA FTC, we 

hoped to bypass the first step of phosphorylation in FTC’s intracellular activation pathway 

thereby enhancing FTC’s potency. Additionally, docosyl phenylalanyl/alanyl ester in FTC 

ProTide would enhance nanoparticle stability and prolong FTC monophosphate’s 

intracellular delivery.  Docosanol component in FTC ProTide would enhance therapeutic 

synergism in the infected cells [195, 196]. The objective of this project is to develop a LA 

nanoformulated FTC ProTide for pre-exposure prophylactic treatment in combination with 

a LA TFV prodrug nanoformulation developed in our laboratory. 

Project 2 Hypothesis: 

We hypothesize that the development of LA lipophilic and hydrophobic 

tizoxanide (TIZ) prodrug nanoformulation (NM1NIT) would sustain the biological activity 

of TIZ leading to generation of potent LASER nanoformulation of TIZ for effective 
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treatment individually and in combination with tenofovir prodrug nanoformulation against 

HBV infections. 

Project 1: Specific Aims 

Aim 1: Synthesis and physicochemical characterizations of M2FTC, M3FTC and M4FTC 

ProTides. 

Aim 2: Nanoformulation of M2FTC, M3FTC and M4FTC ProTides and their cell-based 

characterizations. 

Aim 3: Evaluation of PK and BD of NM2FTC in sprague dawley rats at 45mg/kg FTC 

equivalents and NM4FTC in NSG and Balb/c mice in combination with NM2TFV at 75 

mg/kg FTC/TFV equivalents following I.M. administration. 

Developmental Aim: Preliminary evaluation of optimum viral dose for pre-exposure 

prophylactic study of combination of NM4FTC and NM2TFV treatments at 75 mg/kg of 

FTC/TFV equivalents in humanized mouse model of HIV-1 infection. 

Project 2: Specific Aims: 

Aim 1: Synthesis of LA NIT prodrug (M1NIT) and its physicochemical characterization. 

Aim 2:  Nanoformulation of NIT (NM1NIT) and its physicochemical characterization 

Aim 3: Evaluation of anti-HBV efficacy of combination of NM1NIT and NM1TFV 

treatments at 75 mg/kg of FTC/TFV equivalents administered I.M. in humanized HBV 

infected TK-NOG mice. 
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3.1  Abstract 

While antiretroviral therapy (ART) has revolutionized treatment and prevention 

of human immunodeficiency virus type one (HIV-1) infection, regimen adherence, viral 

mutations, drug toxicities, access stigma and pill fatigue are treatment limitations. These 

have led to new opportunities for the development of LA ART including implantable 

devices and chemical drug modifications. Herein, medicinal and formulation chemistry 

were used to develop LA prodrug nanoformulations of FTC). A potent lipophilic FTC 

phosphoramidate prodrug (M2FTC) was synthesized then encapsulated into a poloxamer 

surfactant (NM2FTC). These modifications extended the biology, apparent drug half-life 

and antiretroviral activities of the formulations. NM2FTC demonstrated a > 30-fold 

increase in macrophage and CD4+ T cell drug uptake with efficient conversion to 

triphosphates (FTC-TP). Intracellular FTC-TP protected macrophages against an HIV-1 

challenge for 30 days. A single intramuscular injection of NM2FTC, at 45 mg/kg native 

drug equivalents, into Sprague Dawley rats resulted in sustained prodrug levels in blood, 

liver, spleen, lymph nodes and FTC-TP in lymph node and spleen cells at one month. In 

contrast, native FTC-TP was present for one day. These results are an advance in the 

transformation of FTC into a LA agent.  

 

3.2  Introduction 

There is an emerging need for LA nanoformulations for both treatment and 

prevention of HIV-1 infection [160, 197]. Parenteral cabotegravir and rilpivirine (CAB and 

RPV) LA antiretroviral drug (ARV) formulations [197, 198] and a dapivirine vaginal ring 

[184] have generated significant enthusiasm and will soon occupy a position in the HIV 

therapeutic armamentarium [199]. However, there are limitations of each [200]. They 

include, but are not limited to, required large injection volumes, site reactions [201], 
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limited viral reservoir drug penetrance [202], cost, access [203] and drug delivery [204]. 

While broad numbers of drug-loaded implants and LA nanomedicines are being 

developed few provide immediate remedies [205]. To these ends our laboratory has 

developed prodrug nanoformulations stabilized by poloxamer surfactants and lipids as 

LA agents [206, 207]. The rationales are based demonstrating that prodrugs present 

effective and inexpensive opportunities for improved drug delivery. These include their 

readily upscale potential and their prior and extensive use as a delivery systems for 

infectious [208], neuropsychiatric [209] and metabolic disorders [210]. Added to these 

advantages is the use of the prodrug approach for more than four decades in clinical 

practice [211-213]. Thus, we contend that parenteral ARV prodrug formulations may be 

developed as suitable LA injectables. Our works and those of others have offered this 

track as a creative solution for the current challenges seen in developing LA ARVs as a 

mainstream HIV treatment strategy. 

There are number of prodrug advantages in the development of LA ARVs. First, 

after physicochemical drug modifications, improvements in drug potency and apparent 

plasma half-life of the native drug can be realized [212],[214]. Second, prodrugs are 

pharmacologically inactive requiring chemical transformation to produce the parent drug 

[215] that ensures their retention for extended time periods. This occurs either at the site 

of injection or in tissue and as such can significantly extend the pool of active drug in 

plasma and tissue after a single injection. Third, prodrugs can positively affect absorption, 

biodistribution and excretion based on lipophilic and hydrophobic properties. Such 

modifications of therapeutic compounds facilitates their passive transport across cell and 

tissue membranes [216]. This also effects depot formation in endosome vesicles [150, 

217, 218]. Fourth, potent ARVs remain underutilized due to their biologic PK and PD or 

physiochemical properties that would benefit from prodrug transformations [219]. Indeed, 

ARVs that currently have short half-lives with hydrophilic properties provide opportunities 
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for chemical conversions. Conversions from native hydrophilic agents to hydrophobic and 

lipophilic prodrugs are possible. To these ends, we developed research platforms to 

transform existing ARVs into LA agents [220] [206, 207, 221, 222].  

ARV potency and bioavailability improvements by production of fatty acid ester 

prodrugs of nucleoside reverse transcriptase inhibitor (NRTI) compounds were 

accomplished [221].  Notably and in pursuit of potent LA NRTI inhibitor analogs, design 

of carbon chain modifications and ProTide strategies were completed. These led to 

development of a first lipophilic abacavir (ABC) ProTide through screening a range of 

amino acid and ester promoieties [223]. However, intracellular delivery of LA active drug 

metabolites remains elusive. Thus, in the present study, we applied a unique LA ProTide 

nanocrystal strategy to create a LA FTC. We assumed that by bypassing the first 

phosphorylation step in FTC’s intracellular activation pathway could further enhance drug 

potency. We also reasoned that inclusion of a docosyl phenylalanyl ester in FTC ProTide 

would confer prodrug nanoparticle stability and would enhance intracellular delivery of 

the nucleoside monophosphates [224].  Once cleaved, docosanol would promote drug-

drug synergy [225, 226]. 

 

3.3  Materials and Methods 

3.3.1 Materials 

All chemical synthesis reactions were performed under a dry argon atmosphere 

unless otherwise noted. Reagents were obtained from commercial sources and used 

directly; exceptions are noted. FTC was purchased from HBCChem (Fremont, CA). 

Phenyl dichlorophosphate, N-(carbobenzyloxy)-L-phenylaline, docosanol, 

dichloromethane (DCM, CH2Cl2),  chloroform  (CHCl3),  N,N dimethylformamide  (DMF), 

triethylamine (Et3N), diethyl ether, tetrahydrofuran (THF), tert-Butylmagnesium chloride 
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solution (tBuMgCl, 1.0 M in THF), triethylsilane (Et3SiH) and methanol were  purchased   

from   Sigma-Aldrich   (St. Louis, MO).1-[Bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium3- oxidhexafluorophosphate (HATU) was  obtained  from Chem  

Impex  Intl. Inc. (Wood Dale, IL) and palladium, 10% on activated carbon was purchased 

from STREM Inc.  (Newburyport, MA). Flash chromatography was performed using flash 

silica gel (32-63 μ) from SiliCycle Inc.  (Quebec, Canada). Chemical reactions were 

analyzed by thin layer chromatography (TLC) on precoated silica plates (200 μm, F-254) 

from Sorbtech technologies Inc.  (Norcross, GA).  The compounds were visualized by UV 

fluorescence or by staining with ninhydrin or KMnO4 reagents. Pyridine, poloxamer 407 

(P407), ciprofloxacin, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT), 

dimethyl sulfoxide (DMSO), paraformaldehyde (PFA), and 3,3’-diaminobenzidine (DAB) 

were purchased from Sigma-Aldrich (St. Louis, MO). Cell culture grade water (endotoxin 

free), gentamicin, acetonitrile (ACN), bovine serum albumin (BSA), and LC-MS-grade 

water were purchased from Fisher Scientific (Hampton, NH). Heat-inactivated pooled 

human serum was purchased from Innovative research (Novi, MI). Phosphatase, acid 

from sweet potato (P1435-500UN) was purchased from Sigma Aldrich. Dulbecco’s 

Modification of Eagle’s Medium (DMEM) was purchased from Corning Life Sciences 

(Tewksbury, MA) and RPMI 1640-L-glutamine (SKU# 11875-093) was purchased from 

Gibco, ThermoFisher Scientific. LiveDead Fixable Blue Dead Cell Stain kit was 

purchased from Invitrogen, ThermoFisher. CEM-ss CD4+ T-cells were obtained from the 

National Institutes of Health cell repository. 

 

3.3.2 Synthesis of A Phosphorylated FTC Prodrug 

FTC (1.5 g, 6.02 mmoles, 1 equivalent) was dried from anhydrous pyridine (15 

mL), resuspended in anhydrous THF (30 mL) and then cooled at -78 °C under an argon 
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atmosphere. tBuMgCl (12.04 mmoles, 2 equivalents) was then added and allowed to stir 

for 15 minutes under protection from light. A solution of phenylalanine docosyl 

phosphochloridate [223] (3.89 g, 6.02 mmoles, 1 equivalent) in THF (20 mL) was then 

added dropwise to the anion at -78 °C. The reaction mixture was gradually warmed to 

room temperature for 1 day and heated at 45 °C for 24 h. The mixture was then cooled 

at -78 °C and quenched using methanol and concentrated to remove solvents. The 

residue was purified by silica column flash chromatography eluting with 95% then 90% 

DCM in methanol to give M2FTC as a colorless powder after lyophilization (61 % yield). 

The chemical structure of M2FTC was confirmed by proton, carbon and phosphorus 

nuclear magnetic resonance (1H, 13C and 31P NMR) spectra recorded on a Varian 

Unity/Inova-500 NB (500 MHz; Varian Medical Systems Inc., Palo Alto, CA, USA) (Figure 

6 (A, B, C)). FT-IR analysis was performed on a Spectrum Two FT-IR spectrometer 

(PerkinElmer, Waltham, MA, USA). Comparative crystallographic analyses of FTC and 

M2FTC by powder X-ray diffraction (XRD) were carried out in the 2ø range of 2-500 using 

PANalytical Empyrean diffractometer (PANalytical Inc., Westborough, MA, USA) with Cu-

Ka radiation (1.5418 Å) at 40 kV, 45 mA setting. FTC and M2FTC quantitation were 

performed on a Waters ACQUITY ultra performance liquid chromatography (UPLC) H-

Class System with TUV detector and Empower 3 software (Milford, MA, USA) using a 

Phenomenex Kinetex 5 µ C18 100 Å column (150, 4.5 mm) (Torrence, CA) for separation. 

Molecular mass was determined by direct infusion into a Waters TQD mass 

spectrometer. The UPLC-TUV and mass spectrometric methods for FTC and M2FTC 

quantitation are included in the supplementary information. 

 

3.3.3 M2FTC Characterization 

3.3.3.1  Solubility  
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To determine solubility of FTC and M2FTC in water and 1 – octanol, excess 

amount of drug was added to each media to form saturated solutions. The homogeneous 

saturated solutions were mixed at room temperature for 24 h and centrifuged at 14,000 

x g for 10 minutes to separate insoluble drug. The amount of drug in the supernatants 

was quantified by UPLC TUV method.  

3.3.3.2 Prodrug Chemical Stability  

Chemical stability at acid, alkaline and neutral pH was determined as described 

by Gupta et al. [227]. M2FTC stock solution at a concentration of 2 mg/mL was prepared 

in optima-grade methanol in a glass amber vial. For acidic, alkaline and neutral 

hydrolysis, 100 μL of M2FTC stock solution was added to 1900 μL each of 0.1 M HCl, 

0.1 M NaOH or optima-grade water, respectively. The samples were then incubated at 

room temperature under shaking conditions (innova® 42 shaker incubator, 150 rpm). 

Samples were withdrawn at predetermined time points (0, 4, 8 h and 1, 3 and 7 days) 

and stored at -80 °C until analysis by UPLC-TUV.  

3.3.3.3  Plasma Stability 

To evaluate prodrug stability, 100 µL plasma from different species (rat, mouse, 

rabbit, dog, monkey and human) were incubated with 1 µM of M2FTC at 37 °C.  At 

different time points (0, 2, 6, and 24 h), 1 mL methanol was added to each sample and 

vortexed for 3 min to stop the reaction. For 0-min time-point, a 100 µL ice cold plasma 

was spiked with 100-x prodrug spiking solution in 20%DMSO/80% methanol and 

immediately 1 ml of ice-cold methanol was added. Heat-inactivated plasma was 

incubated at the same conditions and used as a negative control to differentiate chemical 

vs. biological instability. Following the addition of methanol, samples were centrifuged at 

15,000 g for 10 min, 10 µL supernatant was mixed with 90 µL 80 % methanol containing 

IS, and then 10 µL was used for UPLC-MS/MS analysis.   
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3.3.4 Nanoformulation of M2FTC and Physicochemical Characterization  

P407 stabilized M2FTC nanosuspensions (NM2FTC) were prepared by high-

pressure homogenization on an Avestin EmulsiFlex-C3 (Ottawa, ON, Canada) 

homogenizer. Specifically, P407 (0.5% w/v) was dissolved in PBS followed by addition of 

M2FTC (1% w/v) to the surfactant solution at a drug to polymer ratio of 2:1 and mixed to 

form a pre-suspension. The suspension was then homogenized (~20,000 psi) until the 

desired particle size was achieved. Particle size (Deff), polydispersity index (PDI), and 

zeta potential were determined by dynamic light scattering (DLS) on a Malvern Nano-ZS 

(Worcestershire, UK). The stability of NM2FTC nanoparticles was monitored at 25 and 

37°C over 2 months. Encapsulation efficiency was calculated using the following 

equation: Encapsulation efficiency (%) = (weight of drug in formulation/initial weight of 

drug added) x 100. In-vitro nanoparticle release kinetics were determined by dialysis 

(membrane MWCT 2000, Spectrum laboratories, Inc.) against PBS containing 1% v/v 

Tween 80 at 37 °C with constant shaking (New Brunswick™ Innova® 42, 150 rpm). One 

milliliter aliquot was withdrawn at predetermined time points and replaced with equal 

amounts of dispersion medium. Samples were then centrifuged at 10,000×g for 10 min 

and then lyophilized followed by reconstitution in 100 µL of methanol and quantification 

for total M2FTC concentration using LC-MS/MS method using Waters Xevo TQD UPLC 

MS system, chromatographic separation was performed on a CSH analytical column 

(2.1×100 mm, 1.7µm; Waters) equipped with a guard column (Waters, Milford, MA).  

Mobile phase A was ammonium formate (10 mM, pH 3.2), while mobile phase B was 

100% methanol (mobile phase A: B was 2:98 v/v).  The LC method was 7 minutes, run 

isocratically at 0.35 mL/minute. The following transitions were monitored for M2FTC: m/z 

859.19→229.98 and m/z 859.19→276.07. 
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Nanoparticle morphology was analyzed by transmission electron microscopy 

(TEM). Samples for TEM imaging were fixed by immersion in a solution of 2% 

glutaraldehyde, 2% paraformaldehyde in a 0.1M Sorenson’s phosphate buffer (pH 7.2) 

at 4°C for 24 h and processed as previously described [223]. 

3.3.5 Macrophage Drug Uptake, Retention and Triphosphate Production. 

Characterization of NM2FTC in MDM was performed as previously described 

[13, 14, 30, 31, 37] [38]. Human monocytes were obtained by leukapheresis from HIV-

1/2 and hepatitis B seronegative donors, and then purified by counter-current centrifugal 

elutriation [228]. Human monocytes were plated in 12-well plates at a density of 1.0 × 106 

cells per well using DMEM supplemented with 10% heat-inactivated pooled human 

serum, 1% glutamine, 10 µg/mL ciprofloxacin, and 50 µg/mL gentamicin. Cells were 

incubated at 37 °C in a 5% CO2 incubator. After 7 days of differentiation in the presence 

of 1000 U/mL recombinant human macrophage colony stimulating factor (MCSF), MDM 

were treated with 100 µM FTC or NM2FTC. Uptake of drug was assessed by measuring 

intracellular drug concentrations at 2-8 h after treatment [207]. For drug retention studies, 

MDM were treated with drug formulations for 8 h then washed 2 times with PBS and 

maintained with half-media changes every other day until collection from days 1 to 30. 

