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Abstract 

Current drug therapies against human immunodeficiency virus (HIV) infection can prevent the 

clinical progression to AIDS but requires continuous administration and is not able to eliminate 

the infection. An alternative long-term treatment option, which could eliminate the need for 

combination antiretroviral therapy (cART) and its daily administration, is gene therapy using 

lentiviruses expressing anti-HIV RNA molecules. As is the case with cART, a combination of at 

least two antiviral RNA molecules will most likely be necessary to avoid the emergence of 

resistance and viral rebound. 

Anti-HIV gene therapy has advanced to clinical trials in a few instances, but the effectiveness in 

controlling the infection in the absence of cART is limited despite being safe and well tolerated in 

people living with HIV (PLWH). The overall goal of this project was to optimize different anti-

HIV RNAs to maximize inhibitory effects while avoiding the occurrence of cytotoxicity. Two 

different classes of RNAs were optimized and used as antivirals. One of the RNA classes we 

investigated were short hairpin (sh)RNAs which bind to their viral RNA target and direct the RNA-

induced silencing complex (RISC) to cleave it. The other RNA class evaluated in this project are 

aptamers, which bind and inactivate a target viral protein or RNA through their three-dimensional 

structure. We optimized these two RNA classes by evaluating their expression from the RNA 

polymerase (Pol) III promoters H1, 7SK and U6. We also explored various molecular designs such 

as the inclusion of flanking RNA secondary structures as well as combining shRNAs and aptamers 

into a single transcript. 

In this project, we show that anti-HIV shRNAs are more potent when expressed by the promoters 

U6 and 7SK compared to the H1 promoter due to a higher expression level. Although we have 
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demonstrated that cytotoxicity exists when certain shRNAs are expressed from the U6 and 7SK 

promoters, we have discovered that replacing the loop of shRNAs with an aptamer to generate 

aptamer-shRNA chimeras effectively eliminates this toxicity. We were successful in achieving the 

goal of maximizing antiviral effects in the absence of cytotoxicity. The project led to the 

identification of several aptamer-shRNA chimeras that could strongly restrict viral replication 

without negatively impacting cell growth, with maximal inhibitory effects observed using the 7SK 

promoter. Overall, our work in optimizing the expression of anti-HIV RNAs is critical to designing 

the most effective combination gene therapies and has led to the discovery of a method to prevent 

shRNA-mediated cytotoxicity.  
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Résumé 

Les thérapies antirétrovirales actuelles contre l'infection par le VIH peuvent empêcher la 

progression clinique vers le SIDA mais nécessitent une administration permanente et ne sont pas 

capables d'éliminer l'infection. Une autre option de traitement à long terme qui pourrait éliminer 

le besoin d'une thérapie antirétrovirale combinée (ARVc) ainsi que son administration quotidienne 

serait une thérapie génique utilisant des lentivirus pour exprimer des molécules d'ARN anti-VIH. 

Tout comme les thérapies ARVc utilisées aujourd’hui, une combinaison d'au moins deux 

molécules d'ARN antivirales seront certainement nécessaires pour éviter l'émergence de résistance 

et le rebond viral. 

La thérapie génique anti-VIH a fait l’objet d’essais cliniques dans quelques cas, mais l'efficacité 

du contrôle de l'infection en l'absence de thérapie ARVc est limitée bien qu'elle soit sûre et bien 

tolérée par les personnes vivant avec le VIH (PVVIH). L'objectif global de ce projet était 

d'optimiser différents ARN anti-VIH afin de maximiser les effets inhibiteurs tout en évitant 

l'apparition de cytotoxicité. Deux classes différentes d'ARN ont été optimisées et utilisées comme 

antiviraux. L'une des classes d'ARN que nous avons utilisée est représentée par des petits ARN en 

épingle à cheveux (shRNA) qui se lient à un ARN viral pour diriger le complexe de mise en silence 

par l’ARN (RISC) vers sa cible, où il va cliver l’ARN viral cible. L'autre classe d'ARN utilisée 

dans ce projet regroupe des aptamères qui se lient et inactivent une protéine ou un ARN viral cible 

grâce à leur structure tridimensionnelle. Nous avons optimisé ces deux classes d'ARN en évaluant 

leur expression à partir des promoteurs H1, 7SK et U6 qui utilisent l'ARN polymérase (Pol) III. 

Nous avons également exploré des conceptions moléculaires diverses telles que l'inclusion de 
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structures secondaires d'ARN flanquantes ainsi que la combinaison de shARN et d'aptamères en 

un seul transcrit. 

Dans ce projet, nous montrons que les shARN anti-VIH sont de meilleurs inhibiteurs lorsqu'ils 

sont exprimés par les promoteurs U6 et 7SK de l'ARN Pol III par rapport au promoteur H1 en 

raison d'un niveau d'expression plus élevé. Bien que nous ayons démontré qu'il existe de la 

cytotoxicité lorsque certains shARN sont exprimés à partir du promoteur U6 et 7SK, nous avons 

découvert que le remplacement de la boucle des shARN par un aptamère pour générer des chimères 

aptamère-shARN permet d’éliminer cette toxicité. Nous avons réussi à atteindre notre objectif de 

maximiser les effets antiviraux en l'absence de cytotoxicité. Le projet a conduit à l'identification 

de plusieurs chimères aptamère-shARN qui inhibent fortement la réplication virale sans impact 

négatif sur la croissance cellulaire, avec des effets inhibiteurs maximaux observés lors de 

l'expression à partir du promoteur 7SK. Dans l'ensemble, nos travaux d'optimisation de 

l'expression des ARN anti-VIH sont essentiels à la conception de thérapies géniques combinées 

efficaces et ont permis la découverte d'une méthode pour prévenir la cytotoxicité générée par les 

shARN. 
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ZFN   Zinc finger nuclease 
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Contribution to original knowledge 

The work presented in this thesis elucidates novel findings in the field of anti-HIV gene therapy, 

which contribute to maximizing antiviral effects while avoiding cytotoxicity. Overall, this thesis 

presents a collection of work considered original scholarship along with important contributions 

to knowledge. The presented information shows that both the expression strategy and molecular 

design of anti-HIV RNAs have large effects on their inhibitory capabilities and cytotoxic potential. 

Specifically, the thesis shows: 

Chapter II 

• The U6 and 7SK promoters express more potent anti-HIV shRNAs than the H1 promoter 

due to a higher transcriptional activity. 

• Cytotoxicity is frequently elicited when shRNAs are expressed from the U6 and 7SK 

promoters  

• The U6 promoter is more accurate than the H1 and 7SK promoter in using the +1 

transcriptional start site but this has no effect on guide strand identity as Dicer cleavage 

sites are measured from the first base pair of the duplex. 

• There exist inconsistencies between these results and similar investigations reported in the 

literature. We therefore recommend independently optimizing any other anti-HIV 

shRNAs. 

Chapter III 

• shRNA-mediated cytotoxicity is alleviated by replacing the loop sequences of shRNAs 

with large aptamers to generate aptamer-shRNA chimeras. 
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• Cells expressing aptamer-shRNA chimeras contain lower levels of shRNA guide strands 

compared to when canonical shRNAs are expressed. 

• Current data suggests that replacing the loop sequences of shRNAs with large aptamers 

may compromise the efficiency of shRNA processing, causing an alleviation of 

cytotoxicity. 

Chapter IV 

• Selecting anti-HIV shRNAs previously reported in the literature based on viral target site 

conservation allows for the identification of highly potent shRNAs. 

• The nucleotide identity of anti-HIV shRNAs is also a determinant towards cytotoxic 

potential as one shRNA was not cytotoxic when expressed from the U6 and 7SK promoters. 

• Aptamer-shRNA chimeras are less potent as antivirals compared to canonical shRNAs but 

their lack of cytotoxicity makes them desirable as therapeutics. 

Manuscripts not included in this thesis for which the candidate made significant contributions 

before or during the course of his thesis work include: 

Goguen, R.P., Chen, M.J., Dunkley, O.R.S., Gatignol, A. & Scarborough, R.J. 2023. Gene therapy 

to cure HIV infection. Virologie, In press. 

Goguen, R.P., Gatignol, A. & Scarborough, R.J. Cloning and Detection of Aptamer-Ribozyme 

Conjugations. 2021. Methods Mol Biol 2167, 253-267. 

Scarborough, R.J., Goguen, R.P. & Gatignol, A. 2019. A second patient cured of HIV infection: 

hopes and limitations. Virologie (Montrouge) 23, 1-4. 
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Del Corpo, O., et al. A U1i RNA that Enhances HIV-1 RNA Splicing with an Elongated 

Recognition Domain Is an Optimal Candidate for Combination HIV-1 Gene Therapy. 2019. Mol 

Ther Nucleic Acids 18, 815-830. 
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1.1 History of HIV/AIDS 

1.1.1 Lentivirus family and the emergence of HIV 

Lentiviruses constitute a genus of retroviridae and the molecular hallmark of their infection 

is their ability to integrate viral complementary DNA (cDNA) into the chromosome of the host 

cell. The retroviridae family is divided into the orthoretroviridae and spumaretrovirinae 

subfamilies, and these subfamilies are in turn divided into seven genera1. Lentivirus is a genus of 

the orthoretrovirinae subfamily, along with alpharetrovirus, betaretrovirus, gammaretrovirus, 

deltaretrovirus and epsilonretrovirus. These pathogens have existed for millions of years and have 

contributed to shaping the evolution of humans and many other vertebrates. For example, genetic 

analyses show that the placental barrier evolved through co-opting of ancient retroviral envelope 

genes2. As much as 8% of the human genome consists of ancient retroviruses generated from 

integration events within germline cells3. Whereas five genera of the orthoretrovirinae subfamily 

are potentially oncogenic, lentiviruses are not oncogenic but can cause serious chronic diseases in 

their hosts. Of contemporary interest is the human immunodeficiency virus (HIV) which was 

identified as the lentivirus causing acquired immunodeficiency syndrome (AIDS)4.  

 Lentiviruses can be further classified based on their natural host. Simian immunodeficiency 

viruses (SIVs) consist of a group of species that infect African non-human primates. Both HIV-1 

and HIV-2 arose from cross-species transmission of SIVs. The ancestry of HIV-1 has been tracked 

to an SIV found in chimpanzees (SIVcpz)5. The jump into the human population occurred from four 

independent cross-species infection events which resulted in the HIV-1 groups M-P6 (Figure 1.1). 

Groups M and N arose from two distinct direct jumps of SIVcpz to humans while groups O and P 

crossed the interspecies barrier to gorillas (SIVgor) before jumping to humans7 (Figure 1.1). 

Although each of the four groups can lead to the development of AIDS, group M is the principal 
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cause of the current AIDS pandemic8. Groups N and P consist of a few cases isolated in Cameroon 

while group O is also present in other West African countries7. In the case of HIV-2, it originated 

from an SIV ancestor within sooty mangabey monkeys (SIVsmm)9 (Figure 1.1). Two successful 

zoonotic events led to the occurrence of HIV-2 A and B found in West Africa, which can cause 

AIDS and are transmissible, while other cross-species infections have led to non-transmissible 

dead-end infections10.

 

Figure 1.1 Evolution of HIV-1 & HIV-2. HIV-1 arose from four different interspecies infection 
events origination from SIVcpz or SIVgor, while HIV-2 emerged from cross-species infections 
originating from SIVsmm. 
Figure 1.1 Evolution of HIV-1 & HIV-2 
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1.1.2 HIV pandemic origins 

Viral pathogens have plagued humankind throughout history. Many of these have led to 

pandemics, which are defined as diseases that have spread on an international scale with multiple 

countries or continents being affected. Notable viruses that have led to a significant burden of 

disease include smallpox, various influenza viruses, which includes the H1N1 strain of 1918 

known as the “Spanish flu”, and severe acute respiratory syndrome coronavirus 2 (SARS-COV-2) 

responsible for the currently ongoing Coronavirus Disease 2019 (COVID-19) pandemic. Various 

other large viral outbreaks such as the 2013-2016 West African Ebola virus epidemic have 

threatened to become widespread, but their transmission was controlled through public health 

interventions. Other isolated outbreaks of Ebola virus have since occurred across central Africa, 

prompting further public health interventions to limit their spread. The 2009 H1N1 flu pandemic 

had largely spread around the world, but the mortality rate was limited and is now considered as 

an endemic seasonal flu. The 2013-16 Zika virus pandemic has reached all tropical countries, had 

consequences for new-born babies from infected mothers, but has currently waned. The HIV/AIDS 

global pandemic is the longest lasting pandemic, with a duration of over 40 years since the first 

documentation of AIDS in 198111. With no end in sight to the HIV/AIDS pandemic, it is important 

to recognize the clinical progress that has been made since the virus was discovered and the areas 

of study that are still needed to end this pandemic.  

The interspecies jump of HIV-1 group M into the human population likely occurred in 

Kinshasa around 1920 where it circulated within brothels among railway and sex workers12. Signs 

of HIV-1 circulating among the population was only noticed in the 1980s when physicians in the 

United States were documenting clusters of mysterious illnesses that progressed to immune system 

deficiencies within homosexual men11,13. The disease was initially named the “gay plague” and 



 31 

negative views of the homosexual community discouraged funding and research from being 

allocated towards discovering the cause of the disease. Identification of the causative agent of 

AIDS was initially made in 1983 by scientists in Dr. Luc Montagnier’s lab, where a new retrovirus 

was isolated from the lymph nodes of patients affected by an immune disorder and was named 

lymphadenopathy associated virus (LAV)14. The same year, Dr. Robert Gallo’s lab considered the 

virus causing AIDS to be similar to the previously identified Human T-cell Leukemia virus 

(HTLV) and called it as HTLV-III15 , but a year later, his group recognized HTLV-III as a different 

virus causing AIDS, but kept the initial name16. Similar retroviruses were also independently 

isolated in 1984 by Dr. Jay Levy’s lab and named AIDS associated retroviruses (ARV)17. After 

long argumentations, the final name of the retrovirus was decided in 1986 to be HIV by the 

International Committee on the Taxonomy of Viruses4. 

1.1.3 Current state of the HIV-1 pandemic and efforts to limit spread 

The HIV/AIDS global pandemic, mainly caused by HIV-1, has resulted in an estimated 79.3 

million infected individuals and 38.4 million people were estimated to be living with HIV as of 

202118. Only 85% of PLWH knew their HIV status in 2021, which serves as a significant factor to 

the 1.5 million new infections occurring annually. The global distribution of HIV is not 

homogenous, Eastern and Southern Africa have the highest number of PLWH which accounts for 

over 50% of the global HIV infections18. The primary contributors towards the high incidence of 

HIV in these areas include migration patterns and the lack of appropriate medical 

infrastructure19,20. The HIV/AIDS pandemic also disproportionately affects certain ethnicities 

which have unequal access to health care and often live in poverty. For example, black women in 

the U.S. are disproportionally affected by HIV-1 where gendered power imbalances as well as 

economic disadvantages are strong social determinants affecting the pandemic in this population21. 
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Access to HIV care has also been affected by the COVID-19 pandemic as public transportation 

has been restricted and financial hardships are common. These challenges have led to treatment 

interruption in some individuals22,23. Although protocols to mail antiretroviral drugs have been 

developed in certain countries, this can lead to unwanted exposure of HIV status where some 

individuals conceal their status for fear of stigmatization from family members24. 

While current combination antiretroviral therapy (cART) can decrease viremia to undetectable 

levels in infected individuals, only 75% of PLWH had access to such treatment in 2021. Public 

health efforts to control the virus with current therapies focus on increasing the proportion of 

infected individuals who know of their HIV positive status as well as increasing the proportion of 

people who can access cART. The goal is to implement a 90-90-90 plan (90% HIV diagnosed, 

90% on therapy and 90% suppressed) where annual new infections would decrease sufficiently for 

the pandemic to die out over time and would prevent illness, death as well as health care cost25. A 

new obstacle in reaching the 90-90-90 goal has arisen from the COVID-19 pandemic, where 

lockdowns have disrupted HIV testing and caused a decline in diagnoses26. Although 90-90-90 is 

an important goal to reach given the current therapies that we have available, the development of 

innovative treatment strategies are desperately needed to offer a cure for HIV. Such cure strategies 

that have been suggested by scientists include “shock and kill”, “block and lock”, immune 

therapies, as well as gene therapy27,28. 

1.2 Human immunodeficiency virus 

1.2.1 HIV-1 genome and viral proteins 

The genome of HIV-1 consists of a full-length 9-10 kb positive-strand RNA molecule, with 

a single virion containing two copies of this positive sense ssRNA genome. The genome includes 

various regulatory elements such as the long terminal repeats (LTRs), the trans-activating response 
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element (TAR) and the rev response element (RRE)29. Multiple genes are present in the HIV-1 

genome which are expressed from the full-length or alternatively spliced genomic RNA to produce 

envelope, structural, enzymatic, accessory and regulatory proteins. The structural and enzymatic 

proteins come from the Gag and Gag-Pol polyproteins, which are alternatively translated from the 

full-length RNA by a ribosomal frameshift. The occurrence of a ribosomal frameshift during 

translation of Gag leads to the readthrough of a stop codon to generate the Gag-Pol polyprotein. 

The Gag polyprotein includes the matrix (MA), capsid (CA) and nucleocapsid (NC) proteins, 

which are generated after viral protease (PR) cleavage30. The Gag-Pol polyprotein includes the 

aforementioned proteins as well as the viral enzymes PR, reverse transcriptase (RT) and integrase 

(IN) (Figure 1.2A). The envelope glycoprotein 160 (gp160) is generated by the env gene and is 

processed by host cellular protease furin into transmembrane (gp41) and surface (gp120) 

subunits31. Additional regulatory and accessory proteins assist in viral replication such as the trans-

activator of transcription (Tat), the regulator of expression of virion proteins (Rev), viral protein 

R (Vpr), viral protein U (Vpu), viral infectivity factor (Vif) and the negative regulatory factor 

(Nef)32 (Figure 1.2A). 

Mature HIV-1 particles possess an outer envelope acquired through budding from host cell 

membrane which is lined by an inner viral MA shell33 (Figure 1.2B). Envelope proteins are present 

in the viral membrane as trimers to allow for entry into host cell where gp120 interacts with surface 

cell receptors and gp41 is responsible for membrane fusion29. The viral core lies within the viral 

membrane and is formed from the assembly of capsid molecules, which in turn contains NC coated 

viral genomic RNA as well as the viral proteins RT, IN, Vif and Vpr34 (Figure 1.2B). The functions 

of each viral protein is expanded upon in Table 1.1. 
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Figure 1.2 Structure of HIV-1 virion and viral genome. A) Alternative splicing of viral 
transcripts as well as various open reading frames produce a total of 16 viral proteins. B) The viral 
envelope is made up of a cell membrane acquired during budding with the gp120-gp41 trimer 
anchored within. MA coats the inner surface of the membrane which encapsulates the viral core. 
The viral core is made up of CA which protects the two strands of viral RNA bound by NC. The 
viral proteins PR, IN, RT, Vpr and Vif are also present within mature virions. Adapted from 
Scarborough R.J, 201535. 
Figure 1.2 Structure of HIV-1 virion and viral genome  
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Table 1.1 Function of viral proteins. 
Table 1.1 Function of viral proteins
Viral protein Role in replication step  Protein function 
Matrix (MA) Assembly and budding Targets Gag to the plasma 

membrane for virion assembly 
Capsid (CA) Assembly Forms the virion core 
Nucleocapsid (NC) Assembly and reverse 

transcription 
Coats and stabilizes the viral 
RNA genome, acts as a 
chaperone during RT 

P6 Budding Promotes budding by 
interacting with the ESCRT 
machinery 

Protease (PR) Maturation Proteolytically cleaves the 
Gag and Gag-Pol polyproteins 

Reverse Transcriptase (RT) Reverse transcription Converts viral RNA into 
cDNA 

Integrase (IN) Integration Inserts viral cDNA into host 
chromosome 

Vif Reverse transcription Inhibits the deamination of 
cytidine to uridine function of 
host APOBEC3G 

Vpr Integration and viral enhancer 
of infectivity 

Assists in the nuclear entry of 
viral cDNA and maintains the 
cell at the G2/M phase 

Tat Viral transcription Greatly enhances the rate of 
proviral transcription 

Rev Export of viral transcripts Exports unspliced and 
incompletely spliced viral 
transcripts from nucleus to 
cytoplasm 

Vpu Budding Induces degradation of 
cellular CD4 and tetherin 

Gp120 Entry Binds to the CD4 primary 
receptor and CCR5 or CXCR4 
secondary receptor of target 
cells 

Gp41 Entry Mediates fusion of viral & 
cellular membrane 

Nef Viral enhancer of infectivity Downregulates cell surface 
CD4 & MHC-I, promotes cell 
activation, counteracts host 
restriction factors 
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1.2.2 Overview of the HIV-1 replication cycle 

HIV-1 predominantly infects surface cluster of differentiation 4 (CD4)+ T lymphocytes 

(CD4+ T cells) and macrophages but also dendritic cells36. The replication cycle is centralized 

around the ability of the virus to integrate cDNA into cellular chromosomes. Entry begins with 

interaction between gp120 and the CD4 receptor present on a cell followed by subsequent binding 

to a coreceptor, typically C-C chemokine receptor type 5 (CCR5) or C-X-C chemokine receptor 

type 4 (CXCR4). Once the virus has entered the host cell, the viral core will migrate towards the 

nucleus while reverse transcription and uncoating begin which will result in dsDNA from the viral 

RNA and the formation of the preintegration complex (PIC) (Figure 1.3). Once the viral core has 

localized within the nucleus, reverse transcription and uncoating steps are finalized to release the 

completed viral dsDNA. This cDNA is then processed by viral IN for integration within the host 

chromosomal DNA to generate the provirus29. Integrated provirus will subsequently begin viral 

transcription which is largely enhanced by the action of Tat (Figure 1.3). The full length 9-10 kb 

RNA is synthesized and various different transcripts can be generated from this full length RNA 

by alternative splicing37. The multiple open reading frames (ORFs) of these viral transcripts will 

then be translated into viral proteins necessary for replication, assembly and budding or will be 

packaged into newly formed viral particles. Viral particles containing the RNA genome will bud 

from the host cell to acquire an outer envelope and will mature through internal cleavage of 

polyproteins by viral PR. 
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Figure 1.3 HIV-1 replication cycle. HIV-1 enters lymphocytes through its attachment to CD4 
and to CCR5 or CXCR4. The viral genomic RNA is reverse transcribed into cDNA within the core 
that will form the PIC, which migrates to the nucleus. Inside the nucleus the IN will mediate the 
integration of the HIV-1 cDNA into the host chromosome to form a provirus. Proviral transcription 
and translation generates the various proteins needed for virion assembly which buds from the host 
cell membrane. Adapted from Arhel, N.J., 202038. 
Figure 1.3 HIV-1 replication cycle 

1.2.2.1 Virus binding and entry 

Viral entry into CD4+ T cells, macrophages and dendritic cells begins with nonspecific 

attachment of the virus to an encountered cell. This initial virus-cell attachment is mediated by 

gp120 interactions with surface molecules such as proteoglycans or integrins and facilitates the 

subsequent gp120-CD4 interaction by reducing the proximity between the two molecules39,40. 