For both studies, adherent MDM were washed with PBS, then scraped into PBS, and 

counted at predetermined time points using an Invitrogen Countess Automated Cell 

Counter (Carlsbad, CA). Cells were pelleted by centrifugation at 3,000 rpm for 8 min at 

4°C. The cell pellets were then sonicated in 200 µL methanol using a probe sonicator to 

extract drug and centrifuged at 20, 000 g for 10 min at 4°C to separate cell debris. FTC 

and M2FTC drug contents were determined by UPLC-UV/Vis. For measurements of FTP 

formed during uptake and retention studies, MDM were treated with FTC and M2FTC 

with 100 µM concentration using protocol described previously. Cell pellets were 

suspended in 70% aqueous methanol (v/v) and FTC-TP extraction was performed as 
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described previously with some modifications [32]. Briefly, Sep-Pak QMA cartridges were 

used to separate FTC-TP from its mono- and di-phosphate forms. The triphosphate 

fractions were eluted and dephosphorylated using type XA sweet potato acid 

phosphatase. The 15N2
13C-3TC internal standard was added following the incubation 

(final concentration of 0.5 ng/mL). Dephosphorylated samples were then subjected to 2nd 

SPE extraction step using Waters OASIS HLB cartridges.  The FTC were then eluted 

with 1.4 ml of methanol and evaporated under vacuum. Once dry, the residues were 

reconstituted with 100 µL 25% methanol before performing LC–MS/MS analyses. To 

assess cell viability, MTT assay was performed [229]. Briefly, MDM were seeded on 96-

well plates at a density of 80.0 x 105 cells per well and treated with various concentrations 

(10 - 400 µM) of FTC or NM2FTC for 6-24 h. After drug treatment, cells were washed 

twice with PBS and incubated with 100 µL/well of MTT solution (5 mg/mL) for 45 min at 

37 °C. After incubation MTT was removed, and 200 µL/well of DMSO was added and 

mixed thoroughly. Absorbance was measured at 490 nm on a Molecular Devices 

SpectraMax M3 plate reader with SoftMax Pro 6.2 software (Sunnyvale, CA). 

3.3.6. CEM-ss CD4+ T cell Drug Uptake and Triphosphate production.  

These expeirments were performed in twelve-well plates were coated with poly-

L-lysine solution (100 µg/mL in distilled water) for 1 h.  Wells were then washed once with 

sterile water then seeded with CEM-ss cells at a density of 1 x 106 cells/well followed by 

further incubation at 37 °C for at least 30 minutes. Cells were then treated with 100 µM 

of FTC or NM2FTC to evaluate drug uptake and retention as previously described [206, 

207]. At each time point, cells were washed twice and scraped into PBS, centrifuged at 

650 x g for 5 minutes and intracellular drug quantitation was performed using TQD MS 

method as previously described. To determine intracellular FTC triphosphate (FTC-TP) 

levels, CEM-ss CD4+ T-cells were treated with 100 µM FTC or NM2FTC and processed 

for uptake [43].  
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3.3.7. Half maximum Effective Concentration (EC50) Measurements 

MDM were seeded in round bottom 96 well plates at a density of 80,000 

cells/well. Various concentrations of NM2FTC or FTC in the range of 0.01 nM-10 μM were 

added for 60 min prior to infection with HIV-1ADA media at a MOI of 0.1 infectious particles 

per cell for 4 h.  After 4 h, infection media was removed, and the cells were incubated an 

additional 10 days in the presence of the same concentration of drug. Half media changes 

were done every other day.  After 10 days, culture media was collected to measure HIV-

1 reverse transcriptase (RT) activity as previously described [148, 230, 231]. Parallel 

studies were performed in transformed CD4+ T cells. Briefly, CEM-CD4+ T cells were 

cultured in suspension in 96 well plates, centrifuged at 650 x g and re-dispersed in 100 

µL drug-containing media.  After 60 minutes, cells were challenged with HIV-1NL4-3-eGFP 

(MOI 0.1) by spin-inoculation (1125 g for 2 hours, 25oC) followed by incubation in drug-

containing media for 16 h.  The cells were then washed 3x with PBS to remove 

extracellular virus and incubated in drug-containing media.  Media exchanges occurred 

every 2 days with drug-containing media. Ten days post HIV-challenge, cell pellets were 

fixed in 2% PFA and fluorescence was analyzed by flow cytometry.  The EC50 was 

calculated using sigmoidal 4-point logarithmic regression using GraphPad Prism v7. RT 

activity was measured in culture media.   

3.3.8. Measurements of Antiretroviral Activities 

To assess long-term antiretroviral efficacy, MDM were treated with 100 µM 

NM2FTC or FTC as described above for 8 h. After treatment, cells were washed with 

PBS and cultured with fresh media without drug followed by half-media exchanges every 

other day. At days 1-30 after treatment, cells were challenged with HIV-1ADA at a MOI of 

0.1 for 16 h. After viral infection, the cells were cultured an additional 7 days with half-

media exchanges every other day followed by full media change on the 8th day post 
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challenge. Culture fluids were collected on the 10th day for measurement of RT activity, 

while adherent MDM were fixed with 4% PFA and HIV-1p24 protein expression assayed 

by immunohistochemistry [35, 36]. 

3.3.9. PK and BD Assessments 

All animal studies were approved by the University of Nebraska Medical Center 

Institutional Animal Care and Use Committee in accordance with the standards 

incorporated in the Guide for the Care and Use of Laboratory Animals (National Research 

Council of the National Academies, 2011). Male Sprague Dawley rats (250g; Jackson 

Labs, Bar Harbor, ME) were maintained on normal diet and water. Animal weights were 

monitored at the start and weekly throughout the study duration of study. The rats were 

administered a single 45 mg/kg FTC-equivalent dose of FTC or NM2FTC intramuscularly 

(IM) into the caudal thigh muscle to determine PK over 4 weeks. Blood was collected 2 h 

and 1, 7, 14, 21, and 28 days. Tissues were collected at days 1, 7, 14 and 28 days. 

Lymph node cells and splenocytes were isolated on days 1, 7, 14 and 28 days for 

determination of FTC-TP levels.  Prodrug and FTC were quantitated in whole blood and 

tissue samples by UPLC-MS/MS method (Waters Xevo TQS micro., Milford, MA). For 

FTC quantification in cell samples and injection solutions, U.V. detection at 278 nm and 

mobile phase composition of acetonitrile and ammonium acetate buffer (20 mM, pH 3.9) 

in the ratio 10:90 v/v and flow rate of 1.0 mL/min was used. For M2FTC quantification, 

HPLC grade methanol and ammonium formate (10 mM, pH 3.1) in the ratio of 98:2 v/v, 

flow rate of 1 mL/min and detection at 250 nm was carried out. Retention times for FTC 

and M2FTC attained were 4.5 and 5.5 minutes respectively. LC-MS single quadrupole 

compound infusion was recorded on a Waters TQD (Boston, MA) to confirm [M+1] m/z 

of 860. Isotopic distribution was (m/z): 858.45 (100%), 859.46 (48.7%), 860.46 (11.6%). 

For M2FTC quantification using Waters Xevo TQ-XS UPLC-MS/MS method, ACQUITY 

UPLC® BEH Shield RP18 Column-4 (2.1×30 mm, 1.7µm; Waters, Part No.: 186003909, 
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Serial No.: 01633604918114) was used with LC conditions of ammonium formate pH 3.0 

(7.5 mM) and methanol used as gradient mobile phases and MRM of 8 min with wash: 

purge: 80% methanol, strong wash: 50% methanol + 30% H2O + 20% Acetone.  Sample 

was maintained at 4°C advanced with needle placement from bottom 1.2 mm, pressure 

limits: Low: 0 psi, High: 15000 psi and seal wash 3.0 min. The initial mobile phase 

composition was 88% B for the first 5 min at which time it was increased to 95% B over 

0.25 mins and held constant for 1.55 min and then reduced to 88 % B after 0.2 mins and 

held constant for further 10 min. 

Parent FTC was generated from FTC-TP during sample preparation and then 

subjected to UPLC-MS/MS analyses.  The UPLC-MS/MS system comprised of a Waters 

ACQUITY ultra-performance liquid chromatography (UPLC) system (Waters, Milford, 

MA) coupled to a triple quadrupole mass spectrometer with electrospray ionization (ESI) 

source (Waters Xevo TQ-XS).  An ACQUITY UPLC using a CSH C18 analytical column 

(2.1×100 mm, 1.7µm; Waters) equipped with a guard column (Waters, Milford, MA) were 

used for analyte separation. The transition of 248.08 < 129.95 m/z and 232.96 < 115.00 

m/z were used for FTC and IS quantification. Mobile phase A consisted of 7.5mM 

ammonium bicarbonate in water (MS grade, Fisher), pH was adjusted to 7.0 with glacial 

acetic acid (ACS grade, Sigma). Mobile phase B was 100% methanol (MS grade, Fisher). 

The flow rate was 0.25 mL/min. 

Drug concentration in whole blood and tissues was determined by UPLC-

MS/MS using a Waters Acquity UPLC- Xevo TQ-S micro mass spectrometry system 

(Milford, MA). For blood analysis, 10 µL of internal standard (IS) solution was added to 

each sample. 3TC-d3 and myristoylated dolutegravir (MDTG) were used as IS for FTC 

and M2FTC analysis, respectively. Chromatographic separation of 10 µL sample 

injections of M2FTC was achieved with an ACQUITY UPLC-BEH Shield RP18 column 

(1.7 µm, 2.1 mm × 33 mm) using a 6.75 min gradient of mobile phase A (7.5 mM 
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ammonium formate in Optima-grade water adjusted to pH 3 using formic acid) and mobile 

phase B (100% Optima-grade methanol) at a flow rate of 0.35 mL/ min. The initial mobile 

phase composition was 88% B for the first 5 min at which time it was increased to 95% 

B over 0.25 mins and held constant for 1.50 min. For FTC quantitation, chromatographic 

separation was carried out on UPLC CSH C18 (1.7 µm, 2.1 mm × 100 mm) column. 

Mobile phase A consisted of ammonium bicarbonate (90%) and mobile phase B 

consisted of 100 % Optima grade methanol at a flow rate of 0.25 mL/min and run time of 

7 mins. Multiple reaction monitoring (MRM) transitions used for M2FTC, MDTG, FTC, 

3TC – d3, were 859.394 > 276.014, 630.2 > 126.94, 247.98 > 129.80, 233.39 > 114.97 

m/z, respectively. Spectra were analyzed and quantified by MassLynx software version 

4.1. Quantitation was based upon drug peak area to internal standard peak area ratios. 

 

3.4. Statistics 

For all studies, data were presented as mean ± standard error of mean (SEM), 

and experiments were preformed using a minimum of three biological replicates. For in-

vivo studies, each group contained 5 rats (pharmacokinetic studies). For comparison of 

two groups, Student's t-test (two-tailed, paired and unpaired) were used. One way 

ANOVA was performed for comparison between 3 groups. P<0.05 was considered to be 

significant (*P < 0.05, ****P < 0.0001). All the data were analyzed using GraphPad Prism 

7.0 software (La Jolla, CA). 

 

3.5.  Study Approval 

All animal studies were approved by the University of Nebraska Medical Center 

Institutional Animal Care and Use Committee in accordance with the standards 

incorporated in the Guide for the Care and Use of Laboratory Animals (National Research 
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Council of the National Academies, 2011). Human monocytes were isolated by 

leukapheresis from HIV-1/2 and hepatitis seronegative donors according to an approved 

UNMC IRB exempt protocol. 

 

3.6.  Results 

3.6.1. Synthesis and Characterization of M2FTC  

Phenylalanine docosyl ester was reacted with preformed phenyl 

phosphorodichloridate in the presence of triethylamine (Figure 3.1A). This generated a 

phenylalanyl docosyl ester phosphorochloridate masking group [223]. The amino ester 

was then coupled with FTC (Figure 3.1B) and purified by silica gel column 

chromatography producing 61% of M2FTC [232].  

Nuclear magnetic resonance, Fourier transform infrared spectroscopy and mass 

spectrometry (NMR, FTIR and MS) confirmed the formation of the prodrug. The M2FTC 

physicochemical properties consisted of broad singlets at 0.84 ppm and 1.4 ppm and 

multiplet at 1.1-1.3 ppm in the 1H NMR spectrum corresponding to the terminal methyl 

and symmetrical methylene protons of the fatty alcohol. Additionally, the multiplet at 7.09-

7.32 ppm corresponds to the aromatic protons from the aryl and phenylalanine 

promoieties (Figure 3.1C). 13C NMR spectrum of NM2FTC showed additional peaks 

corresponding to the carbonyl ester (172.2 ppm) and aromatic carbon atoms (124.7, 

124.3, 119.9, 119.8 ppm) (Figure 3.1D). 31P NMR spectrum of M2FTC demonstrated a 

dominant single peak (Figure 3.1E). M2FTC spectra data 1H NMR (500 MHz, 

(CD3)2S=O): 7.89 (app. d, J = 6.8 Hz 1H), 7.64 (b, 1H), 7.09-7.32 (m, 8 H), 7.03 (app. d, 

J = 8.0 Hz 2H), 6.22 (t, J = 11.5 Hz 1H), 6.16 (br, 1H), 5.19-5.25 (m, 1H), 3.85-4.05 (m, 

4H), 3.30-3.40 (m, 4H), 3.05 (dd, J = 11.5, 6.1 Hz 1H), 2.82 (dt, J = 15.5, 7.6 Hz 1H), 

2.76-2.85 (m, 1H), 1.40 (br, 2H), 1.10-1.30 (m, 38H), 0.84 (br, 3H). 13C NMR (125 MHz, 
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(CD3)2S=O): δ 172.2, 157.5, 124.7, 124.3, 119.9, 119.8, 86.9, 81.4, 66.4, 64.4, 56.0, 35.3, 

35.1, 31.2, 28.9, 28.8, 28.7, 28.6, 27.9, 27.8, 25.1, 22.0, 13.7; 31P NMR (202 MHz, 

(CD3)2S=O); 5.68. Infusion of M2FTC into Waters TQD mass spectrometer confirmed a 

M2FTC molecular ion peak of 859.19 (Figure 3.1F).  

 

Figure 3.1. Synthesis of M2FTC and NMR spectroscopic and Mass spectrometric characterization. 

(A)  Synthesis of aryl amino phosphochloridate.  N-Cbz-L-Phenylalanine was dissolved in DMF and CFM.  

Cooled on ice.  HATU, docosanol, imidazole and Et3N were added and reaction was stirred at RT for 48 h.  

Product was dissolved in CFM and MeOH.  Palladium on carbon was added and cooled to 4 ºC, Et3SiH was 
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added and stirred for 16 h.  Product was dissolved in DCM at -78 ºC, Phenyl dichlorophosphate was then 

added, followed by Et3N/CFM addition, stirred at 48 h RT.  (B) FTC was dissolved in THF at -78 ºC, tBuMgCl 

was added and stirred at 48-90 h at RT. FTC was then reacted with product formed in previous step with a 

61% yield. (C) 1H NMR spectra of FTC (red), M2FTC (blue). (D) 13C NMR spectra of FTC (red), and M2FTC 

(blue). (E) 31P NMR spectrum of M2FTC (F) Mass spectrometric infusion of M2FTC. 

A 4000-fold decrease in aqueous solubility (0.0366 ± 0.0093 mg/mL) for M2FTC 

compared to FTC (142.97 ± 11.24 mg/mL) was observed. This corresponded to a 90-fold 

improvement in M2FTC octanol solubility (87.56 ± 0.236 mg/mL) compared to 0.97 ± 

0.027 mg/mL for FTC. These data confirmed the prodrug lipophilicity enhancements 

(p<0.0001) (Figure 3.2A). Additional absorption bands at 2921 – 2846 cm-1 and 1800 - 

1700 cm-1 in the FTIR spectrum of M2FTC were seen representing the C-H and C=0 

stretches in docosanol and phenylalanine esters, respectively (Figure 3.2B). XRD 

spectra demonstrated difference in the crystallographic spectrum of M2FTC compared to 

FTC (Figure 3.2C). Changes in the crystallinity of M2FTC compared to FTC was due to 

conjugation of lipophilic promoieties to the FTC structure during M2FTC synthesis 

followed by lyophilization, thus affecting its polymorphic form [233, 234].  
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Figure 3.2 Physicochemical characterization of M2FTC (A) Solubility of FTC and M2FTC in 1-octanol and 

water was measured at 37°C. Data are expressed as mean ± SEM for n = 3 samples were evaluated. 

Statistical significance was measured using one-way ANOVA at ****P < 0.0001. (B) Fourier transformed 

infra-red spectroscopic (FT-IR) analysis showed the presence of carbonyl and aromatic stretching vibrations 

in the region of 2900 - 3100 cm-1 for FTC and M2FTC and phosphoramide (P-N-H) bending vibrations 

between 1600 – 1700 cm-1 in M2FTC, confirming the presence of these functionalities. (C) XRD analysis of 

FTC and M2FTC supporting unique atomic arrangement in the compounds crystal lattice. D) Hydrolysis study 

in different species’ plasma demonstrated chemical stability of M2FTC over 90% in both normal and heat 

inactivated human plasma up to 24 h at 37 ºC and gradual hydrolysis observed of up to 40% in mice and 

rats, dog, rabbit and in monkey plasma over 24 h. 

                      

3.6.2. M2FTC Chemical Stability  

Chemical stability for M2FTC was determined at room temperature in buffers of 

different pH solutions. At neutral pH, M2FTC was stable over 7 days (Figure 3.3A). 

However, after 24 h of incubation under acidic and alkaline pH, 10% of the prodrug 

degraded presumably through ester bond cleavage.   

 

3.6.3. Plasma Metabolic Stability  

The stability of M2FTC was further investigated using plasma from different 

species. After 24 h of incubation at 37ºC, degradation of M2FTC was high in rodent, dog, 

rabbit and monkey plasma. However, M2FTC remained stable in both normal and heat 

inactivated human plasma over 24h (Figure 3.2D). The observed differences in plasma 

stability of M2FTC in different species were due to differences in the esterase expression 

in these tested species [235]. These data sets support the stability of M2FTC in blood for 

both intracellular and tissue prodrug uptake and FTC triphosphate conversions.  

   

3.6.4. Physico-chemical Characterization of M2FTC Nanoformulations  



60 
 

We next developed stable nanoformulations of the prodrug by a single step 

scalable nanoparticle manufacturing scheme [236]. P407 stabilized nanosuspensions of 

M2FTC (NM2FTC) were prepared by high-pressure homogenization with a drug 

encapsulation efficiency of ≥70%. Particle size, polydispersity index (PDI), and zeta 

potential were determined by DLS and were 359.4 ± 13 nm, 0.37 ± 0.02, and -44.8 ± 0.2 

mV, respectively. NM2FTC remained stable at 25 and 37 °C (Figure 3.3A and Figure 

3.4C) for up to 60 days. The high negative charge provides electrostatic repulsion 

between the particles to minimize aggregation. Nanoparticle morphologies by TEM 

showed fairly uniform and spherical particles with diameters less than 400 nm (Figure 

3.3D) and validated the particle size.  The high drug loading, smaller particle size and 

minimal excipient usage in NM2FTC nanosuspensions could potentially reduce injection 

site reactions. HIV-1 RT activity measurements demonstrated that the EC50 of FTC (0.5 

nM), M2FTC (0.11 nM), and NM2FTC (0.04 nM) against HIV-1ADA in MDM were 

comparable (one-way ANOVA, p=0.74) indicating that conversion of FTC to M2FTC and 

NM2FTC did not compromise drug potency (Figure 3.3B). Similarly, the EC50 of NM2FTC 

in CEM CD4+ T-cells was not different from FTC (15.55 nM and 25.71 nM, respectively; 

P = 0.5873, two tailed t test with Welch correction). These data further confirmed that the 

antiretroviral activity of the prodrug formulation was not altered by its chemical 

modification (Figure 3.3E). The reduction in the EC50 for M2FTC was likely due to poor 

solubility of the hydrophobic prodrug in aqueous culture media. Administration of the 

prodrug nanoparticles (NM2FTC) with improved dissolution properties confirmed the 

expected improvement in drug potency. Since mitochondrial dysfunction is a major 

adverse effect of NRTIs [237], we performed mitochondrial dehydrogenase activity 

assessment of FTC, M2FTC and NM2FTC in MDM at 10-400 µM using 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). No effects on mitochondrial 

reductase activity was observed at all tested drug concentrations. However, M2FTC and 
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NM2FTC exhibited a slight reduction in cell viability above 100 µM, presumably caused 

by enhanced cellular drug uptake (Figure 3.3C). In CEM CD4+ T-cells, neither FTC, 

M2FTC nor NM2FTC affected cell viability at < 200 µM by LiveDead staining (Figure 

3.3F).  Hence, 100 µM drug concentrations were used in subsequent CEM-ss CD4+ T-

cell studies. TEM imaging performed in MDM and CEM CD4+ T cells showed NM2FTC 

within cytoplasmic vesicles. After 8 h of drug treatment, NM2FTC nanoparticles 

accumulated in cytoplasmic vesicles in both cell lines (Figure 3.3G). 

 

Figure 3.3 NM2FTC characterizations. A) Physico-chemical stability evaluation of NM2FTC at 25 °C in 

terms of particle size, zeta potential and polydispersity index over 1 month. (B) EC50 was determined in MDM 

over a range of concentrations (0.001–1000 nM) by determining HIV-1 RT activity after FTC or NM2FTC 

treatments in cells infected with HIV-1ADA. Results were analyzed by nonlinear regression least squares fit. 
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Results are shown as the mean ± SEM of three replicates. C) Cell vitality was assessed in MDM by MTT 

assay 24 h after FTC, M2FTC or NM2FTC treatments over a range of concentrations (10 – 400 µM). Results 

were normalized to untreated control cells. Both M2FTC and NM2FTC were found to be non-cytotoxic at 100 

µM or less. Data are represented as mean ± SEM for n = 3 samples per group. D) Transmission electron 

microscopy (TEM) of NM2FTC showed presence of nanoparticles predominantly in the size range of 100-

250 nm. E) EC50 was determined in CEM CD4+ T-cells by RT activity measurement in the supernatant after 

FTC or NM2FTC treatments over a range of concentrations (0.1–10,000 nM). Results were analyzed by 

nonlinear regression least squares fit. F) CEM-ss CD4+ T-cell vitality using LiveDead staining. All the 

treatments were non-toxic at 200 µM of drug or less. G) TEM morphological evaluation in MDM and CEM-ss 

CD4+ T-cells after NM2FTC (100 µM) treatment for 8 h, washing with PBS (2x) and re-suspension in TEM 

fixation buffer. 

 

Particle dissolution and release of M2FTC from NM2FTC across a dialysis 

membrane (MWCT 2000) were characterized by an initial burst prodrug release of 40% 

within 90 minutes. This was followed by sustained release for over 72 h (Figure 3.4B). 

Analysis of particle size distribution by size statistical histogram plot employing ImageJ 

software on TEM images showed 71, 18 and 9 % of the nanoparticle population in the 

range of 100-250 nm, 250-400 nm and 400-550 nm respectively (Figure 3.4D). These 

observations were further confirmed by quantitation of HIV-1NL4-3 GFP expression on fixed 

cell samples by flow cytometry (Figure 3.4E). 
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Figure 3.4 Physicochemical and efficacy evaluations of M2FTC and NM2FTC A). Chemical stability of 

M2FTC in different pH conditions at room temperature. M2FTC was found to maintain its chemical stability 

up to 24 hours at room temperature with highest stability observed in neutral pH conditions up to 7 days.  

However, there was gradual hydrolysis in acidic and alkaline pH conditions beyond 24 hours at room 

temperature.  Samples were analyzed using UPLC method. Data are expressed as mean ± SEM for n = 2 

samples per group. B) In vitro release of M2FTC from NM2FTC using dialysis membrane (MWCT 2000) in 

1 % Tween 80 PBS as dispersion medium at 37 °C and shaking at 150 rpm. C) Physico-chemical stability 

evaluation of NM2FTC at 37 °C in terms of particle size, zeta and polydispersity index distributions over a 

month period D) Size statistical histogram demonstrating particle size distribution of NM2FTC predominantly 

in 100-250 nm range using ImageJ processing of TEM images. E) EC50 was determined in CEM-ss CD4+ T-

cells by flow cytometry. % HIV-1NL4-3eGFP was determined after FTC, M2FTC and NM2FTC treatments over 

a range of concentrations (0.01–1000 nM). Chemical modification of FTC followed its nanoformulation 

(NM2FTC) did not affect antiretroviral drug activity (12.91 nM, 58.45 nM and 2.34 nM for FTC, M2FTC and 

NM2FTC respectively). Results were analyzed by nonlinear regression least squares fit. 

3.6.5. Cell Based Evaluations of NM2FTC Particles 
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3.6.5.1.  NM2FTC Uptake, Retention and FTC TP Formation 

NM2FTC was rapidly taken up by MDM and intracellular concentrations 

increased over 8 h (Figure 3.5A). Intracellular drug concentrations were 34.6 nmoles/106 

cells for NM2FTC and >100-fold higher than FTC (< 0.1 nmoles/106 cells) after equimolar 

drug concentration exposures. NM2FTC was also retained within MDM for up to 30 days 

(15.9 nmoles/106 cells) while native FTC was undetectable at 8 h (Figure 3.5B). In order 

to probe activation of M2FTC inside cells, we quantified intracellular FTC triphosphate 

(FTC-TP) levels in MDM treated with equivalent concentrations of FTC or M2FTC. For 

MDM uptake studies, NM2FTC and FTC treatments produced 28,2541 fmoles/106 cells 

and 21,7276 fmoles/106 cells of FTP respectively which were comparable over the 8 h 

test period (Figure 3.5C). NM2FTC also provided high sustained FTC-TP levels up to 

day 30 where TP concentration was 312 fmoles/106 cells compared to 19.1 fmoles/106 

cells for FTC (Figure 3.5D). Sustained retention of the active TP metabolite from 

NM2FTC demonstrates slow prodrug release from the nanoparticle then intracellular 

activation/phosphorylation. Similarly, NM2FTC exhibited enhanced uptake in CEM CD4+ 

T cells with peak drug concentration of 10,300 pmoles/106 cells at 8 h (Figure 3.5E).  

Parallel quantitation of FTC-TP in CEM CD4+ T-cells after single exposure to NM2FTC 

demonstrated active metabolite levels of 508.6 ± 56.14 fmoles/106 cells at 8 h (Figure 

3.5F). Overall, these data suggest that NM2FTC could be transformed into a long-acting 

slow-release formulation. Maintaining therapeutic drug levels at cellular sites of infection 

could potentially disrupt viral replication cycle and prevent further dissemination [238]. 

Studies performed in human MDM suggest that despite the ability of native ART 

formulations to achieve high drug concentrations in plasma, viral replication continues to 

occur due, in part, to restricted drug cell entry across lipid membranes [206, 207]. The 

inherent lipophilicity of NM2FTC and enhanced intracellular uptake of the prodrug could 

potentially overcome limitations of native FTC cell delivery. 
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Figure 3.5. NM2FTC uptake, retention and triphosphate (TP) conversion. A) For uptake, MDM were 

treated with equal drug concentrations (100 µM) and uptake was determined over 8 h. B) For retention study, 

MDM were loaded with FTC or NM2FTC for 8 h followed by PBS washing and maintaining half media 

changes every other day for 30 days. (C) Intracellular FTC TP levels during uptake studies was quantified at 

various time points over the 8h experiment time course. (D) Intracellular FTC TP levels were measured at 

different time points over 30-days. E) M2FTC, and F) FTC TP levels in parallel uptake studies in CEM-ss 

CD4+ T-cells were carried out as for MDMs. 

 

3.6.5.2. Anti-retroviral Efficacy 

To assess antiretroviral activity of NM2FTC, MDM were challenged with HIV-

1ADA for up to 30 days after a single 8 h treatment with 100 µM of the prodrug formulation 

or native drug. As a result of enhanced MDM drug uptake and sustained retention, 
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NM2FTC exhibited superior antiretroviral activity compared to FTC as measured by HIV 

RT activity (Fig. 3.6A) and HIV-1 p24 antigen staining (Fig. 3.6B). Notably, complete viral 

inhibition was maintained for up to 30 days with NM2FTC compared to minimal protection 

at day one (40%) and no viral inhibition at later time points for FTC treatment (Fig. 3.6C). 

The ability of NM2FTC to protect MDM from HIV-1 infection for extended periods of time 

is a significant step towards transforming FTC into a potent long-acting cell and tissue 

targeted formulation that could be used in pre-exposure prophylaxis or in combination 

with other LA ART for HIV-1 treatment.  

 

 

Figure 3.6 Cell-based antiretroviral activities. Antiretroviral activity was determined in MDM treated for 8 

h with 100 μM FTC or NM2FTC and then infected with HIV-1ADA at 1 to 30 days following drug loading. HIV-

1 replication was determined 10 days after infection by A) Time course HIV-1 RT activity in culture 

supernatants. RT activity results were confirmed by B) HIV-1p24 antigen expression (brown stain) of 

adherent MDM. NM2FTC protected MDM from HIV-1 infection at all time points. Results were normalized to 
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positive control cells. All results are shown as the mean ± SEM with n = 3 C) Comparative HIV-1 RT activity 

at day 30 showing statistical significance in the % RT activity between FTC and NM2FTC treatments using 

unpaired two tailed t-test at ****P < 0.0001.  

 

3.6.6. PK and BD Studies 

Male Sprague Dawley (SD) rats were administered a single 45 mg/kg FTC or 

FTC-equivalent (equimolar FTC) dose of NM2FTC IM into the caudal thigh muscle to 

determine PK and tissue drug distribution over 4 weeks. Administration of NM2FTC 

provided sustained drug levels in blood over four weeks (Figure 3.7A). The measured 

prodrug blood concentrations were 472.7 ± 35.4 ng/mL and 50 ± 6.4 ng/mL at days 1 and 

28, respectively. In contrast, native FTC showed rapid drug decay with levels below 2 

ng/mL by day 7. Notably, spleen (152 ng/g), liver (79 ng/g) and lymph nodes (152 ng/g) 

showed high M2FTC concentrations at day 28 (Figures 3.7 B-D) with detectable FTC-

TP levels (Figures 3.7 E, F) all following a single NM2FTC injection. In contrast and like 

blood, native FTC treatment elicited low drug levels in tissues that rapidly fell below the 

limit of quantitation (Figures 3.7 B-D). The high drug levels in tissues after NM2FTC 

treatment suggest controlled prodrug release from the nanoparticle with enhanced 

accumulation of FTC-TP in tissue [156]. 
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Figure 3.7 PK and biodistribution of FTC and NM2FTC in rats. Blood and tissue M2FTC and FTC 

concentrations were determined over 28 days. A) FTC and M2FTC levels in whole blood after a single IM 

injection of FTC or NM2FTC in Sprague Dawley rats (45 mg/kg FTC equivalents).  M2FTC and FTC 

concentrations were determined in (B) lymph nodes, (C) spleen, and (D) liver. Data are expressed as mean 

± SEM for n = 5 rats per group. Formation of FTC-TP in (E) lymph node and (F) spleen cells were 

determined.  Drug concentrations were quantified by UPLC-MS/MS. 

 

3.7.  Discussion 

FTC is an NRTI with potent activity against HIV-1 and HBV infections [239, 240]. 

Daily pre-exposure prophylaxis with a combination of FTC and tenofovir is effective at 

preventing HIV-1 transmission. Combinations of BIC, FTC and TAF are a mainline 

therapy for HIV-1 treatment [241]. Despite its effectiveness, limitations of FTC include 

regime adherence and restricted viral reservoir penetrance. These offer the needs for 

improved formulation strategies. Thus, LA ARV formulations were developed to extend 

dosing intervals, reduce systemic toxicity, and improve PK profiles [206, 207, 222, 223, 

242, 243]. The formulations made were maximized for drug loading and excipient usage. 

Drug formulation scalability and stability after long-term storage were achieved. 
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As FTC is highly water-soluble, drug transformation into sustained release solid 

drug nanocrystals is required. Thus, we designed and applied an optimized ProTide 

strategy to generate hydrophobic and lipophilic ProTides drug nanocrystals. These 

extended the drug’s apparent half-life through slow nanoparticle dissolution [244] and 

controlled ProTide hydrolysis and activation [223, 245]. The created FTC prodrug 

bypassed the initial rate-limiting phosphate kinase activation step and improved its 

potency. Development of LA nanoformulations with slower hydrolysis rates can sustain 

therapeutic drug concentrations in plasma and tissue [144] while improving cell 

penetrance and drug tissue biodistribution [246]. Despite such benefits, only two LA 

ARVs, RPV and CAB LA, have progressed to phase III clinical trials [198, 247-250]. It is 

noteworthy that inherent hydrophobicity is critical in creating nanoparticles. However, 

most ARVs cannot be easily converted into stable aqueous nanosuspensions [251]. 

These challenges could be overcome by encapsulation of lipophilic ARV prodrugs into 

poloxamer coated nanocrystals enabling slow release and hydrolysis rates [206, 207, 

221-223].  

We reasoned that optimal formulation design should maximize delivery of ART 

to macrophages and CD4+ T cells, the principal targets of HIV-1 infection, in spleen, gut 

and lymphoid organ reservoirs. This would improve delivery over native ART 

nanosuspensions [252] and improve the abilities of highly mobile macrophages with large 

storage capacities to transfer drug to CD4+ T cells and ultimately to virus tissue 

compartments [207].  Drugs stored in macrophages as nanocrystals can also protect 

drugs from systemic metabolism, prolonging drug half-lives to enhance efficacy. Such 

events would lead to improved PK and drug biodistributions [206, 207]. We have also 

shown that once inside macrophages, drug particles are stored in late- and recycling-

endosomes, as well as autophagosomes [253, 254]. Thus, cell drug delivery serves 

multiple purposes especially in conjunction with prodrug activation. Activation of ProTides 



70 
 

involves protease and peptidase mediated processes to release nucleoside 

monophosphates, which undergo further phosphorylation into active triphosphate forms 

[255, 256]. Following intracellular uptake, M2FTC nanocrystal undergo slower dissolution 

mediated by esterase induced hydrolysis [257-260]. Intracellular M2FTC activation would 

include cleaving off docosanol from docosyl phenylalanine ester carried out by cathepsin 

A or carboxyesterases induced ester hydrolysis. This is then followed by intracellular 

cyclization to form a cyclic intermediate which would then undergo further hydrolysis by 

phosphoramidase leading to release of FTC monophosphates  [241, 261-264]. In All, the 

creation of NM2FTC significantly improved ProTide stability, enhanced intracellular and 

sustained delivery of the active triphosphate metabolite compared to native FTC. 

Consequently, the antiviral activity of the drug was extended from hours to weeks for 

NM2FTC after single drug treatment of MDM. These results demonstrate that NM2FTC 

could potentially provide maximal intracellular viral restriction.  