HIV-1 entry is dependent upon binding of viral envelope proteins to the CD4 receptor and CCR5 
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or CXCR4 co-receptor. Once the initial interaction of gp120 and CD4 takes place, conformational 

changes occur within gp120 which lead to stronger contact with CD4 along with binding to the 

CCR5 or CXCR4 coreceptor40. Coreceptor preference is dependent upon the stage of HIV-1 

infection, where CCR5 is primarily used during acute infection but CXCR4 becomes more utilized 

as the infection progresses41. Binding of gp120 to a coreceptor elicits a conformational change in 

gp41 to expose a fusion peptide which inserts into the host cell membrane. This event brings the 

amino-terminus of gp41 close to the cell membrane while the carboxy-terminus remains close to 

the viral membrane39. The action of bringing together the two membranes then forces the formation 

of a fusion pore through which the viral core can enter the host cell. Following entry, uncoating of 

the viral core was classically thought to occur in the cytoplasm either at the start or the completion 

of reverse transcription34. However, recent evidence suggests that the conversion of viral RNA to 

cDNA is initiated inside an intact viral core within the cytoplasm, where reverse transcription and 

uncoating steps are finalized in the nucleus following nuclear import38,42.  

1.2.2.2 HIV-1 reverse transcription 

The HIV-1 RT is responsible for reverse transcription of viral RNA into cDNA, a complex 

process involving multiple steps. RT consists of a heterodimer composed of two subunits, known 

as p66 and p5143. Both subunits are generated by proteolytic cleavage of Gag-Pol polyprotein by 

viral PR. Maturation of viral RT involves the transition from a homodimer to a heterodimer protein 

through folding rearrangements which cause one subunit to be proteolytically labile44. While both 

subunits include a polymerase domain, p66 also contains an RNase H domain which cleaves RNA 

that is part of an RNA/DNA duplex45.  

Reverse transcription begins through the formation of the reverse transcription complex 

(RTC) within the viral core and continues during and after uncoating of the viral core42. This 
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complex is made up of the viral RNA genome as well as the viral proteins RT, NC, IN, CA and 

Vpr46. Reverse transcription in the case of HIV-1 is primed by cell-derived transfer RNA lysine 3 

(tRNAlys3), which is captured within the viral particles during budding47. This tRNA is 

complementary and binds to the primer binding site (PBS) located at the 5’ end of the viral RNA. 

This binding leads to the synthesis of a short 100-150 base DNA fragment which includes the R 

and U5 region of the 5’ LTR. The 5’ end of the viral genome that was used as template is then 

degraded by the RNase-H domain of RT43. The R region present within the formed DNA fragment 

allows for the first strand transfer to occur where it relocates to the 3’ end of the viral RNA to bind 

to the complementary R region present there47. The DNA fragment then primes further DNA 

synthesis from its 3’ end where the remaining viral genome is used as template. Simultaneously, 

the RNase H domain of RT digests this template RNA strand which results in a single negative 

strand DNA molecule. However, there are two critical GC rich areas where degradation of the 

template does not occur and these act as primers for synthesis of the secondary positive DNA 

strand. These areas that resists RNase H degradation are known as the polypurine tracts (PPT) and 

are located at the center as well as the 3’ end of the viral RNA genome47. Synthesis of the positive 

DNA strand begins from the 3’ ends of both the central and 3’ PPT. The DNA fragment generated 

at the 3’ PPT includes the U3, R, U5 and PBS sequences. The PBS sequence present within this 

positive DNA fragment synthesized at the 3’ PPT allows for a second strand transfer to occur 

where it relocates to the 5’ end of the negative DNA strand to anneal through the complementary 

PBS sequence present there. From this point, synthesis of the positive DNA strand continues at 

the 3’ end of the PBS and goes through the central PPT to displace the 5’ end of the positive DNA 

fragment generated at the central PPT which produces a DNA flap of approximately 100 

nucleotides48,49. The overall resulting product of reverse transcription is thus a continuous minus 
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DNA strand and a discontinuous plus DNA strand containing a flap at the center. The flap is 

eventually removed, and the plus DNA strand is made continuous prior to integration by cellular 

enzymes. 

1.2.2.3 HIV-1 integration 

Once reverse transcription is complete, the resulting viral cDNA associated to the elements 

of the RTC will form the PIC. Like RT, IN is encoded within the pol gene and is generated by 

proteolytic cleavage of Gag-Pol polyprotein by viral PR50. Once the PIC has been localized to the 

nuclear membrane, transport across this membrane must occur for the viral cDNA to be delivered 

into the nucleus. Nuclear membrane transport has been shown to be dependent on interactions 

between viral elements present in the PIC and host molecules present on the nuclear surface such 

as importin 7 (Imp7), the importin α/importin β heterodimer and transportin SR2 (TRN-SR2)51-53. 

The viral proteins MA, Vpr, IN and CA as well as the central flap present within the viral cDNA 

are all elements that contribute to ensuring the PIC is translocated across the nucleus54,55. 

 After nuclear translocation, two nucleotides from the 3’ ends of each DNA strand of the 

viral cDNA are removed by IN, creating reactive hydroxyl groups which can mediate nucleophilic 

attacks on both strands of host DNA. The 5’ phosphate ends resulting from the nucleophilic attack 

are then covalently joined to the ends of the viral cDNA56. As the two sites of joining are separated 

by 5 nucleotides, there is a resulting 5 base pair duplication on each side of the integrated provirus 

following repair by the cellular DNA repair machinery57. The lens-epithelium-derived growth 

factor (LEDGF) is critical in binding IN to the host chromatin58. LEDGF is also implicated in 

targeting the integration site of the viral cDNA towards active transcriptional units. Targeting of 

active transcriptional units by LEDGF is mediated by recognition of highly spliced regions of the 

host genome59. 
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1.2.2.4 Transcription and posttranscriptional control 

Integration of the provirus into transcriptionally active regions of host chromatin is 

important to ensure that initial viral transcription occurs. Proviral transcription is driven by features 

of the 5’ LTR such as the RNA polymerase (Pol) II promoter, transcription factor binding sites 

and enhancer segments. These elements are located within the U3 region of the LTR. Notable 

constituents of the 5’ LTR that facilitate transcription are nuclear factor kappa B (NF-κB) binding 

sites, the TATA box and SP1 binding sites located within the promoter region60-62. Although these 

features stimulate the initial synthesis of transcripts, efficient rates of viral transcription requires 

interaction between the TAR element, synthesized from the 5’ end of the R region, and the viral 

protein Tat63. Early viral transcripts undergo double cellular splicing and contain the genes coding 

for Rev, Nef and Tat64. Tat and Rev both contribute to increasing the number of viral transcripts 

in the cytoplasm required for replication.  

The mechanism of transcription elongation by Tat is critical, as in the absence of Tat the 

RNA Pol II stalls at the 5’ end of the viral transcript. For efficient function, Tat requires the 

recruitment of cellular factors in the pre-initiation complex around the TATA box and a super 

elongation complex to pursue transcription elongation65-67. Binding of Tat to the TAR RNA motif, 

an RNA hairpin present at the 5’ end of all viral transcripts, leads to recruitment of the positive 

transcription elongation factor b (P-TEFb) taken away from the 7SK small nuclear RNA (snRNA) 

complex where it is normally stored in the cell68-70. Tat binds to P-TEFb composed of cyclin T1 

(CycT1) and cyclin-dependent kinase 9 (CDK9), where Tat is bound directly to CycT1 but not to 

CDK969,71. Transcription elongation by P-TEFb occurs by mediating the recruitment of 

transcription factors towards the promoter to form the super elongation complex. Following this, 

the RNA Pol II is hyperphosphorylated by CDK9 to activate elongation and greatly increases the 
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rate of transcription68,72. This process establishes a positive feedback loop as the 

hyperphosphorylation of RNA Pol II leads to an increase in Tat being produced which in turn can 

further recruit P-TEFb and leads to even higher rates of transcription. 

Viral transcription will lead to full-length genomic viral RNA that will either remain 

unspliced or will give rise to alternatively spliced RNA species73. In the early phase of viral 

replication, most of the genomic RNA is doubly spliced and exported from the nucleus to the 

cytoplasm, where it is translated into Tat, Rev and Nef. Tat and Rev proteins go to the nucleus due 

to their nuclear localization signal. While Tat increases transcription, Rev will mediate the nuclear 

export of unspliced and singly spliced HIV-1 RNA. Indeed, although the cellular RNA export 

machinery is used to export completely spliced viral RNA, the incompletely and unspliced RNA 

cannot use this pathway to reach the cytoplasm. The viral protein Rev binds to the RRE RNA 

present within the env gene of unspliced and incompletely spliced RNAs and is able to bring the 

RNA species out of the nucleus through its nuclear export signal74. Rev dependent nuclear export 

occurs through numerous interactions with cellular export molecules such as upframeshift protein 

1 (UPF1), chromosomal maintenance 1 (CRM1), DEAD-box helicase 3 (DDX3) and p6275,76. 

During the late phase of viral replication, the unspliced RNA can be used for packaging to form 

new virions or can be translated into Gag and Gag-Pol polyproteins while the singly spliced viral 

transcripts code for Vif, Vpr, Vpu and Env77.  

1.2.2.5 Virus assembly, release and maturation 

Unspliced RNA destined to be packaged as genomic viral RNA or for translation into Gag 

and Gag-Pol is essential to form new virions. Gag and Gag-Pol polyproteins contain the structural 

components necessary for virus assembly. The composition of Gag includes MA, CA, NC, P6 

along with the spacer peptides SP1 and SP231. Synthesis of Gag-Pol instead of Gag occurs through 
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ribosomal frameshifting at the 3’ end of the gag gene which results in readthrough of the gag stop 

codon78. The organization of the Gag and Gag-Pol polyproteins is such that the N terminals contain 

the MA domain, which is responsible for recruiting the polyproteins to the cell membrane. In the 

Gag polyprotein the NC domain, present at the C terminal, binds to the psi (Ψ) packaging signal 

located in the 5’ UTR of unspliced genomic viral RNA to ensure dimerization and packaging of 

the viral RNA in budding particles. The Ψ packaging signal is made up of four stem-loop structures 

(SL1-SL4) and the dimerization initiation site (DIS) present within SL1 is critical for the 

dimerization process79. Zinc finger motifs in NC possess binding specificity for the genomic viral 

RNA. The tRNALys3 used to prime reverse transcription is also captured during this dimerization 

event. Viral CA proteins assemble to form capsids that protect the HIV-1 core through interactions 

with cyclophilin A and transitions from an immature spherical shape to a mature conical capsid80. 

Another important viral component to form a complete viral particle is the envelope protein 

encoded by the env gene. This gene codes for the protein gp160 which is glycosylated by host 

Golgi apparatus and eventually cleaved by cellular protease Furin into gp120 and gp4181. The 

gp120-gp41 product becomes localized to the cell membrane through its trafficking of the 

secretory pathway where it is recruited by the MA domain of Gag to be incorporated into the lipid 

bilayer as a heterotrimer gp120-gp41, forming a complete viral envelope protein82.  

Budding from the host plasma membrane occurs by the virus co-opting elements of the 

endosomal sorting complexes required for transport (ESCRT) machinery. The P6 domain of Gag 

is critical for this process as it recruits various cellular elements of the ESCRT machinery83. Once 

an immature virion buds from the host cell membrane, viral PR mediates maturation by proteolytic 

cleavage of the Gag and Gag-Pol polyproteins. PR consists of a homodimer and it auto-catalyzes 

its own release from two Gag-Pol polyproteins84. It then goes on to act on specific protease 
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cleavage sites present between each domain of Gag and Gag-Pol to release each individual protein 

present within the polyproteins. 

1.2.3 HIV accessory proteins 

The HIV proteins Vif, Vpr, Vpu and Nef consist of a group of viral proteins which do not 

possess enzymatic activities but are indispensable for viral replication by either counteracting host 

restriction factors or downregulating specific cell surface receptors85. The viral protein Vif is 

necessary to induce ubiquitination of the cellular restriction factor Apolipoprotein B mRNA-

editing enzyme catalytic polypeptide like 3G (APOBEC3G) to cause its proteosomal 

degradation86. APOBEC3G restricts viral replication by being packaged into nascent viral particles 

where it induces hypermutations in the viral cDNA during reverse transcription in a newly infected 

cell by deamination of cytosine residues which results in uracil residues87. The expression of Vif 

is therefore an evolutionary response to counteract the actions of APOBEC3G. Vpr is a 

multifunctional protein whose complete role in viral infection is not fully understood, but various 

functions have been attributed to this protein. These include acting as regulator of reverse 

transcription and nuclear import88, promoting the degradation of APOBEC3G89, repressing the 

actions of an unidentified macrophage restriction factor90, as well as serving as an adaptor of 

various cellular proteins91. Regardless of its overall role, Vpr has been shown to be necessary for 

viral fitness as defects in the protein negatively affect disease progression85. The accessory protein 

Vpu is unique to HIV-1 and counteracts the host restriction factor known as tetherin which is 

present in the cell plasma membrane where it blocks virus release87. Binding of Vpu to the 

transmembrane domain of tetherin leads to proteosomal degradation of the restriction factor92. It 

is important to note that while Vpu is only found in HIV-1, HIV-2 Env protein can also counteract 

host tetherin93. Another important function of HIV-1 Vpu is the downregulation of the cell surface 
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molecules CD4 and intercellular adhesion molecule 1 (ICAM-1) by ubiquitin-mediated proteolysis 

which aids in the evasion of the immune response87. While Vpu is present in HIV-1, but not HIV-

2, Vpx is an accessory protein unique to HIV-2. This protein counteracts the cellular restriction 

factor sterile alpha motif and HD domain 1 (SAMHD1) found in non-dividing myeloid cells94. 

This restriction factor possesses exonuclease activity to restrict viral replication by cleaving the 

viral RNA genome as well as being able to reduce dNTP pool concentrations95,96. As with other 

accessory proteins, HIV-2 Vpx causes the ubiquitination of the restriction factor target which leads 

to proteasomal degradation97. Nef is yet another multifunctional accessory protein which promotes 

HIV infection through actions that include down-regulation of cell-surface CD4 and major 

histocompatibility complex class I (MHC-I) molecules98,99, as well as inhibiting the incorporation 

of serine incorporator 3 & 5 (SERINC3 & SERINC5) into new virions100. 

1.3 Clinical aspects of HIV-1 infection 

1.3.1 Acute infection with the HIV-1 founder virus and progression to AIDS 

The most common routes of HIV-1 transmission are by intravenous injection, mostly by 

drug users, and by sexual intercourse, but vertical transmission can occur during labor or from 

breastfeeding101. While the transmission probability for heterosexual coital acts is extremely low, 

heterosexual transmission is the largest contributor to new HIV-1 infections. Transmission rates 

for all routes are variable based on factors such as the presence of genital ulcers, male circumcision 

and high viral loads during specific stages of HIV-1 infection101. Noticeably, viral load can be 

effectively decreased by administration of ART, which renders the risk of HIV-1 transmission 

close to zero if the viral load is suppressed to undetectable levels102-104. Consequently, 

administration of both pre-exposure prophylaxis (PrEP) and post-exposure prophylaxis (PEP) have 

proven to be highly effective methods to prevent HIV-1 infection105,106.  
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HIV-1 transmission consists of a bottleneck where most of the diverse viral population 

present within the blood of an infected individual cannot go on to infect another individual at the 

transmission site. This bottleneck occurs in the presence of multiple selection pressures which 

cause only specific HIV-1 strains, called founder viruses, to be fit in establishing a primary 

infection107. Selection pressures are present in the transmitter as well as the recipient and include 

physical barriers at the mucosa of infection sites, the interferon (IFN) response from the innate 

immune system, and neutralizing antibodies present in the transmission fluid108,109. Positive 

selection pressures also exist where the recruitment of dendritic cells at the infection site aids in 

the establishment of infection as these cells facilitate viral transmission to T cells110. These 

pressures lead to the selection of founder viruses which are highly efficient in crossing mucosal 

barriers by being resistant to the host IFN response. Founder viruses also contain a high level of 

envelope protein incorporated in their membrane, they possess capabilities for antibody 

neutralization and their main tropism is for the CCR5 coreceptor107,108.  

Regardless of the site of transmission, surveilling CD4+ T cells are initially infected with 

the assistance of local dendritic cells111. The virus is then transported to nearby lymph nodes as 

well as to gut-associated lymphoid tissues (GALT) where the abundance of CD4+ T cells present 

at these anatomical locations leads to systemic infection112. Migration of the virus to these regions 

causes robust killing and depletion of CD4+ T cells along with a rapid expansion of HIV-1 which 

can often cause flu-like symptoms in individuals during this early stage of the infection. The first 

7 to 21 days are known as the eclipse phase where the virus cannot be detected in the plasma. 

Initial detection of virus is only possible by nucleic acid amplification methods as other assays to 

detect viral load require higher concentrations of HIV-1 RNA112. After the eclipse phase, there is 

a sharp rise in plasma levels of viral RNA which coincides with a sharp decrease in plasma levels 
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of circulating CD4+ T cells113. The final defining feature of the acute infection is the appearance 

of antibodies and amplification of antiviral CD8+ T cells which concurs with a decline in the peak 

of viremia114. Despite the ability of CD8+ T cells to be able to kill infected CD4+ T cells and 

suppress viral replication, CD4+ T cell counts will gradually decline while viremia will increase to 

ultimately cause the development of AIDS in the absence of treatment. 

Clinical manifestations in the first 2-4 weeks of HIV-1 infection are initially nonspecific 

and mild. Common symptoms during acute infection are fever, weight loss, headache, 

lymphadenopathy, fatigue, pharyngitis, rash and myalgia as well as arthralgia115. Skin conditions 

including seborrheic dermatitis and folliculitis are exceedingly common as an initial symptom and 

can worsen during progression towards AIDS. These variable symptoms often disappear once the 

adaptative immune system is activated, although failure of the immune system to completely clear 

the virus will eventually end the asymptomatic stage. An increase in recurrent viral and bacterial 

infections are common when CD4+ T cell counts drop to 200-500 cells/μL. Individuals with CD4+ 

counts of 50-200 cells/μL are considered to have AIDS and are susceptible to opportunistic 

infections as well as to the development of various cancers which eventually leads to death115,116. 