Development of optimal therapeutic regimen for effective treatment and 

prevention of HIV-1 requires sustained delivery of therapeutic drug concentrations in 

plasma and target tissues [265, 266]. We therefore investigated the abilities of NM2FTC 

to improve drug PK and biodistribution. A single intramuscular injection of NM2FTC in 

rats provided sustained and high prodrug concentrations in blood and tissues for one 

month. In contrast, drug concentrations from FTC treatment declined to undetectable 

levels within a day. Thus, high intracellular and tissue drug levels for NM2FTC could 

potentially translate to improved drug efficacy and reduced dosage. Additionally, 

NM2FTC treated animals showed sustained but low levels of FTC-TP in lymph nodes 

and spleen at one month compared to undetectable levels for FTC treatment. The 

observed low FTC triphosphate levels were not surprising since ProTides have been 

shown to undergo rapid degradation [267] and that cleavage of the phosphoramide bond 

could be limited in rodents [268]. Therefore, future PK evaluations should be conducted 
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in non-rodent species. Our data sets are particularly encouraging since evaluation of the 

prodrug in human macrophages and CD4+ T cells strongly suggest that M2FTC is 

efficiently metabolized into the active triphosphate form. The developed M2FTC 

formulation could potentially enhance uptake and sustain therapeutic concentration of 

FTC TP at restricted reservoirs of infection. 
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4.1  Abstract 

ART has revolutionized treatment and prevention of HIV-1 infection. We have 

also demonstrated that application of a modified PROdrug and nucleoTide technology 

(ProTide) could potentially transform FTC into LA formulations. First generation FTC 

ProTide, M2FTC demonstrated detectable levels of FTP in rat’s lymph node and spleen 

cells over 28 days post injection.  However, we observed lower levels of FTP in cells of 

lymphatic tissue likely due to slower hydrolysis of M2FTC’s P-N bond caused by HINT1 

phosphoramidase in rodents [268] or the steric hindrance from the bulky phenyl alanine 

benzyl group.  To further enhance intracellular and tissue FTP levels, second- generation 

lipophilic FTC ProTides (M3FTC, M4FTC) were developed and then stabilized into 

poloxamer 407 coated LASER ART aqueous nanosuspensions (NM3FTC and NM4FTC).  

Both M3FTC and M4FTC were characterized by mass spectrometry, nuclear magnetic 

resonance and Fourier transform infrared spectroscopy. NM3FTC and NM4FTC were 

prepared by high-pressure homogenization and characterized for drug loading, particle 

size, cell viability, drug uptake, and EC50 studies in MDM and CD4+ T cells. Both NM3FTC 

and NM4FTC demonstrated particle sizes of 150-300 nm, polydispersity indices of 0.2-

0.3, negative zeta potentials and drug encapsulation efficiency of 80-93%. Additionally, 

NM3FTC and NM4FTC nanoformulations showed enhanced stability at 25°C for at least 

2 months, were found to be non-cytotoxic in MDM at 100 µM concentration, and exhibited 

intracellular prodrug levels of 15-20 µg/106 cells compared to undetectable levels for FTC 

treatment over an 8 hour time course in MDM. Enhanced potency (EC50) of NM3FTC 

(2.63 nM) and NM4FC (1.33 nM) in MDM compared to FTC (19.56 nM) was observed. 

Thus, NM4FTC LASER ART with improved antiretroviral efficacy could be a promising 

candidate for further pre-clinical development. 
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4.2 Introduction 

Creation of a LA potent and highly lipophilic/hydrophobic nucleoside reverse 

transcriptase inhibitor (NRTI) for the treatment and prevention of HIV-1 infection is a need 

of present day therapeutic [269, 270]. Lipophilic compounds are reported to demonstrate 

enhanced biodistribution and targeting to the lymphatic system [271].   Additionally, 

sustained delivery of active drugs from LA formulations at virus target sites could further 

prevent ongoing viral replication at reservoir sites, thereby limiting transmission of 

infection to healthy individuals [272].  Extended release of potent nucleoside analogs and 

their active metabolites at cellular sites of infection could also improve patient tolerability 

towards treatment regimen through dose reduction [273, 274]. Reduction of effective 

dose due to enhanced potency and pharmacokinetics could result in lower toxicity profiles 

thereby improving the risk to benefit ratio (therapeutic index) of these treatments [275]. 

In this phase, we employed phosphoramidate chemistry with alanine 

modification aimed at developing LA second generation emtricitabine ProTides with 

improved hydrolysis profiles.  We derived inspiration from US FDA approved ProTides 

that utilize L – alanine as the amino acid. Such marketed products include tenofovir 

alafenamide fumarate (Descovy) and sofosbuvir (Sovaldi) for HIV and HCV infections, 

respectively [276].  

Thus, in our present work of developing newer generation of FTC ProTides, we 

theorized that the combination of ProTide stability in plasma and less bulky L – alanyl 

amino acid masking group would enhance activation of FTC ProTides to produce high 

concentrations of FTP in various cell and tissue compartments. 

With these goals, we designed second generation lipophilic LA FTC ProTides 

with the aim of enhancing bioactivation (eventual FTP formation) in target cells (MDM 

and CD4+ T-cells). The developed FTC ProTides were nanoformulated into surfactant 

stabilized aqueous nanosuspensions. Both M3FTC and M4FTC have docosyl alanyl 
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phosphoramidate modification that is expected to provide improved plasma stability, 

prodrug activation, tissue targeting and enhanced anti-HIV-1 efficacy profiles. 

4.3 Materials and Methods 

All chemical synthesis reactions were performed under a dry argon atmosphere 

unless otherwise noted.  All the reagents used for synthesis and characterization of 

M3FTC and M4FTC were similar to those used for M2FTC synthesis and characterization 

and request to refer to Chapter 3 for materials with exception of Z-L-alanine which was 

purchased from Millipore sigma (St. Louis, MO, USA). 

4.3.1 Synthesis of Second - Generation LASER FTC ProTides 

Similar to the synthesis process employed in chapter 3 for phenylalanine 

docosyl phosphochloridate [223], an alanyl octadecanoyl (C18) and alanyl docosyl 

phosphochloridates (C22) were synthesized and then conjugated to FTC using reaction 

schemes described previously (Figure 3.1) with minor modifications.  The concentration 

of reactants and reagents used in the synthesis of M3FTC and M4FTC ProTides are 

represented in Table 4.1. Post reaction completion, mother liquor was purified using silica 

column flash chromatography eluting with 95% then 90% DCM in methanol to give 

M3FTC (C18) and M4FTC (C22) alanine ProTides as colorless powder (60-65 % yield) 

post lyophilization process as described previously in chapter 3. 

Reagents M3FTC (alanyl C18 

ProTide 

M4FTC (alanyl C22 

ProTide 

Alanylphosphochloridate 1.36 g, 1 eq. 2.55 g, 1 eq. 

Tert-Butylmagnesium 

chloride (1 M in THF) 

5.34 mL, 2 eq. 8.65 mL, 2 eq. 



76 
 

FTC (dried from 10 mL 

pyridine) 

1.08 g, 1 eq. 1.07g, 1 eq. 

Table 4.1. Reagents used for the synthesis of M3FTC and M4FTC 

 

4.3.2   M4FTC Characterization 

4.3.2.1 NMR and Mass Spectrometric Evaluations 

The chemical structures of M3FTC and M4FTC were confirmed by proton, 

carbon and phosphorus nuclear magnetic resonance (1H, 13C and 31 P NMR) spectra 

recorded on a Varian Unity/Inova-500 NB (500 MHz; Varian Medical Systems Inc., Palo 

Alto, CA, USA). Additionally, the newly synthesized ProTides were subjected to mass 

spectrometric infusion into Waters TQD mass spectrometer for the determination of 

molecular ion peak at mass to charge ratio (m/z) of their respective molecular weights. 

4.3.2.2 Aqueous Solubility  

Solubility of M3FTC and M4FTC in HPLC grade water was determined by 

adding excess amount of each ProTide to aqueous media leading to the formation of 

saturated solution followed by mixing at 370C for 24 h under shaker incubator (innova® 

42 shaker incubator). After 24 hours, the samples were centrifuged at 14,000 x g for 10 

minutes to separate insoluble drug. Supernatant was then carefully removed and 

lyophilized.  Each sample was then re-dispersed in methanol before quantitation by 

validated UPLC TUV method for M3FTC and M4FTC analyses. 

4.3.2.3  FTIR and UPLC Method Development 

The synthesized M3FTC and M4FTC ProTides were further characterized for 

the presence of desired functional moieties using FT-IR spectroscopy employing 

Spectrum Two FT-IR spectrometer (PerkinElmer, Waltham, MA, USA).  
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Analytical method developments for M3FTC and M4FTC quantifications were 

performed on Waters ACQUITY ultra performance liquid chromatography (UPLC) H-

Class System with TUV detector and Empower 3 software (Milford, MA, USA) and 

Kinetex 5 µ C18 100 °A Phenomenex column (150, 4.5 mm) (Torrence, CA) used for 

separation. Mobile phase composition consisted of methanol (organic phase) and 

ammonium formate (10 mM, pH 3.2) (served as aqueous phase) in the ratio 95:5 for 

M3FTC and 98:2 for M4FTC quantitation.  FTC was quantified using method as described 

previously in Chapter 3. 

4.3.2.4  Chemical Stability Evaluation  

            Evaluations of chemical stability of M4FTC was carried out at different pH 

conditions. Briefly, M4FTC stock solution (2 mg/mL) was prepared in optima-grade 

methanol in a glass amber vial. For acidic and neutral hydrolysis, 100 μL of M4FTC stock 

solution was added to 1900 μL each of 0.1 M HCl or optima-grade water. The samples 

were then incubated at room temperature under shaking conditions (innova® 42 shaker 

incubator, 150 rpm). Samples were aliquoted at predetermined time points (0, 4, 8, 24 

and 72 hours) and stored at -80 °C until analysis.  At the time of analysis, samples were 

lyophilized, and then redispersed in methanol, centrifuged at 14, 000 g for 10 mins and 

supernatant was collected and analyzed by validated UPLC method for quantitation. 

4.3.2.5 Nanoformulation Physicochemical Characterization  

The nanoformulations of M3FTC and M4FTC i.e. NM3FTC and NM4FTC were 

prepared by high-pressure homogenization on an Avestin EmulsiFlex-C3 (Ottawa, ON, 

Canada) homogenizer using poloxamer P407 surfactants as described in Chapter 3. 

However, drug to poloxamer ratio for NM3FTC batch was maintained at 2:1 w/w. For 

NM4FTC batch, drug to poloxamer ratio was maintained at 1:1 w/w. Particle size (Deff), 

polydispersity index (PDI), and zeta potential were determined by dynamic light scattering 
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(DLS) on a Malvern Nano-ZS (Worcestershire, UK). The physico-chemical stability of 

NM3FTC and NM4FTC nanoparticles was monitored at 25 0C over 2 months duration. 

Encapsulation efficiency was calculated as described in Chapter 3. For in-vivo studies, 

NM4FTC formulation was centrifuged at 4˚C for 10 minutes at 200 x g, supernatant was 

removed and further centrifuged at 15000 x g for 20 minutes at 4˚C.  Pellet thus obtained 

was dispersed in minimum volume of poloxamer to achieve the required dose of 75 

mg/kg. DLS parameters i.e. size, PDI, zeta potential and concentration of the formulation 

were then measured. 

4.3.2.6 MDM Uptake, Retention, and Triphosphate Measurement  

The developed second generations of FTC ProTides i.e. NM3FTC and NM4FTC 

were characterized for in-vitro evaluations in MDM comparing NM2FTC as previously 

described [277, 278]. MDM uptake studies were performed over 2- 8 hours after 

treatment as described in Chapter 3.  Briefly, MDM were treated with 100 µM each of 

NM2FTC, NM3FTC and NM4FTC and MDM uptake studies were performed 2-8 hours 

after treatment [207].  Moving forward, NM4FTC retention studies were carried out in 

MDM for the duration of one month. MDM were treated with NM4FTC at a concentration 

of 100 µM for 8 hours followed by washing with PBS to remove treatments and replacing 

with fresh media B and maintaining half-media changes every other day until collection 

days 1, 5, 10, 20 and 30. Both on each of the time points during uptake studies and 

retention collection, cells were washed twice with PBS and then scrapped in PBS, 

counted, and centrifuged at 3,000 rpm for 8 min under 4°C. During intracellular drug 

quantitation, cell pellets were sonicated in 200 µL methanol to extract drug and 

centrifuged at 14,000 rpm for 10 min at 4°C to pellet cell debris. Resultant supernatant 

was then quantitated for M2FTC, M3FTC and M4FTC levels using validated UPLC-

UV/Vis methods.  
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4.3.2.7  Potency (EC50) Studies  

Initially, MDM were plated at a density of 80,000 cells/well in 96 welled plates. 

MDM were then treated with various concentrations of M2FTC, M3FTC and M4FTC and 

their nanoformulations i.e. NM2FTC, NM3FTC and NM4FTC respectively in the range of 

concentrations 0.001 – 10, 000 nM for 60 min prior to infection with HIV-1ADA media at a 

MoI of 0.1 for 4 hours. Infectious media was then removed, and cells were incubated an 

additional 10 days with intermittent half media changes with the same amount of drug 

performed every other day.  After 10 days, culture media was collected to measure HIV-

1 reverse transcriptase activity as previously described [148, 230, 231].  The EC50 was 

calculated using sigmoidal 4-point logarithmic regression using GraphPad Prism v7.   

 

4.3.2.8 Cytotoxicity Evaluations in CEM-ss CD4+ T-cells 

For cytotoxicity evaluations of FTC, NM3FTC and NM4FTC treatments in MDM 

at various concentrations (1 – 800 µM), MTT assay was performed. Briefly, MDM were 

cultured in 96 welled plates at a density of 80,000 cells/ well. MDM were then treated with 

the above treatments for 24 hours. Cells were then washed with PBS to remove 

treatments post 24 hours followed by addition of 200 µL of MTT solution to each well. 

Cells were incubated at 37 0C for 45 minutes. Plates were removed from incubator and 

MTT solution was then carefully removed from each of the well. Now, 200 µL of DMSO 

was added into each well, mixed to dissolve formed formazan crystals and then subjected 

to measuring absorbance at 490 nm on a U.V. vis plate reader. Percent viability of cells 

after various treatments was then calculated and normalized with absorbance received 

from untreated cells. 

4.3.2.9 Potency (EC50) Studies in Primary CD4+ T-cells 
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Initially, primary CD4+ T cell blasts were expanded from human PBMCs 

(huPBMC) via interleukin-2 (IL-2) + phytohemagglutinin (PHA) mediated immune 

stimulation. Briefly, stimulation culture medium was composed of 90% RPMI with L-

glutamine + 9% FBS + 1% PenStrep + 4 µg/mL (PHA) + 20 U/mL interleukin-2 (IL-2). 

PBMC were seeded in a T150 culture flask at 1 x 106 cells /mL and cultured for 48 hours 

followed by examination for blast-formation. Stimulated PBMC were exposed to various 

concentrations of the drug (e.g. 10000, 1000, 100, 10, 1, 0.5, 0.25, 0.1, 0.01 nM) for 60 

min. After 1 hour of treatment incubation, these cells were then challenged with HIV-1NL4-

3 at a MoI of 0.05 in 50 µL drug-containing stimulation- growth media (containing IL-2, 

PHA) via spin-inoculation (1035 RCF, 2 hours, 250C). Cells were then incubated for 

additional 6 hours at 37 0C. Stimulation-growth media (100 µL) was then added and 

cultures were further incubated for 16 hours 37 0C. Cells were then washed 3X with PBS 

and then incubated with the same concentrations of drug in simulation growth media used 

before infection. Full media change was done every other day with equivalent 

replacement of drug containing media. 7 days after infection, cell supernatant was 

collected for RT-assay. Cell fractions were collected for GFP readout by flow cytometry. 

4.3.2.10 Efficacy Studies in CEM-ss CD4+ T-cells 

Long term efficacy studies were carried out in CEM-ss CD4+ T-cells after FTC, 

NM2FTC, NM3FTC and NM4FTC treatments at 50 µM concentration.  Post 24 hours of 

treatment incubation, CEM-ss CD4+ T-cells were infected with HIV-1NL4-3 at a MOI of 0.05 

using spin inoculation procedure described in section 4.3.8. After 24 hours post HIV-

1NL4-3 challenge, infected cell cultures were washed with PBS thrice and then replaced 

with drug containing media for additional 5 days (7 days post treatment) with full media 

changes with drug containing serum free RPMI media.  On 7th day post treatment, cell 
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culture supernatant was collected and then assay for RT activity using RT assay protocol 

described in Chapter 3. 

4.3.2.11  In-vivo FTP Measurement in Balb/c and NSG Mice 

For in-vivo measurement of FTP formed after NM4FTC treatment when given in 

combination with NM2TFV, Balb/c (n=6) and NSG (n=6) mice were treated with NM4FTC 

and NM2TFV each at 75 mg/kg FTC/TFV equivalents via I.M. injection on right and left 

caudal thigh muscle respectively at day 0.  Subsequently on day 10th post treatment, 

blood and plasma were isolated and mice were then sacrificed to collect organs and 

tissues.  PBMCs and splenocyte cells were isolated and FTP levels in these cells were 

analyzed using FTP extraction protocol and MS-MS quantitation as described previously 

[279]. 

4.4  Study Approval 

All animal studies were approved by the University of Nebraska Medical Center 

Institutional Animal Care and Use Committee in accordance with the standards 

incorporated in the Guide for the Care and Use of Laboratory Animals (National Research 

Council of the National Academies, 2011). Human monocytes were isolated by 

leukapheresis from HIV-1/2 and hepatitis seronegative donors according to an approved 

UNMC IRB exempt protocol. 
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4.5 Code of Ethics for Animals 

Mice were maintained in a pathogen-free facility and treated humanely. All 

mouse studies were conducted in strict accordance with the Guide for the Care and Use 

of Laboratory Animals from University of Nebraska Medical Center (UNMC). All 

experimental protocols were approved by the Animal Care and Use Committee of UNMC. 