It is worth noting that some individuals remain asymptomatic for a considerable portion of 

their lives after acute HIV-1 infection. These individuals are known as long-term nonprogressors 

(LTNPs) and do not require administration of cART to maintain high CD4+ counts. While rare, 

estimates on the rates of occurrence of LTNPs is difficult to establish as there is no standardized 

definition of LTNPs as well as it being possible to lose one’s LTNP status117. On the other hand, 

a subset of LTNPs known as elite controllers present a greater viral control in the absence of 

treatment where viral loads often remain at undetectable levels. Such individuals are extremely 

rare with one study identifying a total of 0.55% elite controllers from a sample size of 4586 
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individuals118. Some elite controllers have achieved such strong viral control that their viral 

reservoirs are transcriptionally silent and contain no intact functional virus, demonstrating a natural 

cure in these cases119,120. Unfortunately, not all elite controllers are protected against clinical 

progression. A minority of these individuals have been found to progress to AIDS with extremely 

low CD4 cell counts even though viremia was maintained at extremely low levels117. 

1.3.2 Establishment of latency and the viral reservoir 

The hallmark process of integration of viral cDNA during HIV-1 infection can lead to 

latently infected cells which harbor integrated virus possessing extremely low rates of 

transcription. It is the inability of the immune system to completely clear the virus over the course 

of the infection which allows for the establishment of these latent viruses which form the viral 

reservoir. The consequence is such that undetectable levels of viremia either by strong 

immunological control or effective cART treatment will not be maintained if the immune system 

collapses or treatment is interrupted. Activated CD4+ T cells produce infectious HIV-1 particles 

whereas resting CD4+ T cells harbor the transcriptionally silent integrated provirus121. Since 

infection of resting CD4+ T cells is generally inefficient and does not result in integration of viral 

cDNA, latently infected cells are likely the outcome of activated CD4+ T cells which become 

infected and then revert to a resting state122. The cellular reservoir of latent provirus includes naïve 

CD4+ T cells123, stem cell-like memory CD4+ T cells124, central memory CD4+ T cells125 and 

effector memory CD4+ T cells126, with central memory CD4+ T cells containing the majority of 

viral genomes125. As the cells that form the reservoir possess a half-life of approximately 44 

months, viral persistence is therefore a consequence of the maintenance of resting CD4+ T cells 

and the reservoir is not expected to be eliminated during the lifetime of an infected individual127. 

Additionally, recent evidence suggests that the reservoir is dynamic and is maintained by clonal 
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expansion of cells infected with provirus as identical proviral integration sites have been identified 

in different cells, a result of genomic duplication during mitosis from cellular proliferation128. This 

maintenance of CD4+ T lymphocytes is driven either by integration near genes that control cell 

division129, by homeostatic proliferation from host cytokines130, or by antigenic stimulation from 

co-infections with other viruses such as cytomegalovirus and Epstein-Barr virus131. Studies have 

elucidated a potential link for preferential integration of provirus in genes that control cellular 

proliferation, such as BTB and CNC homolog 2 (BACH2), signal transducer and activator of 

transcription 5B (STAT5B) and myocardin-like 2 (MKL2), as well as within oncogenes, resulting 

in an upregulation of clonal expansion in these infected cells128,129,132. On the other hand, basal 

levels of homeostatic proliferation of resting CD4+ T cells are driven by interleukin 7 (IL-7) and 

this also plays a role towards the persistence of the viral reservoir130. Compared to the small 

contribution of homeostatic proliferation towards the expansion of latently infected cells, antigen 

stimulation of reservoir cells causes a massive proliferation of these activated cells. The antigenic 

specificity of latently infected CD4+ T cells has been shown to be made up of HIV-1 specific cells 

as well as other more common antigens derived from cytomegalovirus, Epstein-Barr virus and 

influenza virus131,133,134. 

Although CD4+ T cells are the primary targets of HIV-1 and make up the bulk of the viral 

reservoir, myeloid cells can also be infected by HIV-1 and contribute to the establishment of the 

reservoir135. This subset of the cellular reservoir becomes increasingly important during disease 

progression as CD4+ T cells are depleted and infected macrophages become the primary cell type 

comprising the reservoir136. However, as the depletion of CD4+ T cells does not typically occur in 

individuals taking cART, the relevance of myeloid cells towards the HIV-1 reservoir in this context 

is poorly understood. In cART-naïve HIV-1 positive individuals, macrophages quickly become 
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infected to contribute to the establishment of the viral reservoir and through these infected cells 

the virus infiltrates the central nervous system (CNS) where an anatomical reservoir is formed137. 

Maintenance of the infection within the brain has several consequences such as structural 

changes138 and neuronal injury139. The contribution of monocytes and macrophages towards HIV-

1 infection in HIV-1 positive individuals taking cART is unclear. Studies that seek to detect the 

presence of HIV-1 in these cells are often not able to detect integrated viral DNA in the monocytes 

and macrophages of all donor samples140,141. Overall, monocyte and macrophage reservoirs likely 

persist in some HIV-1 positive individuals taking cART and differences in their relevance towards 

global infection may be influenced by treatment effectiveness135. 

The establishment of viral reservoirs is multifactorial, where factors that impede viral 

transcription such as nucleosomal structure, epigenetic events within the HIV-1 promoter and 

specific transcriptional inhibitors encourage latency rather than a productive infection of a cell142. 

A particular threshold of transcription typically must be reached for complete viral replication to 

take place. This threshold is determined by the synthesis of Tat, where a sufficient basal 

transcription state leading to its synthesis causes recruitment of P-TEFb and an increase in the 

elongation efficiency of the initiated RNA polymerase during HIV transcription which is necessary 

to form new viral particles142. However, recent evidence has suggested that latency may be the 

result of a series of defects in transcription elongation, polyadenylation and multiple splicing rather 

than solely being a consequence of defects in transcription elongation143. Certain cellular factors 

have been found to promote latency in resting CD4+ T cells, such as the long non coding RNA 

(lncRNA) non-coding repressor of NFAT (NRON) which induces proteasomal degradation of 

Tat144 and B cell leukemia 11b (BCL11B) which represses the transactivation of Tat upon the viral 

LTR145. The viral integration site affects the basal transcription state as insertion of viral cDNA in 
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a repressive chromatin region will hinder transcription146,147. Interestingly, insertion of the provirus 

in either orientation relative to the host gene can impair transcription. In the case of identical 

orientations, the transcriptional machinery from neighboring genes can lead to steric hindrance 

and the removal of transcription factors from the HIV-1 promoter142. Conversely in the case of 

opposite orientations, collisions between the RNA Pol II mediating viral transcription and the 

transcription machinery of neighboring genes can occur during elongation which results in 

truncated transcripts from premature termination142. A failure to recruit sufficient NF-κB to the 

promoter can also lead to transcription rates not reaching the threshold needed for Tat synthesis. 

Specific levels of NF-κB needed to induce Tat expression is dependent on the genomic location of 

the provirus148. Post-translational modifications of histones as well as epigenetic modifications of 

both the surrounding chromatin and the proviral promoter contribute to maintaining latency since 

these events can decrease the accessibility of transcription factors due to chromatin 

condensation142. Deacetylation and methylation events of histones negatively affect transcription 

rates and are mediated by histone deacetylases (HDACs) and histone methyltransferases (HMTs), 

respectively149. Acetylation of lysine residues of histones weakens the electrostatic interactions 

between histones and DNA to make the chromatin more accessible while amino acid residues of 

histones which are methylated serve as attachment regions for chromatin remodeling agents142. 

Both of these processes have been shown to be tightly regulated within latently infected cells where 

histones are both hypoacetylated and hypermethylated150-152. DNA methylation consists of another 

factor which interferes with transcription and is mediated by DNA methyltransferases (DNMTs). 

Methylation is concentrated on CpG islands where transcription is impaired from steric hindrance 

which prevents the binding of transcription factors or by causing the eventual recruitment of 

chromatin remodeling agents142. As to the relevance of DNA methylation in the maintenance of 
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HIV-1 latency, two CpG islands flanking the transcriptional start site of the viral promoter have 

been found to be hypermethylated in latently infected cells and demethylation agents cause viral 

reactivation in these same cells153. 

1.3.3 Current antiretroviral strategies 

 Various antiretroviral drugs have been designed to inhibit HIV-1 replication by targeting 

specific steps of the viral replication cycle. The first antiretroviral drug approved to treat HIV-1 

infection was a nucleoside reverse transcriptase inhibitor (NRTI) called zidovudine (AZT). 

Although this drug was effective at inhibiting viral replication, it was also associated with 

unwanted side effects. AZT and other NRTIs function as chain terminators where they compete 

with other deoxynucleotide triphosphates (dNTPs) present within the cell for binding to the 

catalytic site of HIV-1 RT154. The next antiretroviral drugs to be developed were nonnucleoside 

reverse transcriptase inhibitors (NNRTI). NNRTIs can inhibit the action of HIV-1 RT by binding 

to sites other than the catalytic site155. While the two types of reverse transcriptase inhibitors could 

initially control viremia within infected individuals, this effect was not sustainable. It therefore 

became evident in the late 1990s that a combination of drugs was required to prevent 

resistance156,157. The development of an entirely new class of antiretrovirals known as protease 

inhibitors, which inhibit viral PR through binding to the active site formed from the two PR 

subunits and acting as uncleavable peptides155, was therefore used along with the previously 

developed NRTIs and NNRTIs. Combinations of these drugs were named highly active 

antiretroviral therapy (HAART) or cART and a few other drug classes have since been developed, 

such as fusion inhibitors, CCR5 antagonists, integrase inhibitors, post-attachment inhibitors and 

attachment inhibitors158. The most recent research efforts have led to the development of long-

acting antiretrovirals such as carbotegravir which can be administered bi-monthly and are thus 
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attractive treatment options to avoid pill fatigue from daily cART administration159. A list of 

antiretroviral drugs approved by the US Food and Drug Administration (FDA) to treat HIV-1 

infection is shown in Table 1.2. 

Modern cART regimens typically include three drugs consisting of two NRTIs along with 

either an IN inhibitor, an NNRTI or a PR inhibitor160. Despite the advancements made in HIV-1 

treatment, the modern era has seen a rise in resistant strains. This has led to the need to screen 

newly infected individuals for resistance markers by viral genotyping to ensure a personalized 

drug cocktail is administered to maintain low levels of viremia161. The emergence of resistance 

even in the presence of cART is a consequence of the high mutation rate of the virus. A substantial 

source of resistant HIV-1 strains occur in lower-income areas where viral genotyping and viral 

load monitoring is often unavailable, meaning that an infected individual will be unaware whether 

an escape mutant arises and a switch to a new antiretroviral combination will therefore never 

occur161. As we have learned through vaccine inequality during the COVID-19 pandemic, the 

emergence of novel viral strains is a global issue, as regardless of the geographical location in 

which they arise, these strains travel the globe to infect individuals indiscriminately of their socio-

economic background. 

Administration of effective cART to reach low levels of viremia is not only important to 

prevent an infected individual from progressing clinically to AIDS but is also paramount to avoid 

transmission. Studies have shown that undetectable levels of HIV-1 RNA in HIV-1 positive 

partners eliminate the risk for sexual transmission in heterosexual couples104,162. Data from these 

studies has pushed the narrative of undetectable equals untransmittable (U=U). While cART 

requires continuous administration of drugs, there exists a minority of individuals who do not show 

viral rebound after treatment interruption163. Post-treatment controllers typically begin cART at 
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extremely early stages of HIV-1 infection, and their ability to maintain viremia at low levels after 

cessation of therapy is thought to be due to poor establishment of the viral reservoir164,165. It is also 

possible to prevent HIV-1 infection through administration of PrEP or PEP to uninfected 

individuals engaging in behaviors that pose a risk of HIV-1 infection such as sharing injection 

equipment166. Typical PrEP regimens consist of oral antiretroviral drugs taken 2-24 hours prior to 

exposure followed by daily dosing for 2 days while PEP should be initiated immediately after 

exposure160. 

Table 1.2 List of antiretrovirals recommended to treat HIV-1 infection in the United States. 
Table 1.2 List of antiretrovirals recommended to treat HIV-1 infection in the United States
Drug Class Generic drug name FDA approval year 
NRTI Abacavir 1998 

Emtricitabine 2003 
Lamivudine 1995 
Tenofovir disoproxil fumerate 2001 
Zidovudine 1987 

NNRTI Doravirine 2018 
Efavirenz 1998 
Etravirine 2008 
Nevirapine  1996  
Nevirapine XR 2011 
Rilpivirine 2011 

Protease inhibitors Atazanavir 2003 
Darunavir 2006 
Fosamprenavir 2003 
Ritonavir 1996 
Saquinavir 1995 
Tipranavir 2005 

Fusion inhibitors Enfuvirtide 2003 
CCR5 antagonists Maraviroc 2007 
Integrase inhibitors Carbotegravir 2021 

Dolutegravir 2013 
Raltegravir 2007 
Raltegravir (ISENTRESS HD) 2017 

Post-attachment inhibitors Ibalizumab-uiyk 2018 
Attachment inhibitors Fostemsavir 2020 
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1.3.4 HIV-1 cure strategies 

While cART has been successful in increasing the lifespan and quality of life of PLWH, 

these drugs are not curative and require chronic administration as treatment interruption results in 

viral rebound from the HIV-1 reservoir. The principal barrier to achieving an HIV-1 cure is the 

presence of this reservoir as these viral sanctuaries are extremely effective at allowing evasion of 

the immune response or to therapies targeting the virus167. The removal of all traces of the virus, 

known as a sterilizing cure, is therefore extremely difficult to achieve due to this characteristic of 

the latent virus. However, long term remission of viremia in the absence of cART, known as a 

functional cure, allows for a control of HIV-1 infection to prevent disease progression without the 

need to eliminate the viral reservoir65. Natural functional cures have been documented in at least 

two instances where infected individuals were able to naturally suppress viral loads so successfully 

that although integrated proviral DNA could be detected, intact functional virus was absent119,120. 

Additionally, functional cures have been observed in post-treatment controllers who began cART 

extremely early in infection163,168,169, however this control of viral infection in the absence of cART 

has been shown to be lost in one case170. 

Curative strategies have been possible through hematopoietic stem cell (HSC) transplants 

from HIV-1 resistant donors. Such transplants have resulted in long-term viral remission without 

the need for daily medication, as well as the absence of detectable virus in bodily fluids or tissues. 

This procedure is only considered in HIV-1 positive individuals that are also suffering from 

hematological malignancies and involves an HSC transplant from HIV-1 resistant donors who 

possess a homozygous 32-bp deletion in the CCR5 gene (CCR5Δ32/Δ32)171. Mutations in this 

cellular gene impair viral entry since CCR5 is one of the coreceptors of HIV-1. This limitation on 

viral entry can confer immunity to HIV-1 positive patients receiving the transplant and the 
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CCR5Δ32/Δ32 mutation is not known to be associated with any negative consequences172,173. 

Successful remission of HIV-1 infection in the absence of cART resulting from an HSC transplant 

has occurred in three instances171,174,175. In the first case, Timothy Brown (also known as the 

“Berlin Patient”) received an HSC transplant from a CCR5Δ32/Δ32 donor in 2007, although a 

second transplant was needed because of a relapse in leukemia176. Interruption of cART occurred 

immediately after the transplant and virus was undetectable in his tissues or bodily fluids up until 

his death in September 2020 caused by a rebound in his leukemia. In the second case, Adam 

Castillejo (also known as the “London Patient”) received an HSC transplant from a resistant donor 

in 2016 and the virus has since been undetectable even while discontinuing cART 16 months after 

the transplant177. The “Düsseldorf patient” represents a third case of long-term viral remission 

from an HSC transplant that was confirmed recently175. This patient received an HSC transplant 

from a CCR5Δ32/Δ32 resistant donor in 2013 and viral rebound has not been detected since cART 

interruption in 2018, although traces of the viral reservoir could be detected by in depth analyses. 

Recently, it has been announced that a fourth instance of HIV-1 remission after HSC transplant 

from a CCR5Δ32/Δ32 resistant donor has occurred in the “City of Hope” patient178. An additional 

instance of an HIV-1 cure has been successful in a woman after a CCR5Δ32/Δ32 cord blood and 

CD34-selected haploidentical stem cell transplant (haplo-cord SCT)179. This patient achieved a 

100% CCR5Δ32/Δ32 chimerism following the procedure and has been reported to be in HIV-1 

remission for 14 months without cART. While these cases are encouraging, HSC transplant for all 

globally infected individuals is currently unfeasible due to a substantial risk of graft versus host 

disease (GVHD) and the fact that only a finite number of individuals harboring the CCR5Δ32/Δ32 

genotype exist180,181. Although haplo-cord SCT does not possess as severe inherent risks as HSC 

transplants, its success in being curative towards HIV-1 infection has only occurred in one instance 
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so far. Therefore, the development of novel strategies to cure HIV-1 infection are still needed. 

Current research into cure therapies focus on sterilizing and functional cures through the “shock 

and kill” strategies, “block and lock” strategies, immunotherapies or gene therapy. 

1.3.4.1 “Shock and kill” strategies 

The goal of the “shock and kill” strategy is to achieve a sterilizing cure, where all presence 

of the virus is removed from the body. This could be done by reactivating latently dormant virus 

in the viral reservoir to elicit their destruction by the host immune response. Reactivation of 

dormant virus is possible by using latency reversing agents (LRAs) which act through various 

mechanisms such as changing the epigenetic landscape to promote cellular transcription by 

inhibiting the histone post-translational modifiers HDACs and HMTs as well as inhibiting the 

methylation of the CpG islands which flank the HIV-1 promoter150,182,183. LRAs can also induce 

cellular signaling pathways to promote transcription through the activation of transcription factors. 

PKC agonists consists of LRAs which are able to activate HIV-1 transcription in this manner and 

three families of PKC agonists have been studied in this context182. These LRAs function by 

activating the PKC signaling pathway which results in the stimulation of the NF-κB pathway and 

consequently an upregulation of cellular transcription184. Other LRAs that can activate 

transcription factors such as NF-κB to cause activation of viral gene expression include toll like 

receptors (TLRs) agonists, which activate cellular TLRs to cause a signaling cascade leading to 

increased production of transcription factors185, and Akt pathway activators which facilitate 

nuclear translocation of NF-κB186. Bromodomain and extra-terminal motif protein inhibitors 

(BETis) make up another class of LRAs which function through the induction of cellular pathways. 

They activate viral transcription by playing on the interactions associated to P-TEFb where the 

LRA causes the dissociation of P-TEFb from the cellular bromodomain-containing protein 4 
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(Brd4), thus increasing the accessibility of P-TEFb for binding of Tat and the formation of the 

super elongation complex187. Additionally, BETis can promote P-TEFb towards its active 

configuration by inducing its dissociation from the 7SK snRNA188. Other LRAs inhibit suppressor 

molecules of the NF-κB signaling pathway or suppressor molecules of the JAK-STAT signaling 

pathway182.   

A significant issue with “shock and kill” relates to toxicity, as most LRAs are non-specific 

and therefore upregulate transcription of proviral genes along with cellular genes for which there 

is typically a tight regulation of expression189. Furthermore, concerns have also been raised as to 

the harmful pathogenic effects which could arise from reactivation of the latent reservoir190. LRAs 

have been shown to effectively reactivate virus in latently infected cells both in vitro and in vivo191-

193. However, reduction in the size of the HIV-1 reservoir does not occur despite this reactivation, 

emphasizing that the “shock” part of the therapy is effective but the “kill” part is not194. The main 

obstacle preventing “shock and kill” strategies from effectively eliminating virus in the body most 

likely relates to the complexity and heterogeneity of the viral reservoir. This complexity is 

demonstrated by the reservoir being spread out across many different anatomical sites such as the 

brain195, GALT196, adipose tissue197, etc. The reservoir is also comprised of various cellular subsets 

of the immune system which includes resting CD4+ T cells, regulatory T cells, macrophages and 

astrocytes198,199. It is therefore probable that LRAs fail to reactivate dormant virus in all cell types 

or are not able to reach each anatomic location of the reservoir.  

Recent advancements in the “shock and kill” strategy have been focused on enhancing the 

clearance of reactivated reservoir cells to successfully reduce the reservoir size as well as 

developing gene specific transcriptional activators to decrease toxicity. The most common 

suggestion to boost the killing of reactivated cells is the introduction of broadly neutralizing 
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antibodies (bNABs) or the use of vaccines to increase the response of cytotoxic T cells towards 

HIV-1 infected cells200,201. Gene specific activation of transcription has been possible by exploiting 

the properties of clustered regularly interspaced short palindromic repeats (CRISPR) and the 

CRISPR associated protein 9 (Cas9). In this case, a deficient Cas9 is fused to a transcription 

activator and is used in combination with a guide RNA (gRNA) to target key features within the 

proviral DNA sequence that influence viral transcription202. Usage of such technology therefore 

hones LRAs uniquely to the provirus and avoids toxicity originating from the non-specific 

transcriptional activation of cellular genes.  

1.3.4.2 “Block and lock” strategies 

The goal of “block and lock” strategies is to achieve a functional cure, where the virus is 

still present in the body but is unable to reactivate and cause disease even in the absence of cART. 

The method used to accomplish this can be considered as the reverse of “shock and kill” strategies. 

Whereas “shock and kill” sets out to reactivate dormant virus to eliminate the reservoir, “block 

and lock” seeks to promote latency to reach a state termed “deep latency” where the latent provirus 

is disabled and cannot be reactivated203,204. Just as epigenetic changes can promote activation of 

transcription, deacetylation and methylation of histones can encourage latency. One method to 

achieve transcriptional silencing of the reservoir would be to induce transcriptional gene silencing 

(TGS) by using dicer-substrate RNAs complementary to DNA segments of HIV-1 provirus205. 

Targeting of DNA instead of RNA typically elicits the recruitment of Argonaute 1 (Ago1), but 

possibly can cause recruitment of Ago2, which will form the RNA-induced transcriptional 

silencing (RITS) complex206-208. Once the RITS complex hybridizes to a DNA region by its gRNA, 

Ago1 or Ago2 can recruit HDACs and HMTs to adjacent nucleosomes which catalyzes epigenetic 

changes leading to transcriptional repression209-211. Target sites of the provirus that have led to 
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successful gene silencing include important regulatory elements present within the proviral LTR 

like the NF-κB binding sites206,212,213. In fact, the effect of transcriptional repression from RITS 

has been shown to be so potent that it can resist activation of latent provirus by LRAs212. 

Another strategy to promote transcriptional silencing is by using compounds that can 

interfere with Tat functionality. Such Tat inhibitors prevent the transcriptional positive-feedback 

loop elicited by Tat. Didehydro-cortistatin A inhibits Tat transactivation by binding to TAR, 

making it unavailable for binding by Tat214. This compound has been shown to be effective to 

prevent activation of the viral reservoir in vitro and could delay viral rebound by 9 days in 

vivo215,216. Inhibition of Tat is also possible through a compound called sudemycin which impedes 

the functionality of the cellular protein splicing factor 3B subunit 1 (SF3B1)217. As SF3B1 is 

required for Tat-mediated HIV-1 transcription, its inhibition will in turn interfere with Tat 

functionality. Sudemycin also inhibits RNA splicing, which is a necessary step for Tat production, 

and thus interferes with Tat production. Administration of sudemycin represses transcription in 

latently infected cells and reactivation does not occur for at least 72 hours in the presence of 

LRAs217. Another compound able to inhibit the activity of Tat is HT1, which contains domains of 

hexamethylene bisacetamide inducible proteins 1 (HEXIM1) as well as domains of Tat and acts 

as trans-dominant negative (TDN) peptide. HT1 competes with Tat for binding to P-TEFb, making 

the complex unavailable to promote viral transcription by the formation of the super elongation 

complex218. Similarly, a TDN molecule of CycT1 has been developed called CycT1-U7 which has 

been shown in vitro to decrease transactivation of the viral promoter as well as leading to 

proteasomal degradation of Tat219. Two additional molecules that inhibit the actions of Tat include 

a Tat mutant called Tatnullbasic which leads to a reduction of the recruitment of the RNA Pol II 

onto the viral promoter and a protein called triptolide which causes proteasomal degradation of 
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Tat220,221. Efforts have also been made to impair the transcriptional activation of Tat by chemical 

reactions resulting in cycloaddition to the TAR RNA. Such a process has been shown to abrogate 

the interaction between Tat and TAR in vitro222.  

Although large efforts have been made to promote HIV-1 latency by targeting elements 

that disrupt Tat functionality, it is also possible to promote latency by interfering with cellular 

factors to impair specific stages of transcription. Spirolactone can inhibit transcription initiation 

with negative consequences on viral transcription223. Transcription elongation can be inhibited by 

several molecules which include CDK9 inhibitors, curaxin 100 and Q308 to promote viral 

latency224-226. Finally, interfering with broad cellular signaling such as the NF-κB or the 

mammalian target of rapamycin (mTOR) pathways has been shown to repress viral transcription 

and promote latency227,228. 

1.3.4.3 Immunotherapies 

Over the course of untreated HIV-1 infection, viremia peaks during the acute phase of the 

infection and subsequently declines after the appearance of HIV-1 specific CD8+ T cells114. 

Although the immune response eventually succumbs to the infection where CD4+ T cells are 

depleted and viremia rebounds to high levels, the actions of the cytotoxic T lymphocytes (CTLs) 

can clearly control the infection for a period of time. Therapies seeking to assist the actions of 

CTLs to make them more effective at controlling HIV-1 infection, known as immunotherapies, 

may offer an approach to achieving a sterilizing cure. In the context of virally suppressed 

individuals from effective cART, there is virtually no viral replication occurring which makes the 

already rare and anatomically distributed latently infected cells extremely difficult to be 

recognized and eliminated by CTLs229. Immunotherapies may therefore be most effective when 

used in the context of “shock and kill” as priming the immune system to be reactive towards HIV-
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1 could facilitate clearance of the virus by CTLs after activation of the reservoir through LRA 

administration. Methods to increase the ability of CTLs to kill HIV-1 infected cells are comprised 

of therapeutic vaccine approaches which attempt to elicit the development of bNABs and to cause 

clonal expansion of HIV-1 specific CD8+ T cells, but passive administration of bNABs can also 

be used as an immunotherapy229. Such passive administration of bNABs can lead to transient 

viremic control after transfusion of one or more anti-HIV-1 antibodies to HIV-1 infected 

individuals. 

Vaccines against HIV-1 have largely been ineffective in efficacy trials due to various 

technical challenges. The greatest hurdle is the sequence diversity of the virus and its ability to 

rapidly mutate under the selective pressure created by HIV-1 epitope recognition of CTLs and 

neutralizing antibodies after vaccine therapy230. The viral reservoir also provides a sanctuary for 

dormant virus and the glycans associated to the viral Env proteins facilitate evasion of the immune 

response231. The first two attempts at developing an HIV-1 vaccine were called VAX003 and 

VAX004, both consisted of a recombinant Env protein including two gp120 antigens and neither 

vaccine prevented HIV-1 infection nor affected viral load in phase 3 efficacy trials232,233. 

Following the results from VAX003 and VAX004, vaccine strategies shifted to using vector-based 

vaccines to elicit a cellular immune response rather than an antibody response. The STEP and 

Phambili vaccine trials were initiated using this strategy, however initial results from the STEP 

trial showed that vaccinees were acquiring HIV-1 at an increased rate which prompted both trials 

to be terminated early234,235. Another vaccine trial using the same adenoviral vector as the STEP 

and Phambili trials was performed called HVTN 505 which included Env, Gag, Pol and Nef 

immunogens but this trial was halted due to lack of efficacy236. The only vaccine trial to offer some 

protection so far against HIV-1 infection was the RV144 trial which used a canarypox vector with 
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two gp120 antigens and demonstrated a 31% efficacy at preventing infection after 3.5 years230,237. 

Follow up trials of RV144 have been conducted in an attempted to boost the immune response 

over time in vaccinated individuals by introducing additional vaccine components which resulted 

in increased levels of HIV-1 specific IgG as well as antibodies with features of bNABs238,239. Based 

on the success of RV144, other vaccine trials have used the same strategy of employing a pox-

protein approach. One trial called HVTN 100 showed HIV-1 specific immune activation in early 

phase trials while another called HVTN 702 failed to decrease infection rates and was subsequently 

halted230,240. The most recent attempts in developing therapeutic vaccines against HIV-1 are 

utilizing polyvalent mosaic antigens to cover the global viral diversity241, as well as exploring the 

use of DNA priming as a vaccine option242. Based on the success of the COVID-19 mRNA 

vaccines, the development of HIV-1 specific mRNA vaccines is also being pursued with promising 

results in animal models243. So far, two phase I clinical trials have been launched to evaluate the 

safety of mRNA HIV-1 vaccines. 

Although the goal of vaccines is to elicit a strong activation of HIV-1 specific CTLs and/or 

the development of bNABs, the passive administration of bNABs through single-cell-based 

antibody cloning methods has been explored to control HIV-1 infection229. Early use of HIV-1 

specific neutralizing antibodies demonstrated little success244,245, however the use of bNABs which 

can neutralize multiple viral strains has shown promise246,247. Specifically, clinical trials using 

bNABs were able to decrease viral loads in participants but eventually led to the emergence of 

viral strains able to resist the neutralizing actions of the antibodies. The latest innovations in 

antibody therapeutics for HIV-1 infection have led to the development of engineered antibodies 

which can either bind to two separate antigens or recognize a single antigen while simultaneously 

recognizing and causing the recruitment of effector cells to cause target killing of infected cells248. 
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It is important to mention that both vaccine and bNABs administration have been used as the “kill” 

component of the “shock and kill” strategy, either in animal or human models, with signs of some 

success such as reductions in total viral DNA reservoir and delaying viral rebound201,249,250. 

1.3.4.4 Gene therapy 

 Gene therapy strategies are similar to “block and lock” in that they also seek to achieve a 

functional cure rather than a sterilizing one. While initially proposed in 1988 as intracellular 

immunization, using gene therapy to control HIV-1 infection is extremely promising based on the 

“Berlin and London patients”, as performing an autologous transplant using patient-derived HSCs 

that are genetically modified to resist HIV-1 replication could recapitulate these successes while 

avoiding the risk of GVHD251,252. Gene therapy strategies include gene editing technologies to alter 

the CCR5 gene in patient cells to mimic the procedure used for Timothy Brown and Adam 

Castillejo253-256. However, as HIV-1 possesses tropism for a second coreceptor known as CXCR4, 

the presence of CXCR4 using viruses in circulation could cause a rebound in viremia following 

transplantation of CCR5Δ32/Δ32 HSCs. This event occurred with the “Essen patient”, where the 

emergence of CXCR4 using virus prior to the HSC transplant caused a rebound in viremia three 

weeks after the transplant257,258. Since editing of the CCR5 cannot be completely relied upon to 

halt HIV-1 infection, an arsenal of antiviral genes has also been developed for use in HIV-1 gene 

therapy. These genes can be integrated into the chromosome of an infected individual’s cells using 

lentiviral vectors. Anti-HIV-1 molecules available for use in gene therapy include proteins as well 

as various types of non-coding RNA molecules such as ribozymes, aptamers & decoys, short 

hairpin RNAs (shRNAs) and U1 interference (U1i) RNAs. A comprehensive list of clinical trials 

performed to generate HIV-1 resistant cells by gene therapy is detailed in Table 1.3. 
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All current gene editing methods rely on nucleases creating double-stranded breaks (DSBs) 

by binding to a specific target sequence defined through complexing of a DNA-binding domain to 

the nucleases. This event is followed by rejoining of the broken ends by non-homologous end 

joining (NHEJ) or homology-directed repair (HDR) from the cellular DNA repair machinery. 

NHEJ results in insertions or deletions (indels) to generate knockouts while HDR can create 

precise edits through introduction of a template during the repair process259,260. One class of 

nucleases used for gene editing are zinc finger nucleases (ZFNs). ZFNs possess a programmable 

DNA-binding domain comprised of a multitude of zinc finger proteins arranged in a series, and 

fused to a nuclease domain of the bacterial Fok1 restriction enzyme261. Each zinc finger can 

recognize a 3-base pair sequence and thus an appropriate amount of zinc fingers must be included 

in the molecule to recognize a given target site length262. Since the DNA-binding domain is 

modifiable, ZFNs can be used to introduce DSBs at specific genomic locations which will be 

rejoined by NHEJ or HDR263. ZFNs have been successfully used to disrupt the expression of 

CCR5264-266. In one clinical trial enrolling 12 HIV-1 positive individuals, gene-modified cells 

possessed a selective survival advantage when antiretroviral therapy was interrupted following 

infusion of CD4+ T cells. Unfortunately, viral rebound could not be prevented for any of the 

participants who underwent treatment interruption253. 

Another class of nucleases available for gene editing are the transcription activator-like 

effector nucleases (TALENs). In this case, the DNA-binding motif is made up of bacterial proteins 

called TAL effectors (TALEs) and are again complexed to the bacterial Fok1 endonuclease to 

generate DSBs. TALEs also consist of a repeat of monomers arranged in a series, however these 

repeats each recognize a single nucleotide instead of a series of 3 nucleotides as with ZFNs267,268. 

It has been shown that TALENS are able to offer similar gene disruption capabilities compared to 
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ZFNs, but with much less associated cytotoxicity269. As with ZFNs, TALENS have successfully 

been used to interfere with cellular CCR5 expression270,271.  

The most recent class of nucleases used for gene editing are the CRISPR-Cas nucleases. 

This nuclease system makes up a part of the immune system in bacteria and archaea to provide 

resistance to invading exogenous genetic elements such as viruses272. Simply put, the system 

retains DNA sequences from offending genetic elements to generate gRNAs, known as CRISPR 

RNAs, complementary to the invading DNA. The CRISPR-Cas9, derived from Streptococcus 

pyogenes, is the most commonly used form of this system and specific gRNAs can be incorporated 

to direct the endonuclease to a particular target site273-275. The CRISPR-Cas system has been 

widely adopted by the scientific community for gene editing as it does not require considerable 

protein engineering to change the target site as is the case with ZFNs and TALENS. Use of gRNAs 

directed towards the CCR5 gene have resulted in its inactivation254,276. It is worth noting that it is 

possible to target elements of the provirus to inhibit viral replication and that targeting both LTRs 

by Cas endonucleases will result in excision of the integrated provirus277-280. 

Many anti-HIV-1 proteins have been designed as TDN mutants modeled after known 

proteins used in the viral replication cycle. These molecules are deficient in their function 

contributing to viral replication, but their binding motifs remain unaltered. As binding capabilities 

of TDN proteins is unaffected, they competitively bind to the binding target of wild type viral 

proteins where their inability to contribute to specific steps of the viral replication cycle will result 

in virus inhibition. Various TDN mutants based on Gag along with its proteolytically cleaved 

products have been designed281-284. Another TDN mutant modeled after Rev, called Rev M10, can 

bind to the RRE of unspliced viral transcripts but lacks export capabilities. It has reached clinical 

trials, but viral inhibition was not sufficient to pursue its use285-287. Other viral proteins that have 
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had TDN mutants modeled after them to inhibit HIV-1 replication include Tat288, Vif289,290 and 

Nef291. Anti-HIV-1 proteins based on restriction factors have also been developed. The restriction 

factor tripartite motif-containing protein 5 alpha (TRIM5α), which recognizes viral capsid proteins 

to cause premature uncoating and resulting in an impairment of reverse transcription, has been of 

particular interest as its isoform found in rhesus macaques (Trim5αrh) induces resistance to HIV-1 

infection in this species292,293. In an effort to grant this immunity to human cells, chimeric human-

rhesus TRIM5α have been designed where only the 13 amino acid motif responsible for HIV-1 

restriction from TRIM5αrh is incorporated into the human isoform294,295. Furthermore, restriction 

of HIV-1 replication by downregulation of CCR5 coreceptor has been possible by an intracellular 

chemokine or “intrakine”. This intrakine is specific to CCR5 protein but also possesses an 

endoplasmic reticulum retention signal which leads to retention of nascent CCR5 in the ER 

followed by degradation296,297. HIV-1 entry can also be impaired through the administration of a 

peptide called C46 which inhibits fusion of the viral and cellular membranes298. This peptide has 

been used within a clinical trial where it was found to be well tolerated after infusion of CD4+ T 

cells expressing the inhibitor from a retroviral vector and gene marking could be detected over a 

1-year follow-up299. Although viral inhibition has been successful using anti-HIV-1 genes coding 

for proteins, a greater amount of non-coding functional RNAs have been developed and will be 

discussed in greater detail within the following sections. 
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Table 1.3 Anti-HIV-1 gene therapy clinical trials. 
Table 1.3 Anti-HIV-1 gene therapy clinical trials
Antiviral molecule(s)/gene 
editing method 

Cells modified Status Reference 

CCR5 gene disruption by 
zinc finger nuclease 

CD4+ T cell NCT02225665, 01543152, 
02388594 

253 

HSCs NCT02500849 300 

CCR5 gene disruption by 
CRISPR/Cas9 

HSCs NCT103164135 - 

Trans-dominant negative 
Rev protein mutant 
(RevM10) 

CD4+ T cell Completed 287 

CD4+ T cell Completed 301 

HSCs Completed 302 

Trans-dominant negative 
Rev protein mutant 

CD4+ T cell Completed 303 

HSCs Completed 304,305 

Fusion inhibitor (C46) CD4+ T cell Completed 299 

TAR RNA decoy, CCR5-
specific ribozyme, tat/rev-
specific shRNA 

HSCs NCT01961063, 
NCT02337985, NCT00569985 

306 

Fusion inhibitor (C46), 
CCR5-specific shRNA 

HSCs & CD4+ 
T cell 

NCT03593187, 
NCT02390297, NCT01734850 

- 

TAR RNA decoy, chimeric 
TRIM5α, CCR5-specific 
shRNA 

HSCs NCT02797470 - 

vpr/tat-specific ribozyme CD4+ T cell Completed 307 
Syngeneic 
CD4+ T cell 

Completed 308 

HSCs Completed 309,310 
HSCs Completed 311 

RRE RNA decoy HSCs Completed 312 
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1.4 HIV-1 gene therapy using non-coding functional RNAs 

1.4.1 RNA interference  

RNA interference (RNAi) is a cellular post-transcriptional gene regulation mechanism, and 

in some organisms serves as a defense mechanism against pathogenic double stranded (ds)RNA. 

Initially discovered in 1998 by Andrew Fire and Craig Mello, RNAi has since been co-opted by 

scientists as a therapeutic pathway to treat genetic or infectious diseases by directing the system 

towards specific genes involved in these pathologies313-315. Gene silencing by RNAi can be 

mediated by various RNA species such as small interfering RNAs (siRNAs), shRNAs and 

microRNAs (miRNAs)316. When these RNAs are present within a cell, one of the two strands will 

bind to a target mRNA through nucleotide complementarity which leads to either mRNA cleavage, 

translational repression or targeted degradation.  

In mammalian cells, the endogenous gene regulation role of RNAi occurs by the expression 

of miRNAs and the human genome includes approximately 2300 miRNA genes317. In animals, 

miRNAs are typically not completely complementary to a given target and therefore a single 

miRNA will regulate the expression of many protein-coding genes318. However, a seed region 

exists between nucleotide positions 2 to 8 in the guide RNA which must be complementary to the 

mRNA target to allow for binding by a miRNA319. Biogenesis of miRNAs begins with 

transcription of a miRNA gene by the RNA Pol II to form a primary miRNA (pri-miRNA), 

although miRNAs can also be intron derived where the pri-miRNA is a result of the processing of 

gene introns320,321 (Figure 1.4). These pri-miRNAs form a hairpin structure which includes a 5’ 

cap and a polyadenylation signal at the 3’ end322. The pri-miRNAs are then processed by the 

Drosha RNase III endonuclease and its cofactor DiGeorge syndrome critical region gene 8 

(DGCR8) into precursor miRNAs (pre-miRNAs) of approximately 70 nucleotides consisting of 
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stem loop structures323 (Figure 1.4). These pre-miRNAs are then exported to the cytoplasm by 

interactions with exportin-5 using the Ran-GTP/Ran-GDP mechanism324. Once in the cytoplasm, 

the pre-miRNA will associate with TAR RNA binding protein (TRBP) which is in turn associated 

to the RNase III endonuclease Dicer325. Dicer cleaves the stem loop structure of the pre-miRNA 

to produce a mature miRNA with two nucleotide 3’ overhangs (Figure 1.4). ATP-dependent 

chaperones then help unwind the miRNA structure to discard the passenger strand and load the 

guide strand into recruited Ago2 protein, which forms the RNA induced silencing complex (RISC) 

when associated along with Dicer and TRBP322. The guide strand then directs the RISC to specific 

mRNA targets through hybridization from base pairing where perfect complementarity to the 

target causes mRNA cleavage by Ago2 but imperfect complementarity leads to translational 

repression or targeted mRNA degradation in processing bodies (P-bodies) where RNA de-capping 

and degradation enzymes are concentrated326 (Figure 1.4). 

Therapeutic approaches utilizing the RNAi pathway have employed shRNAs and synthetic 

siRNAs as these molecules can be engineered to be 100% complementary to a given target to 

trigger more specific gene silencing than miRNAs. While siRNAs can be introduced directly into 

the cytoplasm of the cell by endocytosis, shRNAs must first be delivered to the cell in the form of 

a gene to be transcribed and processed similarly to miRNAs327. Therefore, shRNA genes are 

typically included within plasmids or lentiviral vectors to be introduced into the cell328. 