4.6. Results 

4.6.1 Synthesis and Characterization of Second - Generation FTC ProTides  

Synthesis of second generation M3FTC and M4FTC ProTides was performed 

by analogy to M2FTC synthesis [223, 277]. Briefly, alanine octadecanoyl (C18) and alanyl 

docosyl (C22) ester promoieties were prepared and then reacted with phenyl 

phosphorodichloridate in the presence of triethylamine (Figure 4.1). The formed alanyl 

octadecanoyl / alanyl docosyl ester phosphorochloridates were then coupled [232] with 

FTC to form M3FTC and M4FTC ProTides. The compounds were then purified by silica 

gel column chromatographic to yield M3FTC and M4FTC ProTides (Figure 4.1). The 

synthesized M3FTC and M4FTC ProTides were then characterized by nuclear magnetic 

resonance (1H, 13C, 31P), Fourier transform infrared spectroscopy and mass 

spectrometric infusion to determine compound purity. 1H NMR spectrum of both M3FTC 

and M4FTC showed a triplet at 0.8 – 1.2 ppm, and a broad singlet between 1.4 – 1.6 ppm 

and a multiplet at 1.8 ppm representing terminal methyl, and symmetrical methylene 

protons of the fatty acid conjugations. Additionally, the multiplet signals at 7.09-7.7 ppm 

correspond to the aromatic protons representing aryl promoieties in both M3FTC (Figure 

4.2.A) and M4FTC (Figure 4.2.B). 13C NMR spectrum of NM4FTC showed peaks 

between 172.9 and 172.7 ppm corresponding to the carbonyl moieties, peaks between 

157.2 – 119.6 ppm represent aromatic carbon atoms with C=C functionality, and peaks 

between 86.7 – 81.1 ppm represent carbons from fatty ester close to oxygen, peaks 
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between 66 – 64 ppm represent carbons close to nitrogen group, peaks in the range of 

21.7 – 35.17 correspond to aliphatic carbons of fatty acid conjugation in the synthesized 

M4FTC (Fig. 4.2.C). 31P NMR spectra of M4FTC (dissolved in DMSO) showed splitting 

peaks in the region of 3.34 and 3.72 ppm due to presence of enantiomeric forms of 

M4FTC resulting from chiral phosphorus center in the compound (Fig. 4.2.D). 

Additionally, mass spectrometric infusion of M3FTC and M4FTC ProTides in Waters 

Acquity TQD system showed molecular ion sodium adduct peaks at m/z of 757 (Fig. 

4.3.A) and 805 (Fig. 4.3.B) respectively.  The expected molecular weights of M3FTC and 

M4FTC were 734 and 782 Daltons respectively. We compared the functional groups 

present in M3FTC and M4FTC against parent FTC using FTIR spectroscopy. Prominent 

peaks corresponding to C-H and C=0 stretching vibrations in the regions of 2900 – 2800 

cm-1 and 1800 - 1700 cm-1 respectively in M3FTC and M4FTC spectra confirmed the 

presence of aliphatic fatty alcohol group and ester moieties in the synthesized ProTides 

(Fig. 4.3.D). Aqueous solubility evaluations of M3FTC, M4FTC, M2FTC and parent FTC 

was carried out at 37 0C and shaking conditions. The aqueous solubilities of M3FTC and 

M4FTC were 31.87 ± 0.154 µg/mL and 3.13 ± 0.607 µg/mL respectively compared to 

M2FTC (30.185 ± 0.315 µg/mL) and FTC as reported previously (Fig. 4.3.D). Thus, 

reduction in aqueous solubility of the synthesized ProTides, especially M4FTC is 

indicative of inherent hydrophobic and lipophilic nature of the compound. Lipophilic and 

hydrophobic compounds have enhanced lymphatic targeting and biodistribution profiles 

[280-282] thus an ideal characteristic for enhancing pharmacokinetics and tissue 

targeting of these compounds to the sites of HIV-1 latency [283, 284]. We further carried 

out chemical stability evaluations of M4FTC under different pH conditions at 25 0C for up 

to 72 hours.  M4FTC was found to be chemically stable for up to 24 hours at 25 0C when 

incubated in both acidic and neutral pH conditions. Under neutral pH conditions, M4FTC 
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stable for up to 72 hours. However, there was gradual hydrolysis in acidic conditions 

beyond 24 hours likely to due to acid mediated ester hydrolysis in M4FTC (4.3.E). 

 

Figure 4.1. Scheme of synthesis of fatty acid conjugated alanyl FTC ProTides - M3FTC and M4FTC. 
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Fig. 4.2. NMR Characterizations of M4FTC 1H NMR spectra of (A) M3FTC (blue) (B) M4FTC 

(blue) compared against parent FTC (red) confirming successful modifications in the synthesized 

M3FTC and M4FTC ProTides. (C) 13C NMR spectra of demonstrating the presence of functional 

carbons in the modified M4FTC ProTide. (D) 31P NMR spectra of M4FTC illustrating splitting 

patterns at chiral phosphorus atom confirming the presence of two isomers. 

 

Figure. 4.3. Physicochemical characterizations of second generation of FTC ProTides. MS infusion in 

Waters Acquity TQD showed (A) M3FTC molecular ion sodium adduct peak at m/z of 745 (B) M4FTC 

molecular ion sodium adduct peak at m/z of 805 (C) FT-IR spectra showed the presence of carbonyl (C=0), 

aliphatic and aromatic C-H stretching vibrations in synthesized M3FTC and M4FTC ProTides. (D) Aqueous 

solubilities of FTC, M2FTC, M3FTC and M4FTC comparing FTC at 37°C. (E) Chemical stability evaluations 

of M4FTC in acidic and neutral pH conditions at 250C. Data are expressed as mean ± SEM for n = 2 samples 

evaluated. 

 

4.6.2 Physicochemical Characterization of Nanoformulations 
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High pressure homogenization technique [236] was employed for the 

preparations of NM3FTC and NM4FTC nanoformulations (Figure 4.4.A). Poloxamer 

P407 was used as surfactant in drug to poloxamer ratio of 2:1 and 1:1 w/w for NM3FTC 

and NM4FTC nanosuspensions, respectively. Both nanoformulations were analyzed for 

percent encapsulation efficiencies using validated UPLC U.V. methods.  

Physicochemical characterizations of NM3FTC and NM4FTC formulations i.e. particle 

size, polydispersity index (PDI), and zeta potential were determined by DLS and are 

summarized in Table 4.2. 

 

Table 4.2. Preparation of NM3FTC and NM4FTC using high pressure homogenization. These formulations 

were then subjected to physicochemical characterization i.e. percent encapsulation, size, PDI and zeta 

potential measurements. 

 

Additionally, we evaluated physicochemical stability of NM3FTC and NM4FTC 

for over 2 months at 25 0C. Both NM3FTC and NM4FTC maintained their 

physicochemical stability at 25 0C as evidenced by absence of major changes in their 

DLS measurements over the duration of 2 months. NM3FTC and NM4FTC had sizes in 

the range of 120 – 300 nm, PDI in 0.2 – 0.4 range, and zeta potentials between -20 to -

30 mV as measured by Malvern zeta sizer. Particle sizes less than 300 nm, a narrow PDI 
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and negative zeta potential constitute suitable formulation’s physicochemical parameters 

for parenteral delivery [285] (Figure 4.4. B and Figure 4.4.C).  

 

Figure 4.4 Formulation and physico-chemical stability evaluations (A) Formulation of M3FTC and 

M4FTC nanosuspension stabilized by poloxamer P407 and high-pressure homogenization technique. 

Nanoformulations’ physico-chemical stability evaluations at 25 0C for (B) NM3FTC and (C) NM4FTC over 2 

months duration. 

 

We further characterized NM3FTC and NM4FTC formulations in-vitro for their 

uptake, retention, FTP formation and EC50 in MDM. During uptake studies, all the 

formulations demonstrated robust uptake in MDM over an 8-hour study period.  NM3FTC 

and NM4FTC showed prodrug uptake of 18 – 20 µg/106 MDM over 8 hours (Figure 

4.5.A). Additionally, we observed sustained retention of M4FTC ProTide after a single 

exposure of NM4FTC treatment at 100 µM dose in MDM for a period of up to a month.  

On day 30, 10 µg/106 MDM of M4FTC was recorded, demonstrating macrophage storage 

and sustained intracellular hydrolysis of M4FTC over extended periods (Figure 4.5. B). 

Parallel FTP measurement in MDM after FTC or NM4FTC treatments at 100 µM 

concentration showed 93917.93 fmoles/106 FTP formed after NM4FTC treatment 
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compared to 62683.36 fmoles/106 FTP formed after FTC treatment over 8 hours period 

(Figure 4.5.C).  Thus, we observed the ability of M4FTC ProTide to form FTP in 

comparable levels to those formed after FTC treatments in MDM over 8 hours 

experimental period.  Additionally, we carried out EC50 studies in MDM.  EC50 values are 

represented in Table 4.2.  EC50 studies in MDM demonstrated enhanced potency of 2nd 

generation FTC ProTides (M3FTC, M4FTC) and their nanoformulations i.e. NM3FTC and 

NM4FTC against HIV-1ADA infection in MDM (Figure 4.5. D). 

Sr. 

No. 

Sample EC50 value (nM) in MDM against 

HIV-1ADA 

1 FTC 19.56 

2 M2FTC 24.63 

3 M3FTC 4.389 

4 M4FTC 16.43 

5 NM2FTC 4.097 

6 NM3FTC 2.626 

7 NM4FTC 1.33 

Table 4.3 EC50 values of various treatments in MDM against HIV-1ADA infection 
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Figure 4.5 Characterization of nanoformulations in MDM. (A) Uptake studies in MDM over 2-8 hours 

duration after NM2FTC, NM3FTC and NM4FTC treatments at 100 µM concentration.  (B) Retention studies 

in MDM after single NM4FTC treatment at 100 µM dose carried out over 30 day experimental period. (C) 

FTP measurement during uptake studies in MDM over 8 hours period after FTC and NM4FTC treatments at 

100 µM dose. (D) EC50 potency studies in MDM after FTC, M2FTC, M3FTC, M4FTC and their 

nanoformulations treatments at various concentrations (10000 – 0.001 nM) over 10 days experimental 

period. 

 

We then performed MTT vitality assay in CEM-ss CD4+ T-cells after FTC, 

NM3FTC, NM4FTC treatments at concentrations of 1 – 800 µM.  After 24 hours of 

treatment incubation, drug treatments were removed and then incubated with MTT dye 

for 45 mins at 37 0C.  All the treatments were found to be non – cytotoxic at 100 µM 

concentration when normalized with un – treated cell control (Figure 4.6.A).  Additionally, 

we performed long term efficacy studies in CEM-ss CD4+ T-cells after FTC, NM2FTC, 

NM3FTC and NM4FTC treatments with cells infected with HIV-1NL4-3 acting as positive 
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control at MoI of 0.05 and negative control constituted of cells devoid of infection and 

treatment. On day 5 post treatment, we evaluated RT activity in the supernatants of both 

treated and un – treated positive infected cells.   We observed infection in positive control 

group and in FTC treated cells evidence by their increased RT activity. FTC ProTide 

nanoformulation treatments (i.e. NM2FTC, NM3FTC and NM4FTC) at 50 µM 

concentration showed minimal RT activity that was similar to negative control samples 

demonstrating sustained long-term inhibition of HIV-1NL4-3 infection (Figure 4.6.B).  

Selection of 50 µM for in vitro studies was based on MTT data sets. We then performed 

potency assay in terms of EC50 studies in PBMCs stimulated with IL-2 and PHA for 48 

hours.  After FTC and NM4FTC treatments in the range of concentrations (0.01 – 10000 

nM) in stimulated PBMCs, we noted EC50 values of FTC and NM4FTC treatments as 6.45 

and 35.82 nM respectively using RT assay as end read out in the supernatant of these 

cultures (Figure 4.6.C). However, we did not observe statistically significant differences 

between FTC and NM4FTC treatments across the potency curve using non-parametric 

analysis (Mann Whitney t-test).  We further performed flow cytometric evaluations in 

these cultures and quantitated % of GFP positive CD4+ T-cells (as % of CD3+) after HIV-

1NL4-3 GFP infection plotted against log concentration of treatments given to these cells.  

We noted EC50
 values for FTC and NM4FTC as 1.146 and 19.25 nM respectively using 

GFP intensity as end read out in flow cytometric analysis (Figure 4.6.D).  Thus, relatively 

higher EC50 values for NM4FTC compared to FTC could be attributed to slower hydrolysis 

and processing of M4FTC in stimulated PBMCs likely leading to sustained but delayed 

formation of FTC monophosphate. Stimulation of PBMCs with IL-2 and PHA could result 

in differences in their functional metabolism[286],[287] and could delay the activation FTC 

monophosphate to FTC triphosphate (carried out by intracellular phosphokinases). 

Additionally, since PBMCs constitute (70 – 90 %) of lymphocytes[288], the enzymatic 
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repertoire required for M4FTC processing and activation may not be sufficient for 

immediate action[289][290]. 

 

Figure 4.6. Characterizations in CEM-ss CD4+ T-cells and stimulated PBMCs. (A) Cell vitality was 

assessed in CEM-ss CD4+ T-cells using MTT assay after FTC, NM3FTC and NM4FTC treatments (1 – 800 

µM) for 24 hours (B) RT activity in the supernatants of CEM-ss CD4+ T-cells 5 days post treatment with FTC, 

NM2FTC, NM3FTC and NM4FTC at 50 µM dose during long term efficacy study. EC50 potency study in 

PBMCs stimulated by IL-2 and PHA after FTC and NM4FTC treatments in the range of concentrations (0.01-

10000 nM). EC50 potency assay with (C) RT activity in the supernatants of the cell cultures used as the end 

read out. (D) using flow cytometric analysis carried out as CD4+ T-cells (% CD3+) vs log of concentration of 

NM4FTC treatment. Data are represented as mean ± SEM for n = 4 samples per group. 

 

4.6.3   FTP Measurement in Balb/c and NSG Mice 

To measure FTP levels, Balb/c (n=6) and NSG (n=6) mice were administered 

NM4FTC and NM2TFV formulations via I.M. injection at 75 mg/kg FTC/TFV equivalents. 
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Since FTC and TFV combination are recommended for PrEP therapy, we sought to 

quantify FTP formed after administration of NM4FTC and NM2TFV (prodrug of tenofovir 

developed by our laboratory) via single I.M injections to NSG and Balb/c mice. On Day 

10th post administration, PBMCs were isolated and mice were sacrificed.  Mice’s spleens 

were collected and splenocytes were isolated using cell isolation protocol described in 

chapter 3.  FTP levels were then quantitated in these samples using validated MS method 

[277]. Quantitation of FTP levels in PBMCs and splenocytes isolated from Balb/c mice 

demonstrated levels of 1059.56 ± 296.3 and 109.45 ± 87.14 fmoles/106 cells respectively 

on day 10 after treatment.  Similarly, FTP levels in NSG mice showed 33669.287 ± 29873 

and 169.27 ± 103.08 fmoles/106 cells respectively on day 10 post administration.  Thus, 

we recorded high levels of FTP in PBMCs and splenocytes isolated from NSG and Balb/c 

mice on day 10 after NM4FTC and NM2TFV administration. Detectable FTP levels 

(Figure 4.7) after NM4FTC and NM2TFV treatments at 75 mg/kg FTC/TFV equivalents 

in these mice demonstrated the likelihood of protection against HIV-1 infection when used 

as pre-exposure prophylactic preventive therapy. 

 

Figure 4.7 Evaluation of FTP levels in Balb/c and NSG mice after NM4FTC and NM1TFV treatments at 75 

mg/kg FTC/TFV equivalents on day 10. (A) FTP levels in PBMCs isolated from balb/c and NSG mice (B) 

FTP levels in splenocytes isolated from balb/c and NSG mice. 
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4.7 Discussion 

With the goal of developing next generation PrEP therapeutic [291], we 

continued our efforts in exploring highly potent LA FTC ProTides effective in various 

subsets of cells infected with HIV-1.  Thus, we aimed to develop 2nd generation LA FTC 

ProTides (i.e. M3FTC and M4FTC) that would overcome challenges related to patient 

adherence, improve patient compliance, and eventually enhance the efficacy of PrEP 

treatment in all groups of susceptible individuals. Alanine modification in M3FTC and 

M4FTC ProTides is expected to enhance potency in different subsets of infected cells 

[261]. 

To achieve this goal, we employed phosphoramidate conjugation chemistry in 

the synthesis process.  ProTides with phosphoramide (P-N) bonds have been shown to 

improve plasma hydrolytic stability to facilitate tissue targeting and biodistribution profiles 

of compounds [292, 293].  We further incorporated alanyl octadecanol (C18) and 

docosanol (C22) fatty alcohols in the structure of M3FTC and M4FTC ProTides 

respectively to enhance their lipophilicity/ hydrophobicity profiles which play vital role in 

lymphatic tissue targeting of compounds [233, 262] to affect efficacy at restricted sites of 

infection [294].  Alanine was incorporated in these modifications because it less hindered 

and also been shown to efficiently undergo intracellular processing of ProTides by 

carboxypeptidases (CES) and amidases (HINT1) [295, 296] in different cell types, 

specifically monocyte derived macrophages and CD4+ T-cells which constitute first line 

of defense against the virus and thus the primary site of infection [94, 297]. The synthesis 

of M3FTC and M4FTC ProTides were characterized by 1H, 13C, 31P NMR and FTIR 

spectra.  Mass spectrometric infusion of M3FTC and M4FTC in Waters Acuity TQD 

system showed the presence of the desired molecular ion peak thereby confirming the 
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successful synthesis of the target compounds. Solubility evaluations of M3FTC and 

M4FTC showed reduced aqueous solubilities due to their hydrophobic/lipophilic 

properties.  Additionally, M4FTC was found to be chemically stable at 25 0C for upto 24 

hours. In order to enhance dissolution properties of the synthesized 

hydrophobic/lipophilic ProTides and make them amenable to delivery, we 

nanoformulated M3FTC and M4FTC ProTides using Poloxamer (P407) stabilized 

aqueous solution by high pressure homogenization. The nanosuspensions had particle 

sizes < 300 nm, negative zeta potential and narrow PDI over 2 months duration which 

make them suitable candidates for LA parenteral delivery [298, 299]. Additionally, the 

uniformly dispersed lipophilic ProTide nanoformulations (NM2FTC, NM3FTC and 

NM4FTC) were readily internalized by monocyte derived macrophages with subsequent 

formation of FTP after drug treatment.  LA NM4FTC particles were also found to be 

retained in MDM over a month.  We observed improvement in potency for these ProTides 

and their nanoformulations in MDM when compared against FTC. Notably, NM4FTC 

demonstrated lowest EC50 value correlating to its enhanced potency in infected MDM. 