Transcription of the shRNA gene will synthesize a shRNA consisting of a stem loop structure that 

is not processed by Drosha and DGCR8 but is instead immediately exported out of the nucleus by 

interactions with exportin-5329 (Figure 1.4). Just as with pre-miRNAs, TRBP and Dicer will 

associate with cytosolic shRNA to be cleaved into 20-25 nucleotide double stranded siRNA with 

3’ overhangs330. Once the siRNA is produced, it is loaded into Ago2 and the RISC is formed. 
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Because the two strands are perfectly complementary, Ago2 cleaves the passenger strand while 

the guide strand, which has perfect complementarity to a target mRNA, guides the RISC to its 

target to be cleaved by Ago2. Synthetic siRNAs entering the cell by endocytosis bypass the cellular 

processing events required for shRNA biogenesis and instead are directly loaded on Ago2 to 

mediate hybridization with their mRNA target for cleavage by Ago2330 (Figure 1.4). 

 

Figure 1.4 The RNAi pathway utilizes miRNAs, shRNAs and siRNAs to inhibit gene 
expression. The endogenous cellular RNAi pathway utilizes miRNAs for gene regulation. Both 
shRNAs and siRNAs can be used therapeutically to interfere with the expression of a target gene. 
Transcription of miRNAs is mediated by RNA Pol II while transcription of shRNAs typically 
occurs by RNA Pol III. The gene coding for an shRNA can be present in a plasmid which is 
transfected into the cell or can be integrated in the cellular genome after transduction with a 
lentiviral vector. Biogenesis of miRNAs initially generates a pri-miRNA which is processed by 
Drosha and DGCR8 into Pre-miRNA destined for nuclear export while shRNAs are directly 
exported out of the nucleus. Once in the cytoplasm, both shRNAs and Pre-miRNAs associate with 
Dicer along with TRBP and the RNA substrates will be cleaved by Dicer into dsRNA products 
containing two nucleotide 3’ overhangs. The complex then recruits Ago2 to form the RISC and 
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the RNA strands then separate. The guide strand of the shRNA or miRNA is bound to Ago2 while 
the passenger strand is discarded. Synthetic siRNAs introduced to the cell by endocytosis associate 
directly with Ago2. Hybridization of the guide strand to the target mRNA can lead to two distinct 
cellular events. If hybridization is 100% complementary, Ago2 will cleave the target mRNA. If 
nucleotide mismatches are present between the guide strand and target mRNA, the corresponding 
RISC will be directed to P-bodies where translational repression or mRNA degradation occurs. 
Adapted from Singh, S., 2011331. 
Figure 1.4 The RNAi pathway utilizes miRNAs, shRNAs and siRNAs to inhibit gene expression 

1.4.2.1 The structure of RISC: Functions of Dicer, TRBP and Ago2 for shRNA processing 

Dicer was originally identified in Drosophila cells where it was characterized as the 

component of RISC responsible for generating the approximately 22 nucleotide dsRNAs used to 

direct RNAi to a target mRNA332. Although two isoforms of Dicer were identified in Drosophila, 

mammals possess only a single isoform of the protein. Dicer is part of the RNase III protein family 

and consists of multiple domains including a helicase domain, two RNase III domains, a dsRNA-

binding domain (dsRBD) as well as a Piwi/Argonaute/Zwille (PAZ) domain which is used to 

recognize dsRNA333 (Figure 1.5). While dsRBD domains are present, human Dicer requires the 

assistance of other proteins such as TRBP to be recruited to dsRNA substrates and for proper 

loading of the guide strand into RISC334. Dicer has been shown to possess an L-shape structure, 

with the PAZ domain on one end of the protein and the helicase domain on the opposite end335. 

The illustration of the overall structure of Dicer served to explain it’s “molecular ruler” feature. 

The spatial separation between the RNase III and PAZ domains determines the cleavage location 

of the miRNA or shRNA substrate which produces dsRNA products of specific lengths336. The 

Dicer helicase is part of the retinoic acid inducible gene I (RIG-I) family of RNA helicases and is 

subdivided into three globular domains which undergo conformational changes to clamp down 

onto dsRNA substrates that are bound by Dicer337. Cleavage of these RNA substrates by the RNase 

III domains of Dicer occurs by metal ion-mediated hydrolysis to result in short dsRNA fragments 

with two nucleotide overhangs at the 3’ end of each strand338. Additionally, guide strand selection 
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from the resulting RNA fragment is mediated by Dicer where the least thermodynamically stable 

strand (strand with the highest adenine and uracil content) is loaded into the RISC339. 

TRBP is a cellular protein that is vital to the RNAi pathway but was initially identified in 

the context of HIV-1 infection. This is because TRBP possesses binding specificity towards 

dsRNA structures and therefore binds to double-stranded regions within the TAR motif present at 

the 5’end of all HIV-1 RNA transcripts. This binding results in an enhancement of viral expression 

by relieving a block in translation and consequently amplifying the effect of Tat340,341. Two 

dsRBDs are present in TRBP (dsRBD1 and dsRBD2) and dsRBD2 binds RNA with stronger 

affinity342 (Figure 1.5). A third domain (sometimes called half dsRBD or dsRBD type B), is known 

as the Medipal (Merlin, Dicer, protein kinase R [PKR] activator [PACT] liaison) region, and 

mediates protein-protein interactions325,343,344 (Figure 1.5). These domains are present in both 

isoforms of TRBP. The C4 domain within the Medipal region mediates TRBP binding to Dicer 

during RNAi345. By binding to Dicer, TRBP enhances the cleavage activity through stabilization 

of the Dicer-dsRNA complex346. The exact mechanism through which TRBP facilitates dsRNA 

processing by Dicer remains unclear but it has been shown that the dsRBD1 and dsRBD2 domains 

recognize Dicer substrates in a sequence independent fashion347,348. In the absence of TRBP, 

processing of these substrates is impaired and RNAi activity is abolished345. Also, proper guide 

strand selection requires the presence of TRBP as there is an observable defect in the fidelity of 

strand selection when Dicer is unable to bind to TRBP349. 

Apart from its role in RNAi and HIV-1 replication, TRBP has also been implicated in 

regulating the cellular interferon response. Indeed, TRBP interferes with the activation of the IFN 

inducible protein kinase R (PKR). Activated PKR is necessary to phosphorylate the alpha subunit 

of eukaryotic translation initiation factor 2 (eIF2α) which primes the cell towards an antiviral 
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response by arresting translation initiation to form stress granules350,351. Since dsRNAs act as 

activators of PKR by inducing its phosphorylation, their binding and sequestration away from PKR 

by TRBP inhibits PKR activation352. Direct binding between TRBP and PKR has also been shown 

to inhibit PKR phosphorylation and function353. In fact, studies have shown that cells which 

express low basal levels of TRBP do not support productive expression of HIV-1 proteins354. 

Activation of PKR is also possible by cellular PACT, but TRBP can directly interact with PACT 

to once again inhibit the activation of PKR355,356.  

The family of Ago proteins consists of a group of proteins that were first identified in 

Arabidopsis thaliana357. They were initially described as being essential developmental factors 

and are now known to be critical components of the RNAi pathway by being an essential 

component of the RISC358. Ago proteins can be divided into three subfamilies: the Ago, the P-

element induced wimpy testis (Piwi), and the worm-specific Argonautes (WAGO) subfamily359. 

The Ago subfamily binds to miRNAs and siRNAs, as well as to Dicer attached to TRBP, forming 

the RISC which regulates gene expression by post-transcriptional gene silencing (PTGS)360,361. 

The Piwi subfamily binds to Piwi RNAs (piRNAs) to regulate transposon activity362. Finally, the 

WAGO subfamily binds to secondary siRNAs, which are formed from the action of an RNA-

directed RNA Pol being recruited to an mRNA by a primary siRNA363. Using the secondary 

siRNAs, WAGO proteins can silence particular sequences to allow for another layer of gene 

regulation.  

Ago proteins consist of four domains known as the N-terminal domain, the PAZ domain, 

the middle (MID) domain and the PIWI domain364 (Figure 1.5). The L1 linker separates the N-

terminal and PAZ domain while the L2 linker separates the PAZ and MID domain. The MID 

domain interacts with the 5’ end of the gRNA while the PAZ domain interacts with the 3’ end365,366 
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(Figure 1.5). The endonuclease activity of Ago proteins occurs by the Piwi domain which contains 

an RNase H motif and is driven by metal ion-mediated hydrolysis similarly to Dicer367. Cleavage 

of an mRNA target after binding of the gRNA occurs between nucleotide position 10 and 11, with 

the counting reference point being the 5’ end of the gRNA359. The human genome includes genes 

that encode eight Ago proteins, four from the Ago subfamily and four from the Piwi subfamily368. 

The Ago1 and Ago2 proteins have been the most studied and characterized. Ago1 has largely been 

implicated in chromatin remodulation to induce TGS through the formation of RITS207,208. On the 

other hand, Ago2 has mostly been implicated in PTGS by binding to miRNAs and siRNAs, but 

may be implicated in TGS in some cases207,369,370.  

 

Figure 1.5 RISC components structures. Human Dicer contains a helicase domain, a DUF283 
domain of unknown function, a platform-PAZ-connector domain which can recognize dsRNA 
substrates, two RNase III domains for substrate cleavage and a dsRBD. TRBP is made up of two 
dsRBDs which bind to RNA as well as the Medipal which mediates protein-protein interactions. 
Ago2 possesses a N-terminal domain, a PAZ domain, a MID domain and a PIWI domain. Both 
the PAZ and MID domains are involved in interacting with gRNAs. Figure created with 
information from Tian, Y., 2014333, Daniels, S.M., 2012325, and Schirle, N.T., 2012371.  
Figure 1.5 RISC components structures 

1.4.2.2 shRNAs to inhibit viral replication 

HIV-1 replication can be inhibited by shRNAs possessing complementarity to specific viral 

transcripts or to transcripts of cellular genes that are required by the virus to complete its replication 

cycle (Figure 1.6). The emergence of resistance during treatment of HIV-1 infection is not an issue 
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unique to cART. Anti-HIV-1 gene therapies that co-opt the RNAi pathway through the 

introduction of antiviral shRNAs must also contend with this important issue. It has been 

demonstrated that using only one shRNA during therapy leads to antiviral resistance and 

administrating multiple shRNAs against different conserved HIV-1 sequences as a combination 

gene therapy could counteract this problem372,373. Resistance is primarily driven by mutations 

within the target site of shRNAs, as one or two nucleotides mismatches cause the shRNA to be 

unable to mediate gene silencing372. However, mutations outside of the target site which drive the 

formation of RNA secondary structures surrounding the target site can also confer viral resistance 

to shRNAs374. shRNAs have been designed to target all coding and non-coding regions of the HIV-

1 genome306,328,330,373,375-379.  

Targeting cellular elements that are critical for the HIV-1 replication cycle have the benefit 

that the target site is not under constant evolutionary pressure as is the case with viral targets and 

therefore cannot mutate in the face of gene therapy. As with gene editing technologies, interfering 

with cellular CCR5 expression can prevent viral entry and this has been accomplished within 

various studies using CCR5-specific shRNAs380-382 (Figure 1.6). Attempts have also been made in 

designing shRNAs targeting the CXCR4 mRNA381,383. While knockdown of the CCR5 gene is not 

associated with negative consequences, this is not the case for CXCR4. The CXCR4 receptor 

causes HSCs to localize to the bone marrow and therefore disruption of CXCR4 expression leads 

to the accumulation of HSCs in the blood, which will interfere with their maturation and 

differentiation314,384. Due to this, gene therapies which interfere with expression of CXCR4 will 

most certainly be accompanied with severe toxicity in vivo. 

While it is important to utilize multiple shRNAs and properly select their target sites to 

ensure strong inhibitory effects without the emergence of resistance, minimizing cytotoxic effects 
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from the therapy is equally as important. Various mechanisms relating to their antisense 

functionality and processing by the RNAi machinery can cause cytotoxicity. Off-target effects 

represent one source of adverse effects as the possibility of tolerance to nucleotide mismatches 

within the target site can cause the shRNA to bind to unintended cellular mRNAs and interfere 

with their expression385. Cytotoxicity has also been attributed to saturation of the RNAi pathway, 

where proteins such as exportin-5 and Ago2 that are used for shRNA processing become 

unavailable for miRNAs biogenesis, resulting in a dysregulation of cellular gene expression386,387. 

Stimulation of the innate immune system through recognition of shRNAs by host RNA sensors is 

also possible. Activation of TLRs, PKR and RIG-I are all possible in the presence of dsRNAs 

which ultimately leads to triggering the NF-κB pathway388,389. This could upregulate the 

expression of pro-inflammatory genes to promote cell survival and an anti-viral defense 

environment390. 
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Figure 1.6 Viral replication can be inhibited by shRNAs targeting either cellular CCR5 
mRNA or HIV-1 mRNA. Anti-HIV-1 shRNA genes can be integrated into the host genome by a 
lentiviral vector to act on either pre-integration or post-integration events. CCR5-specific shRNAs 
cause cleavage of the CCR5 mRNA by Ago2, thus interfering with its expression and inhibiting 
HIV-1 entry. shRNAs targeting viral transcripts can inhibit viral replication through interfering 
with the expression of necessary viral elements. A dotted line differentiates pre-integration from 
post-integration events. Adapted from Goguen, R.P., 2019314. 
Figure 1.6 Viral replication can be inhibited by shRNAs targeting either cellular CCR5 mRNA or HIV-1 mRNA 

1.4.3 Ribozymes to inhibit viral replication 

Ribozymes are a type of naturally occurring catalytic RNAs that are necessary for 

numerous biochemical cellular events such as cleavage of pre-tRNAs to generate functional 

tRNAs391, synthesis of proteins by the ribosome392, self-cleaving satellite RNAs393 and self-

splicing introns394. They are also diverse in their structures across different species which forms 

various ribozyme classes. Since their discovery in 1982, ribozymes have been found to be either 
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trans or cis-acting35,395. Trans-acting ribozymes include the RNase P ribozymes and ribozymes 

present within the ribosome, which are responsible for maturation of pre-tRNAs and for peptidyl 

transferase reactions, respectively396,397. Cis-acting ribozymes include the self-splicing group I and 

group II introns, hammerhead (HH) ribozymes, hairpin (Hp) ribozymes and the hepatitis delta 

virus (HDV) ribozyme398-401. The HH, Hp and HDV ribozymes all use the same overall mechanism 

but are not structurally similar, suggesting that they evolved independently for the same 

biochemical need402. Other self-cleaving ribozymes that have been identified in various organisms 

are the varkud satellite ribozyme, the glucosamine-6-phosphate synthase ribozyme, the twister 

ribozyme and the Beta-globin co-transcriptional cleavage ribozyme403-406. 

Exploiting the catalytic capabilities of ribozymes to disrupt gene expression is possible by 

modifying HH, Hp and HDV ribozymes to act in trans instead of in cis35,407 (Figure 1.7). 

Modifications within stems I and III of HH ribozymes as well as modifications in helices A and B 

in Hp ribozymes cause these molecules to act in trans by binding to specific RNA sequences408. 

Specific on/off adaptors (SOFA) have also been added to the catalytic core of HDV ribozymes to 

act as a riboswitch where presence of the appropriate RNA sequence turns on the SOFA 

motif409,410. The action of the SOFA motif increases substrate specificity and cleavage efficiency 

of the ribozyme. The gene silencing mechanism by ribozymes is largely different compared to the 

one of shRNAs, in that ribozymes mediate the mRNA cleavage themselves and do not use cellular 

proteins for their catalytic reaction. They therefore have less cytotoxic potential over shRNAs314. 

However, ribozymes have been shown to quickly lose binding specificity to their target when there 

are mismatches in the target site and they generally offer less potent gene silencing compared to 

shRNAs377. Therapeutic applications have been pursued to use synthetic ribozymes towards viral 

infections such as HIV-1 and hepatitis C virus411. In the context of HIV-1 gene therapy, the RNase 
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P ribozyme along with the HH, Hp and HDV ribozymes have been engineered to target viral 

transcripts35 (Figure 1.7). Such targets include mRNAs containing the regions vpr/tat412, gag377,413, 

tat and tat/rev410, pol414 and the UTR415. Targeting of the cellular CCR5 mRNA by a HH ribozyme 

to block viral entry has also been possible416 (Figure 1.7). It is worth noting that the intolerance of 

ribozymes for nucleotide mismatches between the target site and their recognition domain make 

these molecules susceptible to losing their catalytic activity in the face of viral mutations. Similar 

to shRNAs, their use in combination gene therapy will be necessary to avoid the emergence of 

resistance. 

Recent applications of ribozymes for HIV-1 gene therapy have been to include their native 

cis-acting structure at the 3’ end of other antiviral RNAs. Such molecular design removes the 3’ 

U-tail of variable length that results from transcription by the Pol III promoters, thus producing 

transcripts with uniform 3’ ends417. CRISPR guide RNAs, AgoshRNAs and aptamers have all had 

self-cleaving ribozymes incorporated at their 3’ end in an attempt to increase their functionality by 

generating such uniform products417-419. 
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Figure 1.7 Ribozymes can be used to cleave either cellular CCR5 mRNA or HIV-1 mRNA to 
inhibit viral replication. Various ribozymes including hammerhead (A), HDV (B) and hairpin 
(C) ribozymes have been engineered to recognize a target CCR5 mRNA or HIV-1 mRNA in a 
sequence-specific manner to mediate cleavage. Cleavage of CCR5 mRNAs interferes with 
expression of the HIV-1 CCR5 coreceptor, effectively blocking viral entry. Cleavage of HIV-1 
transcripts inhibits viral replication through impeding the expression of critical viral elements. 
Adapted from Goguen R.P., 2023. In press.420 
Figure 1.7 Ribozymes can be used to cleave either cellular CCR5 mRNA or HIV-1 mRNA to inhibit viral replication 

1.4.4 Aptamers and decoys to inhibit viral replication 

Aptamers are RNA molecules which possess binding specificity through their three-

dimensional structure instead of by nucleotide complementarity as is the case with shRNAs and 

ribozymes314. Generation of aptamers is possible through a procedure termed systematic evolution 

of ligands by exponential enrichment (SELEX). This technique was originally developed 

independently by two different research groups using in vitro screens of large libraries of RNA 

molecules to identify ligands that could bind to T4 DNA polymerase or to organic dyes421,422. 

SELEX can be applied to virtually any molecular target where a large enough sample size of 

randomized oligonucleotides will lead to a small fraction possessing binding capabilities to the 
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target. After an initial incubation of the RNA library with the target molecule, non-binding 

aptamers are discarded while the bound aptamers are amplified by reverse transcription PCR (RT-

PCR). RT-PCR is possible through primers binding to the fixed ends included in each RNA 

molecule of the library423. The resulting DNA strands will be transcribed to produce a smaller pool 

of RNAs with affinity to the target, these are once again incubated with the molecular target to 

allow for subsequent rounds of enrichment with the goal of identifying aptamers with the greatest 

affinity for the target423.  

The binding specificity of aptamers have led to their use as biosensors and for bioimaging 

by incorporating fluorescent dyes or radioisotopes in the aptamer to report the presence and/or 

location of a target424-426. Therapeutic applications are also possible as binding of the aptamer 

interferes with the functionality of the target which can be used to treat cancers, age-related 

macular degeneration and infectious diseases314,427. Aptamers targeting various HIV-1 proteins 

and RNA motifs have been designed to inhibit viral replication. Viral targets of aptamers include 

the HIV-1 protease428, reverse transcriptase429, gag polyprotein430, integrase431 and UTR432 (Figure 

1.8A-E). Molecular designs of anti-HIV-1 RNAs have now included aptamers as the loop of 

shRNAs to generate shRNA-aptamer chimeras431. In theory, the entire transcript should be 

exported to the cytoplasm and processed by the RNAi machinery to separate the two antiviral 

molecules. This would allow for the shRNA component to proceed with the formation of RISC 

while the aptamer binds on its own to its intended cytoplasmic target such as HIV-1 Gag, protease 

and RT.  

RNA decoy molecules are similar to aptamers, as they can also bind to a target through 

their three-dimensional structure, but are not developed by SELEX and instead mimic natural RNA 

structures which are known to bind to viral elements314. Both the TAR and RRE RNA motifs have 
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been mimicked by RNA decoys433-435 (Figure 1.8F and G). Inhibition of viral replication from 

these two RNA decoys occurs by competitive binding to their individual targets against the natural 

HIV-1 TAR and RRE elements. When the TAR decoy is expressed within an infected cell, it will 

bind to viral Tat and sequester it away from HIV-1 TAR located near the promoter so that the 

recruitment of P-TEFb does not occur314 (Figure 1.8F). Tat possesses nucleolar localization 

properties which requires the TAR decoy to be localized to this region to efficiently inhibit viral 

replication436,437. Therefore, the U16 small nucleolar RNA backbone has been conjugated to the 

TAR aptamer to allow for its nucleolar localization where it can sequester Tat more effectively434. 

The RRE decoy functions by binding to viral Rev and sequesters it away from the natural RRE 

found in unspliced and incompletely spliced viral transcripts435 (Figure 1.8G). This event impairs 

the Rev-dependent nuclear export of these transcripts and results in an inhibition of HIV-1 

replication. The U16 small nucleolar RNA backbone has also been conjugated to the RRE decoy 

where an increased inhibitory effect was observed compared to the decoy used alone438. 
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Figure 1.8 Viral replication can be inhibited by aptamers and decoys binding to viral proteins 
and RNA motifs. Anti-HIV-1 aptamer and decoy genes can be integrated into the host genome by 
a lentiviral vector to act on either pre-integration or post-integration events. These molecules bind 
to their target through their three-dimensional structures to inhibit various steps of the viral 
replication cycle. (A) RT aptamers bind to reverse transcriptase to inhibit the conversion of viral 
RNA to cDNA. (B) IN aptamers bind to integrase to inhibit integration of viral cDNA into host 
cell genomes. (C) LTR aptamers bind to the poly (A) domains of HIV-1 transcripts which prevents 
post-transcriptional processing. (D) Protease aptamers inhibit proteolytic cleavage of Gag and 
Gag-Pol polyproteins by viral protease. (E) Gag aptamers interfere with packaging and assembly 
by competing with viral Gag for binding of genomic viral RNA. (F) TAR decoys prevent the 
enhancement of viral transcription by binding to Tat to sequester it away from viral TAR. (G) RRE 
decoys interfere with nuclear export of viral transcripts by binding to Rev which sequesters it away 
from viral RRE. A dotted line differentiates pre-integration from post-integration events. Adapted 
from Goguen, R.P., 2019314.  
Figure 1.8 Viral replication can be inhibited by aptamers and decoys binding to viral proteins and RNA motifs 

1.4.5 U1i RNAs to inhibit viral replication 

U1i RNAs consist of reengineered U1 small nuclear RNAs (U1 snRNAs) that are 

redirected towards a particular target RNA such as HIV-1 RNA. Within their natural context, U1 
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snRNAs complex with seven Smith proteins as well as with three U1-specific proteins to form a 

U1 small nuclear ribonucleoprotein complex (snRNP)439. These U1 snRNPs interact with the U2, 

U5 and U4/U6 snRNPs, which each contain a unique snRNA and associated proteins, to assemble 

into the spliceosome. Spliceosomal assembly is initiated by recruitment of the U1 snRNP to 5’ 

splice sites (5’ss) through RNA-RNA interactions by the 5’ end of the U1 snRNA440. Cis elements 

within introns are then bound by non-snRNP factors, such as U2AF binding to the polypyrimidine 

tract and SF1/mBBP binding to the branch point, which allows for recruitment of the U2 snRNP 

through its recognition of the branch point439. The U5 and U4/U6 snRNP preassemble into a 

U4/U6.U5 tri-snRNP before being recruited towards the U1 and U2 snRNPs-bound site. Once 

recruitment of the different snRNPs has occurred, various rearrangements of the spliceosomal units 

take place to result in the association of the U6 snRNA with the U2 snRNA to yield the 

spliceosome active site which catalyzes the splicing reaction by metal ion-mediated catalysis441. 

Although the U1 snRNP is invaluable in forming the spliceosome, it can also repress the 

polyadenylation of mRNAs by binding to regions surrounding the polyadenylation site (PAS). 

This is done by the U1-specific protein known as U1-70K interacting with poly(A) polymerase 

(PAP) which interferes with 3’ end processing of the mRNA442,443. 

U1i RNAs are generated by modifying the 5’ recognition domain of the U1 snRNA to be 

complementary to a target mRNA near its PAS and will result in an inhibition of gene expression 

through a technique known as U1 interference. Gene silencing occurs as a result of an inhibition 

in 3’ end polyadenylation mediated by the U1-70K protein440. Modified U1 snRNAs have also 

been designed to bind to regions proximal to splice sites in order to correct genetic diseases 

originating from defects in splicing444-447. Familial dysautonomia, Nasu-Hakola disease and retinis 

pigmentosa are all genetic diseases originating from splice site mutations which result in exon 
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skipping. For each of these diseases, the splicing disorder caused from the mutations can be 

rescued by introducing modified U1 snRNAs which are capable of either binding to the mutated 

ss or bind to downstream region444-447. In both instances, spliceosomal components are recruited 

to the mutated region which significantly reduces exon skipping. Use of U1i RNAs as antiviral 

molecules has also been explored to interfere with the replication of HIV-1 and HBV440,448-451. U1i 

RNAs targeting HIV-1 transcripts have been designed to bind to the 3’ proximal regions of HIV-

1 to inhibit polyadenylation449,450 (Figure 1.9). HIV-1-specific modified U1 snRNAs have also 

been designed to bind to either 5’ss or downstream of 3’ss to enhance splicing of viral transcripts. 

This detrimentally alters the expression of HIV-1 transcripts to inhibit viral production and 

therefore can be considered as another type of U1i451 (Figure 1.9). U1i RNAs which interfere with 

polyadenylation were found to be effective inhibitors in viral production experiments but not in 

viral replication experiments449. In contrast, U1i RNAs which promote splicing were effective 

inhibitors in both HIV-1 production and replication experiments, as well as being more potent 

inhibitors of HIV-1 production when directly compared to those that inhibit polyadenylation440. 

As is the case of shRNAs and ribozymes, the fact that U1i RNAs recognize their target through 

nucleotide complementarity makes them prone to becoming ineffective in the event of nucleotide 

mismatches from viral mutations. Therefore, combination gene therapy will also be necessary 

when utilizing U1i RNAs to prevent the emergence of resistance. Studies have already 

acknowledged this problem and have found that using both U1i RNAs and shRNAs to interfere 

with gene expression confers synergistic inhibitory effects448,452. 
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Figure 1.9 Viral replication can be inhibited by U1i RNAs targeting HIV-1 mRNA. Anti-HIV-
1 U1i RNA genes can be integrated into the host genome by a lentiviral vector. Binding of the U1i 
RNA to 5’ splice sites or downstream of 3’ splice sites causes excessive splicing which leads to 
the absence of full length viral transcripts. The U1i RNA can also be designed to bind to the regions 
proximal to the PAS, where interactions between U1-70K and PAP inhibit polyadenylation of the 
viral transcript, leading to its degradation due to mRNA instability. Adapted from Chen, M.J., 
2023453. 
Figure 1.9 Viral replication can be inhibited by U1i RNAs targeting HIV-1 mRNA 

1.5 Gene delivery 

 Efficient cellular delivery of therapeutic genes is critical to ensure that gene therapy is 

effective in the treatment of diseases. Gene delivery is generally performed after incorporating the 

gene of interest into viral vectors and transducing them in cells. The most common viral vectors 

are derived from retroviruses (including lentiviruses), adenoviruses or adeno-associated viruses 

(AAV). The first gene therapy clinical trial was for the treatment of adenosine deaminase severe 
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combined immunodeficiency (SCID) with a retroviral vector454. Various gene therapy trials using 

retroviral vectors, specifically the murine leukemia virus (MuLV)-based gammaretroviral vectors, 

were subsequently initiated to treat numerous diseases such as X-linked SCID455, malignant brain 

tumors456 and HIV-1 infection307,310,312. This boom in clinical progress declined for some time 

because of the observation of severe adverse effects, which happened when using adenoviral and 

retroviral vectors. One case resulted in the death of an 18-year-old male due to activation of his 

immune system in response to the high dose of adenoviral vector administered. This vector was 

used to deliver a corrective gene for treatment of a mild form of ornithine transcarbamylase 

deficiency457. In another case, the MuLV-based vectors used in early gene therapy trials resulted 

in uncontrolled clonal expansion of T cells in five patients who participated in clinical trials to 

treat X-linked SCID458-460. The development of leukemia in these patients was shown to be driven 

by the integration of the retroviral vector near LMO2, a proto-oncogene promoter, which led to its 

activation and subsequent malignant transformation459. Since these untimely events, gene therapy 

has been regarded more critically and improvements in the selection of effective delivery vectors 

which minimize cytotoxic as well as oncogenic potential have been prioritized. As a consequence, 

third generation, very defective adenoviral vectors are used and lentiviruses have replaced MuLV-

based retroviral vectors. AAV are also widely used for transient delivery and are not toxic. 

Importantly, no further severe adverse effects related to viral vectors have been observed in clinical 

trials and the number of trials has been increasing considerably over the past decade. Gene delivery 

is now possible with both viral and non-viral vectors which can result in either transient or 

permanent expression of the delivered nucleic acids. In the context of HIV-1 gene therapy, using 

delivery vectors to transduce HSCs ex vivo with antiviral genes will likely be necessary as it is 
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difficult to rely on a particular delivery vector to reach all target cells of the virus if the vector is 

delivered directly in vivo. 

1.5.1 Non-viral vectors for gene delivery 

Non-viral vectors used for gene therapy result in transient expression of the gene. This 

delivery strategy therefore completely avoids the occurrence of oncogenesis from integration 

events461. Additionally, these vectors offer lower immunogenicity compared to viral vectors462. 

However, non-viral vectors will dilute during cellular proliferation and repeat administration will 

be necessary to maintain expression of the transgene. Non-viral vectors typically consist of 

cationic polymers or liposomes which complex with DNA or RNA to form a nanoparticle by 

interactions with the negative charges present in the phosphate groups of the nucleic acids463. This 

encapsulation protects the nucleic acids from endonucleases, improves their stability during 

delivery and allows them to enter their target cells. A significant barrier for delivery of DNA is 

their need to be transported to the nucleus for transcription but this can be circumvented by 

replacing the DNA with mRNAs461. Both synthetic siRNAs and miRNAs can also be encapsulated 

in polymers or liposomes and delivered to the cells where they will mediate gene silencing through 

the RISC. Delivery to target tissues and cell types has also been an issue with these vectors as 

classically they are non-specific. Recent improvement in non-viral vectors have incorporated 

ligands which possess binding specificity for cellular receptors and therefore can orient the vector 

towards a target cell or tissue by receptor-mediated endocytosis464,465.  

1.5.2 Viral vectors for gene delivery 

Viral vectors can be used to achieve either transient or permanent expression of a delivered 

gene. This is dependent on whether the vector can integrate into the cellular chromosome or not. 

Viral vectors are generally more effective at delivering a transgene over non-viral vectors, but they 
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can be highly immunogenic or result in carcinogenesis466,467. These vectors cannot form new 

virions as they are deficient in their ability to complete an entire replication cycle, but they retain 

their ability to enter a cell and to inject their viral genome468. Incorporating a therapeutic gene 

within the viral genome therefore allows it to also enter the cell.  

1.5.2.1 Non-integrating viral vectors for gene delivery 

Several adenoviral based non-integrating vectors have been designed. These recombinant 

adenoviruses are DNA vectors and allow for broad tropism as over 100 serotypes have been 

identified which can infect a wide range of cells and tissues469. As the first generation of adenoviral 

vectors elicited a strong immune response, the initial vector design was improved by removing all 

adenoviral genes from the vector. This gutted vector is then supplied by helper viruses (in trans) 

to provide the missing proteins during vector production470. The issue of immunogenicity from 

adenoviral vectors is compounded by the fact that the resulting transient expression of therapeutic 

genes necessitates repeated administrations during gene therapy which increases its likelihood of 

recognition by the adaptive immune system. While eliciting an immune response may in some 

cases not be harmful to patients, it will nevertheless lead to the vector being rapidly cleared by the 

immune system and consequently will decrease the effectiveness of the gene therapy. Additionally, 

antibody cross-reactivity towards the vector due to pre-existing immunity to circulating adenoviral 

strains is also likely to limit the effectiveness of the therapy471.       

AAV vectors consists of another type of non-integrating viral vector. AAVs are 

nonpathogenic satellite parvoviruses that are effective vectors for gene delivery as they present 

very low immunogenicity472,473. Broad tropism is also offered due to AAV being composed of 

multiple serotypes with capsid specificity that allow them to target specific tissues. While wild 

type AAVs possess the ability to integrate into a specific site in chromosome 19, AAV vectors are 
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constructed so that the cis elements required for this integration event are replaced by the 

therapeutic gene469,474. As is the issue with adenoviral vectors, the absence of an integration event 

will eventually cause the loss of the delivered gene during proliferation of the target cells and 

repeated administrations are therefore needed during the therapy475.  

Herpes simplex virus (HSV) has also been explored as an additional type of non-integrating 

viral vector. Similar to adenoviral vectors, HSV vectors are gutted so as to be replication 

incompetent and viral elements required for their production are supplied in trans. Transduction 

using such HSV vectors causes a latent-like infection which leads to long-term expression of the 

transgene that is included in the vector476. Recombinant HSV vectors have found uses in clinical 

trials for gene therapy against brain tumors as this vector is neurotropic477,478. Overall, both non-

viral and viral non-integrating vectors may not be suitable for HIV-1 gene therapy as their 

requirement for frequent administrations will not offer a solution towards the chronic 

administration of cART. 

1.5.2.2 Integrating viral vectors for gene delivery 

Integrating viral vectors consists of retroviral RNA vectors. These differ from the 

previously discussed DNA vectors as their RNA genome must be reverse transcribed by viral 

proteins to generate the DNA product that will integrate in the host chromosome and will be 

transcribed to express the therapeutic gene. These vectors are designed so that retroviral genes 

coding for replication elements are eliminated and replaced with the gene of interest, but the 

genomic regions required for packaging, reverse transcription and integration located in the LTR 

are maintained469. Retroviral proteins that mediate reverse transcription and integration are instead 

supplied in trans during vector formation479. The vesicular stomatitis virus G protein (VSV-G) can 

be used instead of the original retroviral envelope protein to allow for broad tropism480. VSV-G-
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pseudotyped lentiviral vectors use the low-density lipoprotein receptor (LDLR) as the primary cell 

receptor for cell entry481 (Figure 1.10). Integration of the therapeutic gene in target cells allows for 

stable expression of the transgene that is not lost during cellular division482,483. In the context of 

HIV-1 gene therapy, this is highly desirable to eliminate the need for chronic administration of 

therapy as is the case with cART. 

 Since the early usage of MuLV-based retroviral vectors possessed carcinogenic risks, gene 

therapies seeking to generate stable expression of a transgene have instead turned towards 

lentivirus-based retroviral vectors as a delivery tool. Lentiviral vectors possess a low oncogenic 

potential as they preferentially integrate away from the start site of transcriptional units whereas 

MuLV-based vectors preferentially integrate in direct proximity of the start site484. Indeed, during 

HIV-1 gene therapies using lentiviral vectors, the integration site occurs in gene rich areas without 

the development of oncogenesis485,486. To further increase their safety, current lentiviral vectors 

are also typically self-inactivating (SIN). SIN vectors are designed with a deleted segment within 

the 3’ LTR487 (Figure 1.10). While the 5’ LTR is initially intact during the formation of the vector 

to keep its cis acting elements functional, reverse transcription of the viral RNA will result in the 

3’ LTR deletion being copied into the 5’ LTR487 (Figure 1.10). The presence of this deletion within 

the 5’ LTR abrogates transcription of the integrated provirus and removes the strong enhancer 

activity of the LTR promoter on nearby genes. SIN vectors are needed for HIV-1 gene therapy as 

the use of non-SIN vectors may result in lentiviral transcripts being packaged by HIV-1 proteins 

to create chimeric virions within HIV-1-infected cells486. It is important to note that since the 

proviral transcription is defective in SIN vectors, these lentiviral vectors require the inclusion of 

an internal promoter to express the therapeutic gene482. 
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Figure 1.10 Self-inactivating lentiviral vectors mediate transgene delivery into host 
chromosome. Self-inactivating lentiviral vectors possess elements allowing for reverse 
transcription and integration, but have a truncated 3’ LTR. Reverse transcription causes the 
deletions of the 3’ LTR to be copied into the 5’ LTR of the resulting cDNA, thus preventing 
transcription of the provirus after integration. Self-inactivating lentiviral vectors contain an 
internal promoter upstream of the transgene to allow for transcription of the therapeutic molecule 
of interest. Figure created with information from Yu, S.F., 1986487, and Finkelshtein, D., 2013481. 
Figure 1.10 Self-inactivating lentiviral vectors mediate transgene delivery into host chromosome 

1.5.3 Promoters available for expression of anti-HIV-1 RNAs 

Eukaryotic cells possess three different types of RNA Pol promoters. The Pol I promoter 

controls the transcription of most rRNAs while the Pol II promoter is responsible for driving the 

expression of protein coding genes as well as miRNAs328. Pol II promoters have been used in HIV-

1 gene therapy to express aptamers as well as antiviral proteins285,428,430. The Pol III promoters are 

unique in that they can be separated into three different types which exclusively transcribe non-
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coding RNAs488. The type 3 Pol III promoters are typically used in gene therapy since they possess 

a defined transcriptional start site that does not extend into the promoter sequence, unlike the type 

1 and type 2 Pol III promoters489.  

Selection between the Pol II promoters and the type 3 Pol III promoters is typically based 

on whether the therapeutic RNA is destined for localization in the nucleus, the cytoplasm or 

whether the transcript must be translated into a functional protein490. The Pol II promoters have 

the advantage of allowing post-transcriptional modifications of a transcript, such as addition of the 

5’ cap and polyadenylation of the 3’ terminus, which is necessary for nuclear export and for 

translation491-494. For this reason, transcripts coding for antiviral proteins as well as aptamers 

inhibiting cytoplasmic HIV-1 replication events such as protease and gag aptamers are well suited 

for expression from the Pol II promoters431. Although expression from the Pol II promoters allows 

aptamers to be localized to the cytoplasm, the addition of extraneous RNA sequence have the 

possibility of disrupting the specific three-dimensional structure of the aptamer and decrease its 

binding affinity431. Transcripts originating from the type 3 Pol III promoters do not undergo post-

transcriptional modifications and therefore accumulate in the nucleus where they cannot be 

translated495-497. The exception to this is in the case of shRNAs which, in the absence of post-

transcriptional modifications, are directed towards the cytoplasm through a specific nuclear export 

pathway. Nuclear accumulation is ideal for antiviral molecules which interfere with nuclear HIV-

1 replication events such as TAR and RRE decoys. Additionally, therapies which rely on the 

generation of gRNAs with a specific sequence such a CRISPR-Cas9 gene editing or shRNA gene 

therapy are typically driven by type 3 Pol III promoters as transcription results in defined 5’ and 

3’ ends328,498,499. 
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Optimization of gene expression is absolutely critical in gene therapy. Comparisons 

between different promoters expressing small RNAs have mostly been done with the type 3 Pol 

III promoters H1, 7SK and U6328. Evaluation of these different promoters has shown that some 

offer weak antiviral effects in gene therapy and others are associated with cytotoxicity. 

Complicating the matter, reports of which promoters offer the largest therapeutic effect with the 

lowest potential for cytotoxicity is not consistent, suggesting that the expressed antiviral molecule 

is a determinant for promoter choice. Specifically, the U6 promoter has been found to be associated 

with cytotoxic effects which can be alleviated by using the H1 promoter to drive the expression of 

therapeutic genes380,500. However, there have been other reports showing that the use of the U6 

promoter is not associated to any toxicities501. In regards to therapeutic effect, the U6 promoter 

has been found to maximize gene activity in some studies500-502, while another study showed that 

the H1 promoter expresses the most potent therapeutic molecules503. In addition, one study 

reported no difference in the activity of a transgene when expressed from the H1, U6 and 7SK 

promoters504. In the face of such conflicting information, it is imperative to properly evaluate each 

promoter independently for expression when designing a gene therapy against HIV-1. This allows 

for optimization of expression of anti-HIV-1 RNAs to inhibit viral replication without inducing 

cytotoxicity. Although clinical trials using gene therapy against HIV-1 infection have been 

conducted (Table 1.3), their limited effectiveness suggests that adequate optimization is still 

needed to reach effective therapeutic outcomes by antiviral gene therapy287,306,311. Optimization of 

the expression of individual antiviral molecules is certainly a necessary first step before selecting 

which molecules to use in parallel. The overall goal of such careful screening is to establish an 

effective combination gene therapy that controls HIV-1 infection without the emergence of 

resistance and in the absence of toxicity. 
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Rationale and hypothesis 

Anti-HIV-1 gene therapy has been demonstrably safe in clinical trials but there is limited evidence 

that current gene therapies can effectively inhibit the virus in the absence of cART. It is therefore 

crucial to individually optimize anti-HIV-1 RNAs to allow for the establishment of a combination 

gene therapy with an effective therapeutic outcome. We hypothesize that a combination of 

optimized antiviral RNAs will result in long-term inhibition of HIV-1, no cellular toxicity and no 

emergence of resistant virus. 