Thus, this second generation FTC ProTide nanoformulation could potentially lead to 

reduced dosage and efficacy.   

The ProTide nanoformulations were also evaluated in stimulated PBMCs and 

CEM-ss CD4+ T-cells.  Since, T-cells are important virus targets [300], we sought to 

evaluate efficacy of these nanoformulations in inhibiting HIV-1 infection in T-cells. Initial 

cytotoxicity evaluations using MTT assay in CEM-ss CD4+ T-cells after FTC, NM3FTC 

and NM4FTC treatments assay demonstrated no negative effects in cell viability at doses 

of up to 100 µM of drug.  We then carried out long term efficacy studies in CEM-ss CD4+ 

T-cells after FTC, NM2FTC, NM3FTC or NM4FTC treatments at 50 µM concentration. 

After 24 hours of treatment and infection with HIV-1NL4-3 eGFP as described in chapter 3, 

we evaluated RT activity in culture supernatants at 5 days post challenge.  We observed 



95 
 

sustained inhibition of viral replication after single administration of either NM2FTC, 

NM3FTC or NM4FTC compared to FTC and positive control cells that were infected with 

no drug. Additionally, we carried out EC50 studies for FTC and NM4FTC in stimulated 

PBMCs and found no statistically significant differences between treatments 

demonstrating chemical modification of FTC into a ProTide followed by its 

nanoformulation does not alter anti-viral potency in stimulated PBMCs.  We noted higher 

EC50 values for NM4FTC treatment compared to FTC in stimulated PBMC which may be 

due the effect of PBMC stimulation [301-303] and presence of divergent population of 

cell types such as PBLs, macrophages, dendritic cells (DC) in stimulated PBMCs [303].  

We then evaluated the levels of FTP formed in PBMCs and spleen cells of balb/c 

and NSG mice 10 days after NM4FTC or NM2TFV treatment at 75 mg/kg FTC/TFV 

equivalents.  We extracted FTP from PBMC and splenocytes samples using solid phase 

extraction as described in the previous chapter and quantitated using validated Waters 

Acquity TQS MS-MS system.  We observed PBMC FTP levels of 1059.56 ± 296.3 to 

33669.287 ± 29873 fmoles/106 cells and splenocytes FTP levels of 109.45 ± 87.14 to 

169.27 ± 103.08 fmoles/106 in balb/c and NSG mice respectively. Human 

pharmacokinetic study of TFV and FTC combination treatment in healthy volunteers after 

daily dosing (HPTN 066) for establishing adherence bench-marks, FTP median (IQR) of 

1500 - 2600 fmoles/106 PBMCs was observed in daily dosing cohort at 49 week post 

treatment [304].  Similar observation was noted in one such study in which study 

participants were taking four or more Truvada™ doses per week, FTC-TP >600 fmol/106 

PBMC was reported while 11 out of 12 participants had FTC-TP concentrations (>2200 

fmol/106 PBMC) which are consistent with daily dosing with Truvada [302].  Thus, we 

observed similar levels of FTP in PBMCs isolated from balb/c and NSG mice after single 

intramuscular injection of NM4FTC and NM2TFV administered separately in combination 

at 75 mg/kg dose on day 10 post administration. In conclusion, NM4FTC is a promising 
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nanoformulation candidate to be explored further for once a month or longer treatment 

modality as PrEP preventive strategy in humanized mice model of HIV-1 infection. 
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Chapter 5 

Preliminary Evaluation of  

Optimum Viral Dose for Pre-Exposure 

Prophylactic Study of Combination of 

NM4FTC and NM2TFV Treatments in 

Humanized Mouse Model of HIV-1 

Infection. 
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5.1. Abstract 

There is a need of developing newer PrEP therapies with the focus in enhancing 

patient adherence and compliance.  With these goals, we aimed to evaluate our second-

generation FTC ProTide, M4FTC nanoformulation (NM4FTC) in combination with 

NM2TFV at 75 mg/kg FTC/TFV equivalents in humanized mice model of HIV-1 infection. 

In our preliminary study of evaluating the optimum HIV-1 TCID50 dose (102, 103, 104), we 

injected NM4FTC and NM2TFV I.M. in each of the caudal thigh muscle of humanized 

mice a week after these mice’s immune subcellular distributions were evaluated by flow 

cytometry.  After 2 weeks, these mice were randomly distributed into separate groups 

and challenged at various TCID50 doses of 102, 103, 104 viral copies/mL.  We then 

evaluated plasma viral loads in mice after 4 and 8 weeks post challenged with HIV-1 viral 

inoculum. After 4 and 8 weeks, we observed protection from HIV-1 infection as evidenced 

by 75 and 80 % of mice in 104 TCID50 inoculum dose group showed viral levels below the 

level of detection, respectively.  

5.2. Introduction  

In this phase, we sought to identify an optimal viral dose required to prevent 

HIV-1 infection in humanized mouse during PrEP evaluation of combination treatments 

of NM4FTC and NM2TFV formulations administered I.M. at 75 mg/kg of FTC and TFV 

equivalents. The rationale for the drug panel was based on approved PrEP 

recommendations [305, 306].  

Thus, in our current study we evaluated pre-exposure prophylactic efficacy of 

combination of NM4FTC and NM2TFV in preventing HIV-1 infection in humanized mouse 

model. NM2TFV was chosen because in rat PK studies, the alanine modification in 

M2TFV provided enhanced tenofovir diphosphate levels in lymphocytes and PBMCs. 

M4FTC ProTide nanoformulation was selected because in-vitro studies demonstrated 
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alanine modifications in M4FTC provided higher potency and long-term efficacy in CD4+ 

T-cells compared to other FTC ProTides developed. 

5.3  Methods 

5.3.1 Preparation of Formulations 

 NM4FTC was prepared by high-pressure homogenization (14% (w/v) of M4FTC 

and 14% (w/v) P407) in PBS. Final drug concentration in the nanoformulations was 

determined by validated UPLC-UV/Vis method. NM2TFV was prepared (3.33% (w/v) 

M2TFV and 1.67% (w/v) P407) by high-pressure Avestin C3 homogenizer in 10 mM 

HEPES pH 7. Final drug concentration was determined using UPLC-UV/Vis. The 

nanosuspensions were then characterized for size, charge, and PDI following production 

as well as just before and after injection. A volume of ≤ 50 µL per 25 g mouse for each 

nanoformulation was administered by I.M. injection in each of thigh muscle separately. 

After homogenization, the formulation was concentrated by differential centrifugation and 

used without further processing. The final drug content was determined using UPLC-

UV/Vis analytical method. Pre- and post-dose injection samples were collected for size, 

charge, and PDI as determined by DLS. Pre- and post-dose injection samples were 

collected for drug concentration analysis by UPLC-UV/Vis. 

5.3.2 Animal Grouping 

For the present study, NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice 

reconstituted with human hematopoietic stem cells (HSC) which are reported to generate 

human T cells susceptible to HIV-1 infection were used [206, 307, 308]. Since we are 

aiming at evaluating long term efficacy of our developed nanoformulations in 

combination, NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mouse model was expected to 

assist in developing long term infection both in blood and tissue compartments [294]. 

Group Treatment # of mice 
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1 Infected control at 102 TCID50 5 

2 Infected control at 103 TCID50 5 

3 Infected control at 104 TCID50 5 

4 NM4FTC+ NM2TFV (102 TCID50 infection) 5 

5 NM4FTC+ NM2TFV (103 TCID50 infection) 5 

6 NM4FTC+ NM2TFV (104 TCID50 infection) 5 

Table 5.1 Groups of positive and treatment control humanized mice infected with different HIV-1 TCID50 

inoculum (102, 103, 104) doses. 

 

5.3.3 Dose Treatments and Viral Challenge 

Mice were injected NM4FTC intramuscularly in one thigh, and NM2TFV in the 

other at a dosage of 75 mg FTC/TFV-eq./kg at Day 0. One week before and every two 

weeks after drug treatment, human CD45+, CD3+, CD4+, CD8+, and CD14+ populations 

were assessed by flow cytometry. 14 days after drug treatment, mice were challenged 

with HIV-1ADA (100-200 µL, each of the doses of 102, 103 and 104 tissue culture infection 

dose 50 (TCID50)/mL by IP injection. Mice were bled every after 2 weeks for flow 

cytometric evaluations and plasma samples were collected 4 weeks and 8 weeks post 

viral challenge for viral load and drug level quantitation and flow cytometric evaluations 

and further monitored for viral loads in both untreated (HIV-1 positive) and treatment 

infected mice groups. Humanized mice (both positive infected and treated) in 104 TCID50 

group were then sacrificed on week 9th post challenge. Humanized mice in 102 and 103 

TCID50 group (both positive infected and treated mice) were monitored every alternate 

week for viral load quantitation and were sacrificed on week 14th post challenge. Whole 

blood was collected for cell phenotyping analysis by flow cytometry and drug level 

quantitation. On sacrifice day, whole blood, spleen, lung, liver, kidney, lymph nodes, 

brain, and gut were collected for drug level analysis (without perfusion).  Spleen, lung, 
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liver, kidney, brain, gut, and bone marrow were collected for viral RNA/DNA detection by 

qRT-PCR. Spleen, lung, liver, kidney, brain, and gut were collected for RNAscope 

analysis.  

5.3.4 Experimental Study Design 

 

Fig 5.1 Scheme and timeline of PrEP study in humanized mice.  Initially, a week before the treatment, 

humanized mice were evaluated for blood sub-cellular populations by flow cytometry.  These mice were then 

treated with NM4FTC and NM2TFV on each of the different thigh muscles at 75 mg/kg FTC/TFV equivalents 

I.M. on day 0.  2 weeks after treatment, humanized mice both infected and treated (n=5) per group were 

infected with HIV-1ADA at 102, 103 and 104 TCID50 inoculum and mice were monitored for 14 weeks after 

infection.  On weeks 4th and 8th, both infected and treated mice were evaluated for plasma viral loads, flow 

cytometric analysis and blood drug quantitation. On week 9th after viral challenge, mice infected with 104 

TCID50 dose were sacrificed and blood, and tissues were collected.  However, mice in 102
 and 103 TCID50 

group were further monitored for plasma viral load and blood drug quantitation.  On week 13th post HIV-1 

challenge, both infected and treated mice in 102
 and 103 TCID50 group were sacrificed and plasma, blood and 

tissues were collected for viral load and drug quantitation, respectively. 

 

5.3.5 Flow Cytometry Analysis 
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Blood was collected at mentioned time points post-treatment by facial vein 

bleeding. Final blood collection was done by heart puncture into EDTA tubes (BD 

Biosciences). For cell phenotyping analysis, human CD45+, CD3+, CD4+, CD8+, CD14+, 

CD19+ populations were examined using antibody used for each of the cell types and 

detecting fluorescence intensity by flow cytometry. 

5.3.6 Viral DNA/RNA Measurements 

Quantitative real-time PCR was performed to detect viral DNA and RNA in tissue 

samples. Spleen, lung, liver, kidney, brain, gut, and bone marrow were collected at the 

time of euthanasia and stored at -80˚C until processing. Then, DNA and RNA were 

isolated to perform viral quantitation by real-time PCR. Human CD45 and GAPDH 

primers were used for normalization. 

5.3.7  Drug Quantitation  

Whole blood (25 µL) was immediately added to 1 mL of methanol with 0.1% FA 

and 2.5 mM ammonium formate on ice. EDTA tubes were then centrifuged to separate 

plasma from blood cells at 1800 g for 10 minutes. Plasma was be removed and 

transferred to a clean 0.6 mL Eppendorf tube and stored at -80˚C. Whole blood samples 

in methanol were used for drug level determination. The remaining plasma was stored (-

80˚C) for viral load analysis and other tests. Spleen, lung, liver, kidney, brain, and gut 

was collected at time of sacrifice. One-third of each of these tissues was frozen at -80˚C 

for drug analysis, 1/3 was frozen for viral DNA/RNA quantitation, and the other 1/3 was 

frozen for RNAscope analysis. Each organ piece for drug level analysis was weighed and 

the weight was recorded. 

 

5.4  Results 
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NM4FTC formulation was characterized for physico-chemical parameters post 

centrifugation.  NM4FTC showed particle size of ˜ 340 nm, PDI between 0.3 – 0.4 and 

had a negative surface zeta potential. Additionally, both of NM4FTC and NM2TFV 

nanoformulations were characterized for percent drug loading and encapsulation 

efficiencies using validated UPLC/U.V.-Vis method and the injection volumes used for 

administration are presented in Table 5.2. 

 

Formulation  

Target 

drug 

dose 

(mg/kg) 

Concentration 

quantitated 

(mg/mL) post 

Centrifugation 

% 

Encapsulation 

Injection 

volume 

Injection 

volume 

in µL/g 

mice 

NM4FTC 237 146.46 87.91 40 1.60 

NM2TFV 193.5 129.65 64.83 37.41 1.49 

Table 5.2 Quantitation of drug content and injection volumes used for I.M. administration in humanized mice 

PrEP study. 

 

One week prior to challenge with HIV-1ADA, humanized mice were subjected to 

evaluation of sub-cellular population of human CD45+, CD3+, CD4+, CD8+, CD14+, 

CD19+ cells by flow cytometric analysis.  These mice were then treated with each of the 

infections of NM4FTC and NM2TFV at 75 mg/kg of FTC/TFV equivalents by I.M. injection. 

Mice were then kept for 2 weeks (pre-exposure) before challenging them with HIV-1ADA 

at three different TCID50 (102, 103 and 104) doses. On week 4th post challenge, we 

quantitated plasma viral loads in both untreated positive and treated infected mice and 

represented in Figure 5.2.  More importantly, humanized mice in positive HIV-1ADA 

infected with 104 TCID50/mL group showed viral outbreak in 3 out of 4 mice (75%).  

However, in treated HIV-1ADA infected mice, 3 out of 4 mice (75%) showed viral loads 
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below the level of detection (500 viral copies/mL). Humanized mice in positive HIV-1ADA 

infected with 103 TCID50/mL group showed viral outbreak in 2 out of 4 mice (50%).  

However, in treated HIV-1ADA infected mice, 2 out of 2 mice (100%) showed viral loads 

below the level of detection. Additionally, in positive HIV-1ADA infected 102 TCID50/mL 

group of mice, 5 out of 5 mice (100%) did not show viral outbreak 4 weeks post challenge. 

Similar observations were noted in treated HIV-1ADA infected 102 TCID50/mL group of mice 

wherein 4 out of 5 mice did not show viral outbreak and one mouse had viral load at the 

level of detection 4 weeks post HIV-1ADA challenge.  

 

Figure 5.2 Plasma viral load quantitation in treated and positive (HIV-1) infected humanized mice (102, 

103, 104 TCID50 inoculum group).  After 4 weeks of viral challenge, humanized mice in both treated and 

positive control group were bled and plasma viral loads were quantitated using viral load RT-PCR detection 

kit with the limit of detection (LoD) of 500 copies/mL. 
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Figure 5.3 Plasma viral load quantitation in infected positive (HIV-1ADA) and infected treated 

humanized mice (102, 103, 104 TCID50 inoculum group).  After 8 weeks of viral challenge, humanized mice 

in both untreated infected positive control and treated infected group were bled and plasma viral loads were 

quantitated using viral load RT-PCR detection kit having limit of detection (LoD) = 500 copies/mL.   

 

Moving forward, we measured plasma viral loads in both positive and treated 

infected mice on week 8th post HIV-1ADA challenge (Figure 5.3).  Humanized mice in 

positive HIV-1ADA infected with 104 TCID50/mL group showed viral outbreak in 3 out of 4 

mice (75%).  Excitingly, in treated HIV-1ADA infected mice, 4 out of 5 mice (80%) showed 

viral loads below the level of detection (500 viral copies/mL). Humanized mice in positive 

HIV-1ADA infected with 103 TCID50/mL group showed viral outbreak in 2 out of 3 mice 

(~67%).  However, in treated HIV-1ADA infected mice, 2 out of 2 mice (100%) showed viral 

loads below the level of detection. Additionally, in both positive HIV-1ADA infected 102 
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TCID50/mL group of mice, 5 out of 5 mice (100%) did not show viral outbreak 8 weeks 

post challenge. Similar observation was noted in treated HIV-1ADA infected 102 TCID50/mL 

group of mice wherein 5 out of 5 mice did not show viral outbreak. 

Thus, in conclusion the combination of single I.M. administration of NM4FTC 

and NM2TFV nanoformulations at 75 mg/kg FTC/TFV equivalent dose demonstrated 

plasma viral loads below the level of detection in 75 and 80 % of treated mice infected 

with HIV-1ADA inoculum dose of 104 TCID50/mL at 4 and 8 weeks post challenge 

respectively.  Additionally, further investigation of variation in terms of a later challenge 

time point (i.e. 4 weeks after treatment instead of current 2 weeks post treatment) and 

multiple viral challenge to demonstrate continued protection against HIV-1 infection are 

needed to be included in future evaluations of these nanoformulation efficacy as pre-

exposure prophylactic treatment modality against HIV-1 infection. 

 

5.5  Discussion    

The efficacy and success of combination therapy of TDF/FTC is proportional to 

the level of patient adherence and compliance achieved.  By developing LASER ProTide 

nanoformulations of FTC (M4FTC) and TFV (M2TFV) that would maintain therapeutic 

levels of active metabolites i.e. FTP and TFV-DP in the target tissues after single I.M. 

administration would constitute a major step forward in achieving improved patient 

adherence (single I.M. injection leading to reducing dosing frequency). Additionally, these 

LA formulations would enhance patient compliance by lowering the frequency of dose 

administration. Together, these would result in increased protection from prospective 

infections in susceptible healthy individuals and cause reduction in rate of transmission 

thereby enhancing the success of PrEP in HIV-1 treatment. 
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6.1  Abstract 

We tested the potency of nitazoxanide (NTZ), a broad-spectrum antiviral and 

immune stimulating agent and TFV, a nucleoside reverse transcriptase inhibitor in HBV 

mouse model. This drug combination was transformed into 

hydrophobic prodrug nanocrystals, and then stabilized into aqueous nanosuspensions. 