Objectives 

The general objective of this thesis was to optimize several anti-HIV-1 RNAs to maximize 

inhibitory capabilities while avoiding cytotoxicity, allowing for the establishment of an effective 

combination anti-HIV-1 gene therapy. Initially, we investigated the use of various promoters to 

express antiviral RNAs. Although similar work has been done by other research groups, we felt it 

was important to conduct our own investigations due to inconsistencies in the literature as to which 

promoters express the most potent therapeutic molecules. To further optimize anti-HIV-1 RNAs 

for gene therapy, we also explored various molecular designs including the incorporation of 

aptamers within the terminal loop of shRNAs to generate aptamer-shRNA chimeras. Finally, we 

applied our optimization work to generate effective double molecule combinations. Compared to 

similar work reported in the literature, we elucidate that each anti-HIV-1 RNA molecule must be 

independently optimized to achieve maximal effectiveness rather than following a universal rule 

pertaining to promoter selection or molecular design. 
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Objective 1: Identify the best RNA Pol III promoter for use in gene therapy. 

Our first objective was to express anti-HIV-1 RNAs from the RNA Pol III promoters U6, 7SK and 

H1 in various cell lines to compare antiviral potency, effects on cellular viability and the metabolic 

profile of each molecule when expressed from the different promoters. Both transient transfection 

and lentivirus mediated transduction were evaluated. 

 

Objective 2: Identify the best molecular design of anti-HIV-1 RNAs. 

Our next objective was to express anti-HIV-1 aptamers without or with flanking hairpins, flanking 

hammerhead ribozymes, flanking hepatitis delta virus ribozymes structures as well as conjugated 

to shRNAs to determine which constructs are the most efficacious. 

 

Objective 3: Identify optimal combinations of different classes of anti-HIV-1 molecules to prevent 

viral resistance. 

Using our findings from objectives 1 & 2, we assessed the occurrence of viral escape during long-

term combination therapy to be able to identify an optimal combination of antiviral molecules. 
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Chapter II 

 

 

 

 

 

 

Efficacy, accumulation and transcriptional profile of anti-HIV shRNAs expressed from 

human U6, 7SK and H1 promoters 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is adapted from the following manuscript: Goguen, R.P., Del Corpo, O., Malard, 

C.M.G., Daher, A., Alpuche-Lazcano, S.P., Chen, M.J., Scarborough, R.J., Gatignol, A. 2021. 

Efficacy, accumulation and transcriptional profile of anti-HIV shRNAs expressed from human U6, 

7SK and H1 promoters. Mol Ther Nucleic Acids 23, 1020-1034. 
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2.1 Preface. 

Expression of shRNAs is typically mediated by the RNA polymerase III promoters H1, 7SK and 

U6. Transcripts produced from these promoters do not include post-transcriptional modifications 

which could impede the functionality of the shRNA. Several studies have evaluated the efficacy 

of shRNAs expressed from these promoters. Reports of which promoter produces the most active 

shRNAs has been conflicting, with some research groups stating that shRNAs are more active 

when expressed from the U6 promoter while other research groups have found maximal shRNA 

activity during expression from the H1 promoter. In addition, there has been a study showing no 

difference in shRNA activity during expression from the U6, 7SK or H1 promoter. 

As the literature is inconsistent regarding which promoter is best to drive shRNA expression, we 

hypothesized that the nucleotide sequence of the shRNAs may have an effect as to whether 

expression from the U6, 7SK or H1 promoter leads to maximal shRNA activity without 

cytotoxicity. Our laboratory has previously designed an anti-HIV shRNA targeting the gag region 

of HIV RNA which we originally expressed from the H1 promoter. In an attempt to increase its 

antiviral effects, we decided to also express it from the U6 and 7SK promoter. Therefore, the main 

purpose of this study was to explore various expression strategies of anti-HIV shRNAs. We 

investigated how the expression from different promoters affects the inhibitory capabilities of 

shRNAs as well as their cytotoxic potential. Additionally, we characterized the transcription of 

shRNAs from different promoters to show that transcriptional activity and the accuracy in using 

the +1 transcriptional start site varies between promoters.  

The results from this study allowed us to conclude that expression of anti-HIV shRNAs from the 

U6 and 7SK promoters did indeed lead to more potent antiviral effects, but also caused cytotoxicity 

due to higher expression levels of the shRNAs. The collected information in this paper provides 
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critical information to select appropriate expression strategies of anti-HIV RNAs for use in gene 

therapy to achieve a functional HIV cure. 
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2.2 Abstract. 

The expression of short hairpin RNAs (shRNAs) in cells has many potential therapeutic 

applications including as a functional cure for HIV. The RNA polymerase III promoters H1, 7SK 

and U6 have all been used to express shRNAs. However, there have been no direct and 

simultaneous comparisons of shRNA potency, expression level and transcriptional profile between 

the promoters. We show that the 7SK and U6 promoters result in higher shRNA levels and potency 

compared to the H1 promoter, but that in transduced T lymphocytes, higher expression levels can 

also lead to growth defects. We present evidence that Dicer cleavage of shRNAs is measured from 

the first base pair in the shRNA stem, rather than from the 5’ end as previously shown for 

structurally related microRNAs. As a result, guide strand identity was unaffected by variations in 

5’ transcription start sites among the different promoters making expression levels the main 

determinant of shRNA potency. While all promoters generated shRNAs with variable start sites, 

the U6 promoter was the most accurate in using its intended +1 position. Our results have 

implications for the development of therapeutic small RNAs for gene therapy and for our 

understanding of how shRNAs are processed in cells. 
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2.3 Introduction. 

Combination antiretroviral therapy (cART) used to treat Human Immunodeficiency Virus type 1 

(HIV-1) infection involves a cocktail of several drugs targeting HIV-1 reverse transcriptase, 

protease, integrase and cellular entry receptors1. However, cART cannot clear an infection and is 

associated with multiple short-term and long-term side effects2. Alternative treatments for HIV-1 

infection that do not require chronic and life-long drug administration are extremely desirable. 

Anti-HIV-1 RNA molecules, expressed from a gene introduced into patient cells, provide an 

alternative approach to treat the infection, with the potential to provide long-term control of HIV-

1 replication3-7. The goal is to confer cellular resistance to the virus, resembling the cases of the 

Berlin and London patients where a hematopoietic stem cell (HSC) transplant from a donor 

harboring a homozygous 32 base pair deletion in the CCR5 gene, conferred resistance to HIV and 

cured the infection8-10. HSCs are the ultimate target of gene therapy as they would provide long-

term inhibition of viral replication by allowing all future differentiated HIV-1 target cells to carry 

the viral resistance phenotype. This could be accomplished by using lentiviral vectors to transduce 

HSCs ex vivo with antiviral genes and then transplanting the cells back into the patient4,11-14. 

Antiviral small RNAs are among the top candidates for gene therapy. They include short hairpin 

RNAs (shRNAs), ribozymes, RNA decoys, RNA aptamers and U1 interference RNAs15-20. To 

ensure that these RNAs are expressed in an efficient and safe manner, it is important that the 

promoters used to express them in cells be optimized to maximize antiviral effects and minimize 

toxic effects. 

In eukaryotic cells, three different types of RNA polymerase (Pol) promoters exist and are 

recognized by an equal number of RNA Pol enzymes. The interaction between enzyme and 

promoter mediates transcription of protein-coding mRNAs as well as a diverse array of non-coding 
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RNAs such as transfer RNAs (tRNAs), ribosomal RNAs (rRNAs) and small nuclear RNAs 

(snRNAs). Specifically, the Pol I promoters drive the transcription of most rRNAs, while the Pol 

II promoters generate mRNAs from protein-coding genes and some small RNAs such as snRNAs 

and microRNAs. Finally, the Pol III promoters, which are separated into three types, transcribe 

exclusively non-coding RNAs21. The type 1 Pol III promoter transcribes the 5S rRNA gene while 

type 2 transcribes tRNA genes22. Unlike type 1 and 2 Pol III promoters that contain part of their 

transcripts within the promoter sequence, the type 3 Pol III promoters utilize a generally specific 

+1 transcriptional start site just after the end of the promoter sequence23. The termination sequence 

for RNA Pol III is a stretch of several thymidines (Ts) that results in a variable tail of one to six 

uridines (Us) on the 3’ end of the transcript24. The type 3 Pol III promoters are most suited for 

expressing artificially designed small RNAs that require a defined 5’ and 3’ end, because they are 

the only human promoters that do not result in the addition of longer extraneous RNA sequences 

from the transcription start and/or termination signals. Commonly used type 3 Pol III promoters 

include the U6, H1 and 7SK promoters, which express the U6 snRNA, the RNase P RNA and the 

7SK RNA, respectively.  

Several studies have investigated the activity of shRNAs when expressed from the different Pol 

III promoters. However, the results have not been consistent, with three studies showing the U6 

promoter produces more active shRNAs compared to the H1 promoter25-27, another study showing 

the H1 promoter produces more active shRNAs compared to the U6 and 7SK promoters28 and 

another study showing no difference in the activity of four different shRNAs expressed from the 

H1, U6 or 7SK promoters29. Furthermore, although it is expected that the type 3 RNA Pol III 

promoters would drive the expression of shRNAs from their intended +1 start sites, recent evidence 

demonstrates that this is not always the case. For example, one study showed that the initiation site 
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of transcription from human and mouse U6 promoters is affected by the surrounding sequence30. 

Further investigations have elaborated on this to identify how the precise nucleotide sequence 

around the +1 position affects the transcriptional efficiency of the Pol III promoters as well as 

which exact nucleotide position is used as the transcriptional start site31. Accurate expression of 

designed small RNAs is critical for them to perform their function and to limit potential off target 

effects from unintended transcripts. In the case of shRNAs, their processing by the RNA 

interference (RNAi) machinery takes place at specific nucleotide (nt) positions. Since it has been 

shown that the human Dicer endonuclease processes double stranded RNAs by measuring ~22 nt 

downstream from the 5’ end, vastly different RNA molecules could arise when transcription is 

altered by even a single nt position32,33. Having defined start sites for the transcription of 

ribozymes, decoys, aptamers and clustered regularly interspaced short palindromic repeats 

(CRISPR) nuclease guide RNAs is also important for these molecules to function properly34,35.  

We have previously shown that an shRNA targeting a conserved sequence in HIV-1 RNA coding 

for the Gag polyprotein can inhibit viral replication from diverse HIV-1 strains17. This shRNA 

targets a site that begins at nucleotide position 1498 of HIV-1 NL4-3 DNA and was called sh1498. 

So far the only shRNA targeting HIV-1 RNA that has entered clinical trials targets the tat/rev 

coding region4,36, and its target site begins at nucleotide position 5983 of HIV-1 NL4-3 DNA. In 

our previous study, we denoted this tat/rev shRNA as sh5983 and identified a similar anti-HIV-1 

potency when compared to sh1498 using the H1 promoter to drive the expression of both 

shRNAs17. In this study, we have used the same plasmid backbone (psiRNA GFP::Zeo, 

InvivoGen) to directly compare the antiviral potency of sh1498 and sh5983 when expressed from 

the promoters H1, U6 and 7SK. As the design of vectors with the H1 and U6 promoters included 

eight nucleotides from the 7SK sequence directly upstream of the intended transcription start site, 
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we also generated plasmids with the natural H1 and U6 sequences at these positions. Our results 

show that the U6 and 7SK shRNA cassettes are more potent compared to the H1 shRNA cassettes 

and that this correlates with the expression level of the shRNAs. We also show that changing the 

eight nucleotides upstream of the transcription start site from the 7SK sequence to the natural H1 

and U6 sequences does not enhance the cassette’s potency and for the H1 promoter leads to a slight 

decrease in potency. Finally, by RNA sequencing (RNA Seq) analysis, we identify differences in 

transcriptional profiles of shRNAs expressed from the different promoters, particularly in the 

transcriptional start site. Usage of the expected +1 transcriptional start site was most accurate from 

the U6 promoter, while the accuracy in using this site from the 7SK and H1 promoters was variable 

based on the specific molecule being transcribed. 

 

2.4 Results. 

2.4.1 Anti-HIV-1 shRNAs are more potent when expressed from the 7SK and U6 

promoters compared to the H1 promoter 

To evaluate if the promoter used to express anti-HIV-1 RNAs affects the antiviral activity of these 

molecules, we expressed the sh1498 and sh5983 molecules from the H1, U6 and 7SK promoters. 

To rule-out nonspecific activity of the shRNAs contributing to the inhibition of HIV-1 production, 

a non-sense shRNA (shNS) that does not target HIV-1 RNA was also evaluated. The ability of the 

shRNAs to suppress HIV-1 production was measured after co-transfections with HIV-1 molecular 

clone pNL4-3 and each plasmid construct in parallel with the corresponding empty plasmid, 

psiRNA-H1GFP::Zeo, psiRNA-7SKGFP::Zeo or psiRNA-U6GFP::Zeo. Relative HIV-1 

production was estimated by measuring the activity of HIV-1 reverse transcriptase (RT) in the cell 

supernatants normalized to RT activity in the supernatants of cells co-transfected with the empty 
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psiRNA vectors (Figure 2.1). The shRNAs expressed from the H1 promoter had an IC50 between 

0.5-5ng (Figure 2.1A) while the IC50 of the shRNAs expressed from both the 7SK and U6 promoter 

were about 10-fold lower, between 0.05-0.5ng (Figure 2.1B, C). These results indicate that the 

7SK and U6 shRNA cassettes are more potent compared to the H1 shRNA cassettes. HIV-1 

production was not significantly affected by the presence of shNS when expressed from any 

promoter (Figure 2.1A-C) and there were no major differences in HIV-1 production in cells co-

transfected with the different empty plasmids (Figure 2.2). 

  



 134 

 

Figure 2.1 Inhibition of HIV-1 production by anti-HIV shRNAs expressed from different 
promoters. HEK 293T cells were cotransfected with the HIV-1 molecular clone pNL4-3 along 
with one of the plasmids containing the RNA pol III H1 promoter (A), 7SK promoter (B) or U6 
promoter (C) and expressing a shRNA. Supernatants were collected 48 h post-transfection and 
virus production was estimated by measuring HIV-1 RT activity. Data are expressed as a 
percentage of RT activity in cells cotransfected with the respective empty shRNA expression 
plasmid. Each data point represents the mean +/- standard error mean (SEM) from at least two 
independent experiments with 2 replicates (n = 4-16). Effect of shRNAs on virus production are 
shown when expressed from each RNA pol III promoter. A two-way ANOVA with Bonferroni 
post test was used to compare means to means of empty vector transfected cells. Significance 
(P<0.05 *, P<0.01 **, P<0.001 ***) is shown for those data points that were significantly 
different.Figure 22Figure 2.1 Inhibition of HIV-1 production by anti-HIV shRNAs expressed from different 
promoters 



 135 

 

Figure 2.2 RT activity following co-transfection of HIV-1 pNL4-3 and different empty 
psiRNA vectors. HEK293T cells were cotransfected with the HIV-1 molecular clone pNL4-3 
(100 ng) along with 100 ng of one of the empty psiRNA expression plasmids containing the RNA 
pol III 7SK, U6 or H1 promoter. Supernatants were collected 48 h post-transfection and virus 
production was estimated by measuring HIV-1 RT activity. Data are expressed as counts per 
minute. Each data point represents the mean +/- standard error mean (SEM) from two independent 
experiments with 3 replicates (n = 6). An unpaired two-tailed t-test was used to compare the mean 
of 7SK empty vector transfected cell RT activity to the means of the other promoters. No 
comparisons were significantly different (P<0.05). 

Figure 2.2 RT activity following co-transfection of HIV-1 pNL4-3 and different empty psiRNA vectors 

2.4.2 Anti-HIV-1 shRNAs expressed from the different Pol III promoters do not affect cell 

viability in HEK 293T cells 

To determine if the differences in effects on HIV-1 production were related to cytotoxicity, we 

measured cell viability in HEK 293T cells using a WST-1 metabolism assay two days after 

transfection of the different shRNA expression vectors. shRNA cassettes were transfected into 

HEK 293T cells at 300 to 40,000 times their IC50 levels (0.05 to 5 ng, Figure 2.1). WST-1 

metabolism was normalized to the metabolism in cells transfected with the empty psiRNA vectors. 

Cell viability was not impaired at doses of up to 2 µg when the shRNAs were expressed from any 

of the promoters (Figure 2.3A-C), demonstrating that the shRNAs are not cytotoxic when 

transfected at levels well above their effective amounts in HEK 293T cells. These results confirm 
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that differences in the inhibition of HIV-1 production by the shRNAs expressed from the different 

promoters is not a consequence of differences in cytotoxicity. 

 

 

Figure 2.3 shRNAs do not affect cell viability when expressed from RNA pol III promoters 

Figure 2.3 shRNAs do not affect cell viability when expressed from RNA pol III promoters. 
HEK 293T cells were transfected with 0.05 µg – 2 µg of plasmid containing the RNA pol III H1 
promoter (A), 7SK promoter (B) and U6 promoter (C) and expressing a shRNA. Cell viability was 
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quantified by measuring the metabolism of WST-1 48 h post-transfection. Effect of shRNAs on 
cell viability is expressed as a percentage of WST-1 metabolism. Each data point represents the 
mean +/- SEM from at least three independent experiments with 1-2 replicates (n = 5-8). A two-
way ANOVA with Bonferroni post-test was used to compare means to means of empty vector 
transfected cells. No data points were significantly different (P<0.05). 

2.4.3 The potency of anti-HIV-1 shRNAs is not improved when expressed from Pol III 

promoters containing the complete natural human sequences  

shRNA expression plasmids are typically designed to include a restriction site immediately before 

the intended +1 transcription start site to facilitate cloning of different shRNA sequences 

downstream of the promoter (see Table 2.1 for the upstream sequences in some commonly used 

vectors). However, the precise start site for transcription can be affected by the surrounding 

nucleotide sequence30,31 and these sequences may also affect the transcription efficiency. The 

commercially available psiRNA plasmid (InvivoGen) used in this study contains the 7SK 

promoter, which happens to include a KpnI restriction site two nucleotides upstream from the +1 

transcription start site. This KpnI site was used by InvivoGen to replace the 7SK promoter with 

the H1 promoter and by us to replace the 7SK promoter with the U6 promoter for this study. As a 

result, both the U6 and H1 promoters contain eight nucleotides of the 7SK promoter sequence 

directly upstream of their intended +1 transcription start sites (Figure 2.4A). To evaluate if the 

antiviral potency of the shRNAs is affected by these eight nucleotides, site-directed mutagenesis 

was used to change them to the natural H1 and U6 promoter sequences, which we called the 

“humanized (h)” hH1 and hU6 promoters (Figure 2.4A). Inhibition of HIV-1 production was 

measured using HIV-1 RT activity following co-transfections of plasmid constructs expressing 

anti-HIV-1 shRNAs and HIV-1 pNL4-3. All data were normalized to the empty psiRNA vectors 

at each dose. Interestingly, the H1 shRNA cassettes with the 7SK sequence upstream of the 

transcription start site were more potent compared to the hH1 shRNA cassettes with the natural 

H1 sequence (Figure 2.4B). The IC50s of the H1 shRNA cassettes were 0.24 ng for sh5983 and 
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0.59 ng for sh1498 compared to the IC50s of the hH1 shRNA cassettes, which were 4.75 ng for 

sh5983 and 2.49 ng for sh1498. In contrast, the IC50s of the U6 shRNA cassettes were similar 

between the hU6 and U6 promoters (Figure 2.4C). 

Table 2.1 Promoter sequences upstream of the +1 start site in commercially available 
vectors. 

Table 2.1 Promoter sequences upstream of the +1 start site in commercially available vectors
Natural H1 ACTCTTTCCC+1 Human 
pSUPER ACAGATCTAA+1 Oligoengine 
psiRNA ACGGTACCTC+1 InVivogen 
pSilencer ACTCGGATCC+1 Life Tech. 
Natural U6 ACGAAACACC+1 Human 
pSIREN-DNR ACGAGGATCC+1 Clontech 
pSilencer ACGCGGGATC+1 Life Tech. 
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Figure 2.4 Antiviral effect of shRNAs when expressed from “humanized” promoters. The 
KpnI sites upstream of the transcriptional start site were replaced by the natural promoter sequence 
(A). The effect of the molecules on HIV-1 production was measured exactly as in Figure 2.1. 
Antiviral potency of shRNAs was compared when expressed from promoters containing the KpnI 
site and “humanized” promoters for H1 (B) and U6 (C). Each data point represents the mean +/- 
SEM from at least two independent experiments with 1-2 replicates (n = 3-15). A nonlinear 
regression log(inhibitor) versus response equation with least-square (ordinary) fit was applied to 
the log transformed data and statistical significance between LogIC50s was determined using extra 
sum-of-squares F test where P<0.05 is considered not significant (ns). 