NTZ (M1NIT) and TFV (M1TFV) prodrugs were synthesized and 

nanoformulated creating NM1NIT and NM1TFV. NM1NIT had average particle sizes of 

250-350 nm, polydispersity index of <0.2 and drug loading capacity of 45 - 70%. 

Suppression of HBV DNA release from cccDNA pools were recorded. 

6.2 Introduction 

Chronic HBV infection represents a major global public health threat with 

approximately 257 million people in 2015 having chronic HBV infection and 887,000 

reported to have died of infection [309, 310]   HBV causes acute and chronic infections 

and is responsible for considerable liver-related morbidity and mortality [311]. HBV is 

primarily transmitted through either percutaneous, mucosal exposures to infected 

biological fluids or through perinatal or parenteral routes of transmission (areas of drug 

misuse)[21].  Standard of care treatments are effective in many cases in HBV and HCV 

infections.  However, therapeutic outcome is suboptimal and do not cause clinical cures 

in treated individuals [312]. 

Chemically, nitazoxanide (NTZ) is a thiazolide based anti-infective compound with 

broad activity against anaerobic bacterial, protozoan, and viral infections [313-315]. NTZ 

is marketed under the trade name Alinia® by Romark Laboratories, Tampa, Florida USA 

for the treatment of diarrhea and enteritis. Later on it was discovered that NTZ was also 

effective against many viruses [68]. NTZ and its active circulating metabolite tizoxanide 

(TIZ) were reported to inhibit HBV DNA transcription as well as the hepatitis B core 
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antigen, hepatitis B e antigen (HBeAg), and HBsAg in-vitro [316]. TIZ, a desacetyl NTZ 

is a metabolite of 3TC [316]. Additionally, NTZ also inhibits expression of HBV cccDNA 

and HBV RNA transcription by targeting the hepatitis B X protein (HBx)–damage‐specific 

DNA‐binding protein 1(DDB1) interaction [64]. A pilot clinical trials of NTZ against chronic 

HBV infection was recently conducted [68]. NTZ given at a dose of 500 mg (Romark, 

Tampa, FL) orally twice daily with food for up to 48 weeks showed undetectable HBV 

DNA levels (<38 IU/mL) in the serum of 8 of the 9 subjects (89%) after 4 to 20 weeks of 

treatment. Interestingly, 2 subjects became HBeAg negative which were initially reported 

to be HBeAg positive after 4 and 16 weeks of treatment, respectively. Additionally, NTZ 

was reported to be tolerated and showed transient mild to moderate side effects in 

patients primarily related to diarrhea and epigastric pain [317]. Thus, given the broad 

spectrum anti-viral efficacy and safety profile of NTZ, we aimed to develop LA NTZ 

prodrug nanoformulation with improved biological half-life and evaluate its efficacy 

against HBV infection in combination with LA tenofovir prodrug nanoformulation in 

humanized liver TK NOG mice having chimeric humanized liver infected with HBV [317-

319]. 

6.3 Materials and Methods 

All chemical synthesis reactions were performed under a dry argon atmosphere 

unless otherwise noted. Reagents were obtained from commercial sources and used 

directly; exceptions are noted. Nitazoxanide and tizoxanide were purchased from BOC 

Sciences, NY 11967, USA. Stearoyl chloride, sodium chloride (NaCl), sodium 

bicarbonate (NaHCO3), Sodium sulphate (Na2SO4), N,N-diisopropylethylamine (DIEA), 

dichloromethane (DCM, CH2Cl2),  chloroform  (CHCl3),  N,N dimethylformamide  (DMF), 

triethylamine (Et3N), diethyl ether, tetrahydrofuran (THF), and methanol were  purchased   

from   Sigma-Aldrich   (St. Louis, MO). Flash silica gel (32-63 µ) was purchased from 
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SiliCycle Inc.  (Quebec, Canada). Precoated silica plates (200 μm, F-254) were 

purchased from Sorbtech technologies Inc.  (Norcross, GA).  The compounds were 

visualized by UV fluorescence or by staining with ninhydrin or KMnO4 reagents. 

Poloxamer 407 (P407), ciprofloxacin, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium 

bromide (MTT), dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. 

Louis, MO). Cell culture grade water (endotoxin free), gentamicin, acetonitrile (ACN), 

bovine serum albumin (BSA), and LC-MS-grade water were purchased from Fisher 

Scientific (Hampton, NH). Heat-inactivated pooled human serum was purchased from 

Innovative research (Novi, MI). Dulbecco’s Modification of Eagle’s Medium (DMEM) was 

purchased from Corning Life Sciences (Tewksbury, MA). 

6.3.1 Screening of Compounds for Anti-HBV Efficacy 

For evaluating anti-HBV activity of drugs, HepG2.2.15 cells were used.  Hep 

G2.2.15 cells are derived from human hepatoblastoma cell line Hep G2 and been 

characterized for having stable HBV expression [320]. Initially, HepG2.2.15 cells were 

plated in 6 welled plates. After 24 hours, these cells were treated with tizoxanide (10, 25 

µM), and nitazoxanide (10, 25, 50 and 100 µM) (stock solutions were made in DMSO) 

for 8 hours.  After 8 hours, cells were washed twice slowly with media (DMEM) and then 

fresh media was added.  After 72 hours, cells were then washed with PBS and scrapped 

into PBS. Samples were then centrifuged at 2000 rpm for 5 minutes; supernatant PBS 

was removed and pellet thus obtained was frozen for future DNA isolation. DNA was 

isolated using Qiagen DNA kit. DNA samples, extracted from HepG2.215 cells were used 

as a template input for digital droplet polymerase chain reaction PCR (ddPCR) 

amplification. The copy number of HBVccc DNA were represented out of total input DNA. 

Briefly, to detect the HBV cccDNA by the ddPCR, 20 µL ddPCR mixture was reconstituted 

with 10 µL 2x ddPCR Supermix (Bio-Rad); 900 nM HBV cccDNA primers; 250 nM 
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corresponding probe; and 1 µL digested DNA template and droplets were produced by a 

droplet generator of the QX100 Droplet Digital PCR system (Bio-Rad). The droplets, 

which contain the PCR reaction mixture and droplet generation oil, were then transferred 

to a 96-well PCR plate for amplification using the C1000 Thermal Cycler and 

subsequently to a droplet reader to calculate the number of both positive and negative 

droplet events from each PCR reaction mixture. The software determines the number of 

positive droplets per µL by calculating the ratio of the positive droplets over the total 

droplets combined with Poisson distribution. Thus, the value of the template equals the 

number calculated by the software multiplied by the dilution factor of the template in the 

reaction system.  

6.3.2  Synthesis of LA Prodrug of Tizoxanide (M1NIT) 

Tizoxanide was chemically modified with C18 fatty acid to form LA tizoxanide 

prodrug M1NIT.  Briefly, TIZ (2 g, 7.54 mmol, 1 eq.) was dissolved in DMF (20 mL) under 

an argon atmosphere and cooled on a regular ice bath. We then added DIEA (2.63 mL, 

15.08 mmol, 2 eq.) and   stearoyl chloride (3.89 g, 11.31 mmol, 1.7 eq.) followed by 

warming up of the reaction mixture to room temperature for at least 16h.  The reaction 

progress was monitored by thin layer chromatography (TLC). Following reaction 

completion, DMF was evaporated followed by partitioning the solids in a mixture of DCM 

and 0.1 M HCl.  The aqueous HCl layer was back extracted twice with DCM (80 mL).  

DCM layers were combined and further washed with 100 mL saturated NaHCO3 and 

brine. The organic phase was then dried over Na2SO4 and concentrated.  The resultant 

solid was then purified by column chromatography eluting with 2:1 hexane: ethyl acetate 

solvent mixture. The desired compound (M1NIT) was further precipitated from hexanes 

and dried to obtain an off white powder. 

6.3.3   M1NIT Physicochemical Characterization 
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6.3.3.1 Solubility  

Solubility of M1NIT in water (aqueous) and 1 – octanol (lipid) was determined 

by adding excess amount of drug to each of these media leading to the formation of 

saturated solutions. The homogeneous saturated solutions were mixed at 370C for 24 h 

under shaker incubator (innova® 42 shaker incubator) and centrifuged at 14,000 x g for 

10 minutes to separate insoluble drug. The amount of drug in the supernatant was 

quantified by validated UPLC TUV method for M1NIT analysis.  

6.3.3.2  NMR and Mass spectrometric evaluations 

The chemical structure of M1NIT was confirmed by proton, and carbon nuclear 

magnetic resonance (1H, and 13C NMR) spectra recorded on a Varian Unity/Inova-500 

NB (500 MHz; Varian Medical Systems Inc., Palo Alto, CA, USA) and molecular ion peak 

was determined by mass spectrometric infusion into a Waters TQD mass spectrometer. 

6.3.3.3  FTIR and DSC Evaluations 

Characterization of NIT and M1NIT prodrug by FT-IR was performed on a 

Spectrum Two FT-IR spectrometer (PerkinElmer, Waltham, MA, USA). 

TIZ, NIT and M1NIT were subjected to DSC analysis to determine their thermal 

behavior by observing the dependence of changing sample heat capacity (mW/mg) on 

temperature variations (in 0C).  DSC evaluations of the samples were performed on 

differential scanning calorimeter (204 F1 Phoenix) on DSC 204F1 t-sensor/E with Pan Al 

and pierced lid crucible. Heating rate was 10 0C)/min ranging from 30 – 600 0C in nitrogen 

atmosphere with corr/m. range of 000/5000 µV. 

6.3.3.4  Analytical Method Developments 

M1NIT quantifications were performed on a Waters ACQUITY ultra performance 

liquid chromatography (UPLC) H-Class System with TUV detector and Empower 3 
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software (Milford, MA, USA) and Kinetex 5 µ C18 100 °A Phenomenex column (150, 4.5 

mm) (Torrence, CA) used for separation. Mobile phase used was mixture of acetonitrile 

as organic phase and HPLC grade water as aqueous phase in the ratio 90:10 and flow 

rate of 1 mL/min and wavelength of 244 nm. 

6.3.3.5 Nanoformulation of M1NIT and Physicochemical Characterization  

The nanoformulation of M1NIT i.e. NM1NIT was prepared by high-pressure 

homogenization on an Avestin EmulsiFlex-C3 (Ottawa, ON, Canada) homogenizer using 

poloxamer P407 surfactant as stabilizer. Briefly, P407 (0.5% w/v) was weighed and 

dissolved in PBS. The prodrug (1% w/v) was then added to the surfactant solution at a 

drug to surfactant ratio of 2:1 and then continued stirring leading to formation of 

microparticle pre-suspension. The microparticles were then homogenized (~20,000 psi) 

on Avestin homogenizer until the desired nanoparticle size was achieved. Particle size 

(Deff), polydispersity index (PDI), and zeta potential were determined by DLS on a 

Malvern Nano-ZS (Worcestershire, UK). The physico-chemical stability of NM1NIT 

nanoparticles was monitored at 25 0C over 70 days. Encapsulation efficiency was 

calculated using the following equation: Encapsulation efficiency of M1NIT (%) = (weight 

of M1NIT in formulation/initial weight of M1NIT added) x 100. For in-vivo dosing, the 

prototype formulation was concentrated by differential centrifugation at 4˚C for 10 

minutes at 200 x g. The supernatant was carefully transferred to another centrifuge tube 

and then centrifuged at 15000 x g for 20 minutes at 4˚C.  NM1NIT was re-dispersed in 

minimum volume of poloxamer to achieve the desired dose of 75 mg/kg for in-vivo anti-

HBV efficacy studies. Resulting size, PDI, zeta potential and concentration of the 

formulation were measured.   

 

6.3.3.6 Chemical stability and TEM morphological evaluations of NM1NIT  
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The percent encapsulation was calculated on Day 0 and Day 30 which is 

indicative of chemical stability of M1NIT in the nanoformulation.  

The NM1NIT morphological evaluation was performed using transmission 

electron microscopy (TEM). The processing for TEM sample was done as follows: 

Initially, a 10 µL NM1NIT nanosuspension was placed on a formvar/silicon monoxide 200 

mesh copper grid, allowed to settle for 2 min, and the excess solution was wicked off and 

grid was further allowed to dry. A drop of NanoVan vanadium negative stain was placed 

on the grid for 1 min, then stain was wicked away and further allowed to dry (2-5 mins). 

Grids were examined on a FEI Tecnai G2 Spirit TWIN transmission electron microscope 

(Hillsboro, OR) operated at 80 kV, and images were acquired digitally with an AMT digital 

imaging system (Woburn, MA). 

6.3.3.7 MDM Cytotoxicity Evaluations of NM1NIT 

For cytotoxicity evaluations of TIZ, NIT, M1NIT and NM1NIT treatments in MDM 

at various concentrations (1 – 400 µM), MTT assay was performed. Briefly, MDM were 

cultured in 96 welled plates at a density of 80,000 cells/ well. MDM were then treated with 

different concentrations of TIZ, NIT, M1NIT and NM1NIT for 24 hours. DMSO (0.1 % v/v) 

in media B was used as media control. Treatments were then washed with PBS and then 

100 µL of MTT solution was added to each well. Cells were then incubated at 370 C for 

45 minutes. Plates were removed from incubator and MTT solution was then aspirated 

from each of the well. Immediately, 200 µL of sterile DMSO was added into each well.  

Plates were shaken and then subjected to measuring absorbance at 490 nm on a 

microtiter plate reader. 

6.4 Study Approval 
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All animal studies were approved by the University of Nebraska Medical Center 

Institutional Animal Care and Use Committee in accordance with the standards 

incorporated in the Guide for the Care and Use of Laboratory Animals (National Research 

Council of the National Academies, 2011). Human monocytes were isolated by 

leukapheresis from HIV-1/2 and hepatitis seronegative donors according to an approved 

UNMC IRB exempt protocol. 

6.5 Code of Ethics for Animals 

Mice were maintained in a pathogen-free facility and treated humanely. All mouse 

studies were conducted in strict accordance with the Guide for the Care and Use of 

Laboratory Animals from University of Nebraska Medical Center (UNMC). All 

experimental protocols were approved by the Animal Care and Use Committee of UNMC. 

6.6 Generation of A Humanized Liver TK-NOG Mouse Model 

TK-NOG mice (NOD/Shi-scid IL-2 Rγc
null) (5 – 6 months of age) expressing a 

herpes simplex virus type 1 thymidine kinase transgene under regulation of the albumin 

gene promoter were intra-splenically infused with 2 million human hepatocytes from the 

Lonza (lot#4145) [317, 321]. 

 

6.7 Efficacy Study in HBV Infected Humanized Liver TK-NOG Mice 

          Humanized liver TK-NOG mice were infected with 106 genome equivalents (GE) 

HBV [318, 322].  After a duration of 2 months post infection, these mice were given a 

single intramuscular injection of NM1NIT and NM1TFV each at 75 mg/kg of TIZ/TFV 

equivalents. Various levels of HBV DNA, and human serum albumin (Alb) were then 

monitored for 48 h and 10 weeks in animals respectively (Figure 6.1) (*P values obtained 

by t-test). 
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Figure 6.1.  Evaluation of anti-HBV efficacy of combination of NM1NIT and NM1TFV at 75 mg /kg of TIZ/TFV 

equivalents in humanized liver TK-NOG mice (timeline and quantitation biomarkers). 

6.8   Measurement of Blood HBV DNA, HBsAg levels and Human Serum 

Albumin  

HBV DNA levels were measured using the COBAS TaqMan HBV Test (Roche 

Diagnostics, Switzerland).  The samples were diluted approximately 20-fold and 

detection limits were 2240-3360 DNA copies/ml. Plasma HBsAg levels were measured 

by ELISA using the QuickTiter Hepatitis B Surface Antigen ELISA Kit (Cell Biolabs, Inc, 

VPK-5004, San Diego, CA) according to assay protocol.  

 

6.9 Results 

6.9.1 Efficacy of Compounds Against HBV Infections In-vitro 

The anti-HBV activity of tizoxanide, and nitazoxanide were determined in 

infected Hep G2.2.15 cells after treatment at various concentrations ranging from 10 – 

100 µM for 8 hours. Clear evidence of anti-HBV efficacy in terms of reduction in HBV 

cccDNA/ ng DNA was observed for tizoxanide (TIZ) at concentrations of 10 and 25 µM.  

Nitazoxanide (NTZ) showed dose dependent reduction in HBV cccDNA/ ng DNA in these 

treated cells and demonstrated highest efficacy at a dose of 100 µM (Figure 6.2). 
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Figure 6.2 Anti-HBV efficacy of TIZ, and NTZ in Hep G2.2.15 cells. Initially, cells were treated for 8 hours 

and then washed with PBS followed by maintaining cultures for 72 hours after which cells were pelleted in 

PBS and stored until further quantitation for HBV cccDNA following HBV DNA isolation. 

 

6.9.2 Synthesis and Characterization of M1NIT  

          A fatty acid esterification reaction was employed for the synthesis of M1NIT.  

Initially, stearyl chloride was reacted with tizoxanide in the presence of DIEA (Figure 6.3) 

and then purified by silica gel column chromatography and hexane washing leading to 

the formation M1NIT with 50 % yield. 1H and 13C nuclear magnetic resonance, Fourier 

transform infrared spectroscopy and mass spectrometry (NMR, FTIR and MS) confirmed 

the formation of the M1NIT prodrug. The M1NIT characterization in terms of 1H NMR 

spectrum (blue) consisted of a triplet at 0.8 – 1.2 ppm, and a broad singlet between 1.4 

– 1.6 ppm and a multiplet at 1.8 ppm representing terminal methyl, and symmetrical 

methylene protons of the fatty acid conjugation in M1NIT prodrug. Additionally, the 

multiplet signals at 7.09-7.7 ppm correspond to the aromatic protons representing aryl 

promoiety in M1NIT (Fig. 6.4.A). 13C NMR spectrum of NM1NIT showed peaks at 171.2 
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and 163.3 ppm which correspond to the carbonyl moieties, peaks at 148.8, 143.6, 140.34, 

134.37, 130.35, 125.5 and 124.7 ppm represent aromatic carbon atoms and peaks at 

34.39, 29.70, 24.67, 22.66 and 14.12 correspond to aliphatic carbons representing fatty 

acid conjugation in the synthesized M1NIT (Fig. 6.4.B). Formation of hydrophobic and 

lipophilic M1NIT prodrug was demonstrated by its lower aqueous solubility (0.151 ± 

0.0315 µg/mL) and relatively higher octanol solubility (1.255 ± 0.0125 µg/mL) (Fig. 6.4.C). 

FTIR spectra of M1NIT showed absorption bands in the regions of 2900 – 2800 cm-1 and 

1800 - 1700 cm-1 representing the C-H and C=0 stretching vibrations originating from 

fatty acid conjugation and carbonyl ester bond respectively in M1NIT which was absent 

in NTZ (Fig. 6.4.D). Differential scanning calorimetric analysis of TIZ, NIT and M1NIT 

identified phase transitions generated by heat capacity changes with simultaneous 

variation in temperature conditions. Notable melting endothermic peaks were observed 

for TIZ, NIT and M1NIT at 220, 250 and 275 0C confirming distinct phase transitions at 

these temperatures. Additionally, exothermic peaks were observed for NIT and M1NIT at 

200 and 145 0C likely due to polymorphic changes observed during heating process in 

these compounds [323, 324] (Fig. 6.4.E). Mass spectrometric infusion of M1NIT into 

Waters TQD mass spectrometer confirmed a M1NIT molecular ion peak at m/z of 531 

confirming formation of M1NIT (Fig. 6.4.F).  

 

 

Figure 6.3. Synthesis of M1NIT 
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Fig. 6.4. M1NIT physicochemical characterization. (A) 1H NMR spectra of NTZ (red) and M1NIT (blue) 

confirmed chemical modification of the parent drug. (B) 13C NMR spectra of demonstrating the presence of 

functional carbons in the modified M1NIT prodrug. (C) Solubility of M1NIT in 1-octanol and water was 

measured at 37°C. Data are expressed as mean ± SEM for n = 2 samples evaluated. (D) Fourier transformed 

infra-red spectroscopic (FT-IR) analysis showed the presence of C=0, aromatic and aliphatic C-H stretching 

vibrations in the synthesized M1NIT prodrug. (E) DSC analysis of TIZ, NTZ and M1NIT supporting presence 

of phase transitions by varying temperature conditions in these compounds. (F) Waters Acquity TQD MS 

infusion showing molecular ion peak at m/z of 531. 
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6.9.3 Physico-chemical Characterization of NM1NIT  

A scalable preparation process for nanoformulation was employed for 

developing NM1NIT nanosuspension using high pressure homogenization technique 

[277, 279, 325]. Poloxamer P407 used as stabilizer for the M1NIT formulation provided 

drug encapsulation efficiency of 47%. Particle size, polydispersity index (PDI), and zeta 

potential were determined by DLS and were tabulated in Table 6.1. 

 

Table 6.1. Nanoformulation of M1NIT using poloxamer P407 as stabilizer and high-pressure homogenization 

used as top-down technique for nanosizing. 

 NM1NIT remained stable at 25 0C for up to 70 days (Figure 6.5.A). Improved 

physico-chemical stability of nanoformulation could be due to negative surface zeta 

potential of these nanoparticles thereby causing electrostatic repulsion and prevention of 

agglomeration in nanosuspension over longer duration of time [326]. Evaluation of 

nanoparticle morphologies by TEM demonstrated cuboidal shaped particles with sizes 

between 138 - 262 nm (Figure 6.5.B).  Additionally, chemical stability evaluations of 

NM1NIT over 30 days showed maintenance of 80% of M1NIT in the nanoformulation as 

quantitated by validated UPLC-U.V. Vis method for M1NIT (Figure 6.5.C). Thus, together 

with smaller particle size and use of biocompatible excipients in NM1NIT formulation 

could eventually lead to enhance safety and efficacy of nanoparticle formulation post in-

vivo administration. We further carried out MTT assay [278] on MDM to evaluate 
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cytotoxicity of TIZ, NIT, M1NIT and NM1NIT treatments over 24 hours at various 

concentrations. DMSO (0.1% v/v) was used as vehicle control. No negative effects on 

mitochondrial reductase activity correlating to cell vitality was observed post treatments 

at all the concentrations tested. Thus, these treatments were non-cytotoxic in MDM 

demonstrating its safety and non-toxicity profile in MDM (Figure 6.5.D). Similarly, 

NM1TFV was characterized for percent encapsulation, particle size, zeta and 

polydispersity index (PDI) measurements.  NM1TFV was found to have size in the range 

of 250 – 350 nm, a negative zeta potential, PDI < 0.2, drug encapsulation efficiency of 

>70 % thereby demonstrating suitable size and loading capacities of the formulation for 

further in-vivo evaluation. 

 

Figure 6.5. NM1NIT characterizations. (A) Physico-chemical stability evaluation of NM1NIT at 25 °C in 

terms of particle size, zeta potential and polydispersity index over 70 days. (B) Chemical stability of M1NIT 

in NM1NIT over 30 days. M1NIT maintained its chemical stability over 80 % as evidence by its marginal 

reduction in % encagement on Day 30. (C) TEM of NM1NIT showed presence of cuboidal shaped 
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nanoparticles in the size range of 130-270 nm. (D) Cell vitality was assessed in MDM by MTT assay 24 h 

after TIZ, NIT, M1NIT or NM1NIT treatments over a range of concentrations (1 – 400 µM). Results were 

normalized to untreated control cells. All the treatments i.e. TIZ, NTZ, M1NIT and NM1NIT were found to be 

non-cytotoxic at the range of concentrations tested for the study. Data are represented as mean ± SEM for 

n = 4 samples per group. 

6.9.4  In-vivo Efficacy Against HBV Infection  

Humanized liver TK NOG mice were used to evaluate anti-HBV activity of 

developed formulations. After confirmation of human albumin in peripheral blood post 

transplantation of human hepatocytes, mice were infected with patient derived sera 

containing 106 GE HBV DNA. These mice were then treated with the combination of 

NM1NIT and NM1TFV at 2 months post infection of HBV DNA. We evaluated the 

combination of NM1NIT with our tenofovir ProTide i.e. NM1TFV since tenofovir 

represents a vital treatment regimen for HBV infections [327]. Administration of M1NIT 

and NM1TFV each at 75 mg/kg of TIZ/TFV equivalents intramuscularly in combination 

suppressed HBV replication and viral load (measuring HBV DNA) in peripheral blood of 

all the treated liver TK NOG mice for up to 8 weeks.  These mice showed >1 log10 

reduction in HBV DNA levels 8 weeks post treatment as shown in Figure 6.6.A 

Interestingly, two out of four treated mice showed HBV DNA levels below LoD. These 

mice had human albumin levels in the range 0.5 – 2.5 mg/ml throughout the duration of 

study (Figure 6.6.B) which demonstrated absence of drastic adverse effects related to 

drug treatments. 



123 
 

 

Figure 6.6. Evaluation of NM1NIT (NM1NTZ) and NM1TFV (NM1TAF) nanoformulations’ efficacy in 

combination treatment against HBV in human liver TK NOG mice. (A) Peripheral blood viral load levels in 

terms of HBV DNA (IU/mL) after NM1NIT and NM1TFV treatments up to 10 weeks post treatment. Dotted 

lines represent LoD. Bold lines represent mean & SEM. P values were obtained by t-tests. (B) Human 

albumin levels in peripheral blood of these mice over the duration of 10 weeks. 

 

6.10 Discussion 

            Given the probability of severe adverse reactions with HBV vaccines such as 

multiple sclerosis, rheumatoid arthritis [328], there is a great need of developing highly 

effective and safe LA anti-HBV injectables with cost effective measures [329].  Patient 

adherence issues with oral formulations of anti-HBV drugs and emergence of viral 

resistance to the treatments are the major issues towards developing effective HBV 

medications [330].  The applications of LASER formulations of anti-HBV drugs with their 

advantages of improved patient adherence and compliance forms a great promise in 

enhancing the probability of success in treating patients with HBV infection [331]. 
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Chapter 7 

Summary, Conclusions, Future Directions, 

and Applications 
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7.1. Summary 

The development of long acting (LA) antiretroviral therapy (ART) with dosing 

intervals from monthly to yearly could not only improve adhehrence to treatment regimen 

but also improve treatment outcomes. We have shown that prodrug approaches facilitate 

conversion of hydrophilic and hydrophobic antiretroviral drugs (ARVs) with short half-lives 

into LASER ART. These formulations demonstrate increased potency and bioavailability 

and have the potential to improve regimen adherence and facilitate reductions in viral 

transmission and mutation rates. These formulations facilitate drug entry into HIV-1 

infected CD4+ T cells and mononuclear phagocytes (MP; monocytes, macrophages, 

microglia, and dendritic cells) within reservoirs that include gut associated lymphoid 

tissue, lymph nodes, spleen, and brain. And as a starting point for hydrophilic 

compounds, my work is focused on the design and production of phosphorylated ProTide 

prodrugs of FTC (referred as M2FTC). M2FTC chemical structure was affirmed by mass 

spectrometry, nuclear magnetic resonance, Fourier transform infrared spectroscopy, and 

aqueous solubility tests. Conversion of FTC and lipophilic and hydrophobic ProTides 

facilitated the production of aqueous poloxamer 407 stabilized nanocrystals (NM2FTC) 

by high-pressure homogenization. Uptake, release, retention, and drug potency was 

tested in human monocyte derived macrophages (MDM). The latter was confirmed by 

measuring inhibition of RT activity and HIV-1p24 immunostaining after challenge by a 

macrophage tropic CCR5 using viral strain (named, HIV-1ADA) at a MoI of 0.1. NM2FTC 

particles were approximately 300 nm in size and negatively charged. These particles 

demonstrated a narrow polydispersity index, a loading capacity of 80% and a spherical 

morphology. NM2FTC nanocrystals were stable for > 1 month with drug uptake improved 

by > 30-fold when compared to native FTC. Drug retention of 10 µg/106 cells was 

recorded during a 30-day observation for NM2FTC. Single treatments of NM2FTC to 

MDM resulted in sustained intracellular FTP for one month and mirrored sustained and 
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potent antiretroviral activities. M2FTC and NM2FTC were non-cytotoxic at all tested drug 

concentrations. Thus, a LASER FTC formulation was developed, demonstrating 

sustained LA ART activity. NM2FTC can be developed as a LA parenteral (LAP) 

formulation for HIV-1 prevention and treatment. To further enhance intracellular and 

tissue active triphosphate metabolites delivery, two second-generation lipophilic FTC 

ProTides (M3- and M4-FTC) were synthesized then stabilized into poloxamer coated 

LASER aqueous nanosuspensions (NM3- and NM4-FTC). ProTide chemical structures 

were confirmed by MS, NMR and FTIR analyses. Poloxamer 407 stabilized nanoparticles 

were prepared by high-pressure homogenization and characterized for drug loading and 

crystallinity. Viability tests, cellular drug uptake, and IC50 studies were performed in 

human MDM and CD4+ T-cells. The synthesized ProTides showed characteristic C=0 

stretching vibrations at 2800 cm-1 representing carbonyl ester bonds and N-H bending 

vibrations at 1600 cm-1 representing phosphoramide bonds. A reduction in aqueous 

solubility of 30 and 0.5 µg/mL was observed for M3 and M4- FTC, respectively, compared 

to FTC (150 mg/mL) confirming increased hydrophobicity of the synthesized FTC 

ProTides.  Both formulations were characterized by particle sizes of 150-250 nm, 

polydispersity index (PDI) of 0.2-0.3, negative zeta potentials and high drug loading 

capacity of 85%. The formulations were stable at 25°C for at least 2 months without 

particle agglomeration. NM3- and NM4-FTC were found to be safe in MDM at 100 µM 

using MTT assay and demonstrated intracellular drug levels of 15-20 µg/106 compared 

to undetectable levels for the native drug, an enhancement in NM3FTC (IC50=2.63 nM) 

and NM4FTC potency (IC50=1.33 nM) in MDM compared to FTC (IC50=19.56 nM). 

Consequently, both NM3- and NM4-FTC treatments demonstrated sustained 

antiretroviral activities in CD4+ T-cells compared to viral breakthrough for FTC. NM4FTC 

LASER ART formulation with improved antiretroviral activity is a promising lead candidate 

towards further pre-clinical development for HIV-1 prevention and treatment.  
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PrEP is the preventive measure for halting viral transmission of HIV-1 infection 

in those susceptible to viral infection. PrEP treatment strategies include combination of 

FTC and TDF given daily as single tablet combination. Truvada has shown greater 

promise in reducing the rate of transmission of HIV infection in cases of accidental 

exposure to needle stick contaminated with HIV or having sex with viral seropositive 

individuals. A combination PrEP regimen of FTC/TAF (Descovy) was recently approved 

by the US FDA as an alternative PrEP regimen to Truvada. Also, recent studies have 

shown superiority of LA CAB over FTC/TAF regimens [332]. This underscores the 

importance of single potent long acting drug regimens and adherence in preventing HIV-

1 transmission.  Indeed, the success of PrEP treatment in preventing HIV-1 infection is 

dependent on the level of patient adherence. With the goal of enhancing patient 

adherence and improving compliance, we evaluated combination of NM4FTC and 

NM2TFV at 75 mg/kg FTC and TFV dose equivalents as PrEP treatment regimen against 

HIV-1 infection in humanized mice model of infection. In our study of evaluating the 

optimum viral inoculum dose, a single I.M. injection of NM4FTC and NM2TFV in distinct 

thigh muscle of humanized mice showed 75 – 80% protection up to 8 weeks post HIV-1 

challenge with 104 TCID50 inoculum dose. These mice were treated with the combination 

formulations for 2 weeks and then challenged with HIV-1 and plasma viral loads were 

monitored 4 - 8 weeks post challenge.  Thus, combination of NM4FTC and NM2TFV 

showed PrEP efficacy against HIV-1 infection in humanized mice.  Further evaluations of 

single regimen for NM4FTC or NM2TFV is needed.  Additionally, these treated 

humanized mice should be challenged multiple times through different route of challenge 

for eg. vaginal to further explore the efficacy of these formulations in infected animal 

models. 

Furthermore, we applied our LASER technology to nitazoxanide (a broadly 

active antiviral) which has reported to have anti-HBV activities.  We synthesized 
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hydrophobic and lipophilic prodrug of nitazoxanide named as M1NIT using fatty acid 

esterification reaction. M1NIT was characterized by NMR, FTIR and Mass spectrometric 

evaluations followed by its formulation into a poloxamer stabilized NM1NIT 

nanosuspension. NM1NIT was further evaluated for its encapsulation efficiency, physical/ 

chemical stability evaluations and MDM cytotoxicity by MTT assay.  NM1NIT 

demonstrated particle size of less than 250 nm, had narrow PDI and a negative zeta 

potential.  NM1NIT was found to be non-cytotoxic in MDM. 

7.1  Conclusions, Future Directions and Application  

LA nanomedicines developed for HIV treatment and prevention extend drug 

half-lives, improve biodistribution and facilitate therapeutic outcomes. The limitations of 

existing LA ARV parenteral include requirement for frequent dosing, injection site 

reactions and high injection volumes. Limited distribution of ART within tissue and cellular 

reservoirs of infection further limits their efficacy. Therefore, new treatment and 

prevention strategies that permit less frequent dosing, with abilities to sustain therapeutic 

concentrations of drug at sites of action could potentially improve adherence and reduce 

transmission of infection. The FTC ProTide formulations described in this work represent 

a promising approach towards development of a LA sustained release formulation with 

improved antiretroviral activity. Single treatment of MDM with NM2FTC demonstrated 

sustained intracellular FTP levels and antiretroviral activities. PK tests in Sprague Dawley 

rats demonstrate sustained high drug levels in blood and tissues in NM2FTC treated 

animals compared to rapid one day drug clearance after native drug treatment. Future 

studies will evaluate pharmacodynamic profiles of NM2FTC in rhesus macaques and 

inevitably to evaluation in humans infected or at risk of infection. 

Second generation FTC ProTide, M4FTC demonstrated superior in-vitro and in-

vivo characteristics. However, further ProTide developments would be aimed at 

increasing the FTP levels attained after ProTide hydrolysis. Introducing a methylene 
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functionality between 3’ hydroxyl in the sugar moiety of nucleoside analog active 

compound and the phosphorus functional group could further increase the stability of 

monophosphate formed and thereby lead to enhancement in the amount of FTP 

generated inside the target cells.  This would provide a robust ProTide hydrolysis profiles 

that could be further monitored and optimized based on intracellular FTP levels observed 

in comparison studies.  

Additionally, the phenoxy moiety attached to the chiral phosphorus could be 

removed. This could further aid in enhancing the hydrolysis rates in wider subset of cells 

in-vitro.  Formulations of dephenoxylated ProTides could be evaluated via oral route of 

administration as proper balance of lipophilicity and hydrophilicity is needed for efficient 

intestinal absorption and permeation into the systemic circulation.  

Further efforts will be focused on developing formulations with improved 

scalability and physical stability for future studies in non-human primates.  A robust 

screening of surfactants, optimization of formulation manufacture processes and 

lyophilization parameters are needed to be explored to develop an optimum ProTide 

formulation with desirable characteristics directed towards once a month injectable 

formulation for its pre-clinical evaluations.   
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