Figure 2.4 Antiviral effect of shRNAs when expressed from “humanized” promoters 
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2.4.4 Expression levels of shRNAs from each Pol III promoter correlates with their 

antiviral activity 

We then hypothesized that the differences in antiviral potency of the shRNA cassettes with the 

different Pol III promoters may be due to differing efficiencies of transcription. To determine 

whether this is the case, RNA was recovered from the transfected cells and the expected shRNA 

guide strands were measured by Northern blot. The relative expression level of shNS, sh5983 and 

sh1498 when expressed by the different Pol III promoters was then determined by quantifying the 

different band intensities normalized to the 5S rRNA loading control using Fiji software (Figure 

2.5). We observed that gene expression levels were similar between the 7SK, U6 and hU6 

promoters when they express the three different shRNAs. The expression levels between the H1 

and the hH1 promoters expressing these same shRNAs were similar, but much lower compared to 

7SK, U6 and hU6 promoters (Figure 2.5A-C). This expression pattern closely mirrors the trend of 

antiviral potency observed when the shRNAs were expressed from the different Pol III promoters 

(Figures 2.1 and 2.4), which suggests that the differences in antiviral effects observed is most likely 

due to the varying transcription efficiencies of the promoters. 
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Figure 2.5 The 7SK, U6 and hU6 promoters express higher levels of shRNA guide strands than the 
H1 and hH1 promoters. RNA harvested from shRNA transfected HEK 293T cells was migrated in a 15% 
polyacrylamide-urea gel. shRNA as well as 5S RNA were detected with 32P-labeled RNA probes and band 
intensities were analyzed with Fiji software to generate numerical values from two independent 
experiments. Intended guide strand RNA expression levels from the Pol III promoters is shown for sh1498 
(A), sh5983 (B) and shNS (C). Each data point represents the mean +/- SEM from two independent 
experiments (n=2). An unpaired two-tailed t-test was used to compare the mean of 7SK gene expression 
values to the mean of the other promoters. Significance (P<0.05 *, P<0.01 **, P<0.001 ***) is shown for 
gene expression means that were significantly different compared to the 7SK gene expression means. 

Figure 2.5 The 7SK, U6 and hU6 promoters express higher levels of shRNA guide strands than the H1 and hH1 promoters 

2.4.5 Cells transduced with a U6 and 7SK driven anti-HIV-1 shRNA restrict viral 

replication but have a severe growth disadvantage compared to untransduced cells 

To compare the efficacy of an anti-HIV-1 shRNA driven by the different Pol III promoters against 

HIV-1 replication in a T cell line, SupT1 cells were transduced with lentiviral vectors (HIV7-

GFP37) carrying U6, 7SK and H1 driven sh1498 and shNS. Following transduction, cells were 

sorted for GFP expression (Gating shown in Figure 2.8) and infected with HIV-1 NL4-3. Viral 

replication was measured using HIV-1 RT activity in the culture supernatants over time. 

Regardless of the promoter, shNS transduced cells had similar replication kinetics compared to the 

empty vector transduced cells (Figure 2.6A). Cells transduced with H1 driven sh1498 also had 

similar HIV-1 replication kinetics compared to the empty vector (Figure 2.6B). In contrast, no 

viral replication was detected in cells transduced with U6 or 7SK driven sh1498 up to 60 days post 

infection. Similar results were obtained from an independent transduction (Gating shown in Figure 
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2.9) except that one replicate infection for U6 sh1498 transduced cells started to produce detectable 

RT activity at 26 days post infection (Figure 2.6C).  

 

Figure 2.6 HIV-1 replication is restricted in SupT1 cells expressing sh1498 from the 7SK and 
U6 promoters, but the cells have a severe growth disadvantage compared to untransduced 
SupT1 cells. SupT1 cells were transduced with HIV-7-EGFP lentiviral vectors expressing shNS 
(A) or sh1498 (B and C) from the H1, U6 and 7SK promoters and infected with HIV-1 NL4-3 at 
1750 cpm/mL. The mean RT activity (cpm) was measured in culture supernatants at various days 
post infection. Each data point represents the mean +/- SEM from three infections (n=3). (D) 
Transduced SupT1 cells were mixed with untransduced SupT1 cells and the percentage of GFP 
positive cells was measured at various days post-mixing. Each data point represents the mean +/- 
SEM from three experiments (n=3). A two-way ANOVA with Bonferroni post-test was used to 
compare means to means of empty vector transduced cells. Significance (P<0.05 *, P<0.01 **, 
P<0.001 ***) is shown for those data points that were significantly different from the empty vector 
transduced controls. 

Figure 2.6 HIV-1 replication is restricted in SupT1 cells expressing sh1498 from the 7SK and U6 promoters, but the cells have a 
severe growth disadvantage compared to untransduced SupT1 cells 

To evaluate the potential for shRNA expression to affect cell growth we also mixed GFP sorted 

transduced SupT1 cells with unsorted SupT1 cells that had also been passed through the flow 

cytometer (same cells as for Figure 2.6C but not infected, gating shown in Figure 2.9). We then 

followed the % GFP positive cells over time using a competitive cell growth assay similar to a 
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previously described method38 (Figure 2.6D). Mixed cultures of empty vector, H1 shNS and 7SK 

shNS remained at around 50% out to 57 days post sorting. In contrast, the % of GFP positive cells 

decreased over time for U6 shNS and H1 sh1498 cultures down to 11 and 21 %, respectively. They 

rapidly decreased to nearly 0 % in U6 sh1498 and 7SK sh1498 cultures by day 16. Because of the 

severe impact on cell growth observed for U6 and 7SK sh1498 mixed cultures (Figure 2.6D), it is 

difficult to conclude whether the failure of HIV-1 to replicate in these cells (Figures 2.6B and C) 

was a result of cell toxicity or the effect of the shRNAs. Likely, a combination of shRNAs targeting 

HIV-1 and loss of cells available to be infected because of toxicity stopped HIV-1 from 

establishing an infection at the beginning of the experiment.  

2.4.6 Expression of shRNAs leads to the accumulation of multiple RNA sequences 

shRNA expression cassettes are typically designed with the intended passenger strand at the 5’ 

end separated by a loop from the intended guide strand at the 3’ end. Following transcription, the 

complementary passenger and guide strands hybridize to form a hairpin structure, which is 

exported to the cytoplasm by Exportin 5 where the molecule will be processed by RNAi enzymes. 

This processing begins by Dicer removing the loop and then by Ago2 cleaving the passenger 

strand16. The guide strand can then direct Ago2 to cleave its target RNA by complementary base 

pairing. The accumulation of different RNA species, in addition to the intended active guide strand, 

results from the differential processing by the RNAi enzymes as well as from the potential for 

alternative start and end sites of transcription. To identify potential differences in the expression 

of these RNA sequences between the different Pol III promoters we sequenced the small RNAs of 

shRNA transfected HEK 293T cells.  

RNA Seq data were obtained from cDNA libraries generated with a small RNA library preparation 

kit that uses adaptors that specifically ligate to 3’ hydroxyl groups that are a hallmark of Dicer 
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cleavage. All sequences that aligned with each shRNA cassette were identified and organized by 

read number. The data were then expressed as a percentage of reads over total number of reads for 

each sequence identified. Using a cut-off of 0.1% of total reads, the sequences were organized into 

tables with their corresponding abundance tabulated for each promoter (Tables 2.2-2.4). The most 

common sequences (>0.5% of total reads) are illustrated for sh1498 and sh5983 in Tables 2.5 and 

2.6, respectively. As expected, several sequences were identified for shRNAs expressed from all 

promoters corresponding predominantly to guide and passenger strands of different lengths. 

Notably, a more diverse set of sequences were observed for sh5983 compared to sh1498, due 

predominantly to more diverse Dicer cleavage sites seen at the 3’ ends of passenger strands and 

the 5’ ends of guide strands. Overall, the results demonstrate that a variety of sequences accumulate 

following shRNA transfection and that Dicer cleavage is more uniform for sh1498 compared to 

sh5983. 
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Table 2.2 Transcriptional profile of sh1498 expressed from different RNA Pol III promoters 
for reads occurring at > 0.1% of total reads.  
Table 2.2 Transcriptional profile of sh1498 expressed from different RNA Pol III promoters for reads occurring at > 0.1% of total 

reads  
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Table 2.3 Transcriptional profile of sh5983 expressed from different RNA Pol III 
promoters for reads occurring at > 0.1% of total reads. 
Table 2.3 Transcriptional profile of sh5983 expressed from different RNA Pol III promoters for reads occurring at > 0.1% of total 

reads.  
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Table 2.3 (continued) Transcriptional profile of sh5983 expressed from different RNA Pol 
III promoters for reads occurring at > 0.1% of total reads. 

 

Table 2.4 Transcriptional profile of shNS expressed from different RNA Pol III promoters 
for reads occurring at > 0.1% of total reads.  
Table 2.4 Transcriptional profile of shNS expressed from different RNA Pol III promoters for reads occurring at > 0.1% of total 

reads  
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Table 2.5 Transcriptional profile of sh1498 expressed from different RNA Pol III promoters. 
Table 2.5 Transcriptional profile of sh1498 expressed from different RNA Pol III promoters.

sh1498                   Passenger                              Loop                        Guide             Promoter (% of total reads)  

 NNNGCAGGAACTACTAGTACCCTACTCGAGAAGGGTACTAGTAGTTCCTGCTTTTT 7SK U6 hU6 H1 hH1 

Passenger CTCGCAGGAACTACTAGTACCCT 1.3         
 CTCGCAGGAACTACTAGTACCC 0.9         
  TCGCAGGAACTACTAGTACCCT 11.6     6.7   
  TCGCAGGAACTACTAGTACCC 1.7     1.2   
   CGCAGGAACTACTAGTACCCT 1.8 0.8 2.8 4.6 2.1 
   CGCAGGAACTACTAGTACCC       0.8   
    GCAGGAACTACTAGTACCCTA   0.5       
    GCAGGAACTACTAGTACCCT 7.3 11.2 11.1 7.2 7.9 
    GCAGGAACTACTAGTACCC 1.9 3.6 3.7 2.8 2.2 
    GCAGGAACTACTAGTACC   0.5       
    GCAGGAACTACTAGTA   0.7   0.7   
    GCAGGAACTACTAGT 0.5 1.6 0.9 1.3 0.6 
    GCAGGAACTACTAG   1.4 0.8 1.5   
    GCAGGAACTACT    2.4 1.3 2.6 0.5 
Other                             AGAAGGGTACTAGTAG   1.4 0.5 0.8   
                             AGAAGGGTACTAGTAGT   1.2   0.7   
Guide                                  GGTACTAGTAGTTCCTGCT 3.2 8.5 8.2 9.1 4.8 
                                   GTACTAGTAGTTCCTGCT   2.0 1.6 2.0 0.6 
                                  GGTACTAGTAGTTCCTGCTT 7.9 11.7 11.7 7.7 10.3 
                                   GTACTAGTAGTTCCTGCTT 0.5 1.5 1.3 1.2 0.7 
                                  GGTACTAGTAGTTCCTGCTTT 33.8 22.6 26.8 18.8 38.6 
                                   GTACTAGTAGTTCCTGCTTT 4.1 6.3 6.3 5.9 5.4 
                                  GGTACTAGTAGTTCCTGCTTTT 7.0 4.2 5.8 5.3 8.4 
                                   GTACTAGTAGTTCCTGCTTTT 8.8 7.4 9.1 11.4 11.4 
                                  GGTACTAGTAGTTCCTGCTTTTT 0.9 0.5 0.7 0.5 1.0 
                                   GTACTAGTAGTTCCTGCTTTTT 1.4 0.9 1.1 0.9 1.7 

 

Table 2.6 Transcriptional profile of sh5983 expressed from different RNA Pol III promoters. 

Table 2.6 Transcriptional profile of sh5983 expressed from different RNA Pol III promoters

sh5983                   Passenger                       Loop                        Guide                 Promoter (% of total reads)   

 NNNGCGGAGACAGCGACGAAGAGGCTCGAGGCTCTTCGTCGCTGTCTCCGCTTTTT 7SK U6 hU6 H1 hH1 

Passenger CCCGCGGAGACAGCGACGAAGA         4.6 
 CTCGCGGAGACAGCGACGAAGA 1.0         

 CCCGCGGAGACAGCGACGAAG         1.1 
  CCGCGGAGACAGCGACGAAGAG         1.6 
  TCGCGGAGACAGCGACGAAGAG 0.6         

  CCGCGGAGACAGCGACGAAGA         1.8 
  TCGCGGAGACAGCGACGAAGA 0.8         

  CCGCGGAGACAGCGACGAAG         0.7 
   CGCGGAGACAGCGACGAAGAGG       0.9   

   CGCGGAGACAGCGACGAAGAG       0.9 0.7 
   CGCGGAGACAGCGACGAAGA     0.6 0.9 1.0 
    GCGGAGACAGCGACGAAGAGGCTCG   0.8 0.5 1.4   

    GCGGAGACAGCGACGAAGAGGCT       0.5   
    GCGGAGACAGCGACGAAGAGGC 1.5 2.7 2.5 5.4 1.1 

    GCGGAGACAGCGACGAAGAGG   0.6 0.7 1.3   
    GCGGAGACAGCGACGAAGAG 0.7 0.7 0.9 1.2   
    GCGGAGACAGCGACGAAGA 5.5 6.5 9.7 9.9 3.6 

    GCGGAGACAGCGACGAAG 2.6 3.9 6.1 6.7 1.9 
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    GCGGAGACAGCGACGAA   0.9 0.9 0.8   
    GCGGAGACAGCGACGA   0.6 0.8 0.8   
    GCGGAGACAGCG   2.3 1.1 1.0   
Other   AGACAGCGACGAAGAGGC 0.1 2.8 1.2 2.8   
           ACGAAGAGGCTCG   0.5       
                     TCGAGGCTCTTCGTCGC   1.3 0.7 1.2   
                      CGAGGCTCTTCGTCGC   0.8   0.7   
                      CGAGGCTCTTCGTCGCT   0.6       
                        AGGCTCTTCGTCGCTGTCTCC   0.7       
                        AGGCTCTTCGTCGCTGTCTCCG   0.6   0.5   
Guide                        AGGCTCTTCGTCGCTGTCTCCGCT   0.9   0.7   
                           CTCTTCGTCGCTGTCTCCGCT 0.8 1.4 1.1 1.1   
                            TCTTCGTCGCTGTCTCCGCT 1.8 4.8 3.3 2.7 1.4 

                             CTTCGTCGCTGTCTCCGCT 0.8 1.1 0.9 0.8 0.7 
                        AGGCTCTTCGTCGCTGTCTCCGCTT   1.6 0.9 2.5   

                           CTCTTCGTCGCTGTCTCCGCTT 1.8 1.6 1.3 1.3 1.0 
                            TCTTCGTCGCTGTCTCCGCTT 6.9 9.5 8.3 7.3 6.6 
                             CTTCGTCGCTGTCTCCGCTT 5.4 4.6 4.7 3.7 5.2 
                           CTCTTCGTCGCTGTCTCCGCTTT 1.2 0.7 0.7 0.6 0.7 
                            TCTTCGTCGCTGTCTCCGCTTT 16.6 9.5 10.8 8.5 15.0 
                             CTTCGTCGCTGTCTCCGCTTT 26.7 13.7 16.9 12.2 26.3 
                              TTCGTCGCTGTCTCCGCTTT 1.5 1.7 1.9 1.4 1.7 
                            TCTTCGTCGCTGTCTCCGCTTTT 1.5 1.1 1.5 1.0 1.4 
                             CTTCGTCGCTGTCTCCGCTTTT 11.6 4.2 7.3 4.8 10.7 
                              TTCGTCGCTGTCTCCGCTTTT 1.5 0.9 1.3 0.9 1.5 
                             CTTCGTCGCTGTCTCCGCTTTTT 0.8   0.5   0.8 

 

2.4.7 The U6 promoter is the most accurate in using the +1 transcriptional start site but 

guide strand identity is not affected by differences in the +1 site usage  

Using the abundance values in Tables 2.2-2.4 we calculated the percentage of reads corresponding 

to passenger, guide and other strands, where other strands were defined as those strands that start 

after the first 3 nucleotides following the expected +1 transcription start site (+4 and over) and end 

before the first nucleotide preceding the transcription termination signal of five Ts (Figure 2.7A). 

For all shRNAs expressed from all promoters, guide strands were the most abundant sequences. 

For both sh1498 and sh5983 the proportion of guide strand reads ranged from about 60 to 80 

percent, whereas for shNS almost all the reads corresponded to guide strands and this was 

consistent for all of the promoters. 

The percentage of reads with different end sites and start sites were calculated as a fraction of the 

total number of the guide strands and passenger strands, respectively (Figure 2.7B and C). For all 
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shRNAs expressed from all promoters the most common end sequence was UUU, suggesting that 

regardless of the promoter or shRNA sequences, UUU is the most common shRNA tail. No major 

differences in transcription termination were evident between the promoters nor the different 

shRNA sequences. In contrast, the different promoters resulted in major differences in 

transcription start sites (Figure 2.7C). Both versions of the U6 promoter were extremely precise at 

generating transcripts of all shRNAs from the intended +1 transcriptional start site. Meanwhile, 

the 7SK and H1 promoters varied in their use of this site depending on which shRNA was 

transcribed. Specifically, the 7SK promoter was reliable in using the +1 site solely when 

expressing sh5983 while the H1 promoter was reliable in using this site when expressing sh5983 

and shNS but not sh1498. The hH1 promoter was reliable in using the +1 site only when 

transcribing sh1498. Overall, the U6 and hU6 promoters gave rise to more accurate transcriptional 

start sites when expressing the different shRNAs. 
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Figure 2.7 Proportion of reads corresponding to different RNA variants of sh1498, sh5983 
and shNS. (A) The proportion of variants corresponding to expected passenger, guide and other 
strands are shown. (B) The proportion of guide strands ending in different numbers of Uridines is 
shown. (C) The proportion of passenger strands starting at different positions relative to the 
expected +1 transcriptional start site are shown.  

Figure 2.7 Proportion of reads corresponding to different RNA variants of sh1498, sh5983 and shNS 

An unexpected observation was that despite differences in transcriptional start sites between the 

promoters (Figure 2.7C) there were not major differences in the identity of the guides strands 

(Tables 2.5 and 2.6), suggesting that Dicer cleavage is unaffected by the length of the shRNA 5’ 

end. This observation can most easily be appreciated when looking at sh1498 sequences (Table 

2.5) for which, despite major differences in the start site between the different promoters, there are 

only two main Dicer cleavage sites revealed when looking at the 5’ end of the guide strands. 

Similarly, when looking at the 3’ end of the passenger strands, two major Dicer cleavage sites are 
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apparent for passenger strands that start at the -3 to +1 positions. These results suggest that, for 

shRNAs, Dicer cleavage sites are measured from the first base pair of the duplex rather than from 

the 5’ end as has previously been demonstrated for structurally related microRNAs32.  

 

2.5 Discussion. 

The RNA Pol III type 3 promoters U6, H1 and 7SK are typically used to express small RNAs such 

as shRNAs and CRISPR guide RNAs as transcription from these promoters has defined start and 

end sites and results in the addition of only a few uridines to the 3’ end of transcripts. However, 

there has been limited work comparing these promoters for the expression of therapeutic RNAs. 

Additionally, of the studies that have utilized Pol III promoters for gene therapy, most have only 

focused on one or two promoters at a time25,39,40. For gene therapy to treat HIV-1 infection, 

multiple antiviral RNAs will be needed to avoid the development of viral resistance15,18,28,29,41,42. 

If a single promoter is used to express a combination of antiviral RNAs, deletions of the therapeutic 

genes could occur as a consequence of recombination between the different transcriptional units 

using the same Pol III promoter28,29. Therefore, a different Pol III promoter expressing each 

therapeutic RNA may be required to avoid recombination. With this in mind, it is important to 

properly evaluate which promoter expresses the most active antiviral RNAs as well as 

characterizing the transcriptional profile of the promoters U6, 7SK and H1. 

Reports on which Pol III type 3 promoter express the most active shRNAs have not been 

consistent. Specifically, an shRNA targeting the HIV-1 vif coding sequence and a long hairpin 

RNA targeting the tat/rev viral sequences were shown to be more active when expressed from the 

H1 promoter compared to both the U6 and 7SK promoters28. In another study, two CCR5-specific 

shRNAs were shown to be more active when expressed from the U6 promoter compared to the H1 
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promoter, but the U6 driven shRNAs were cytotoxic in primary human blood cells25. Similar 

results were obtained in two other studies where both the expression level and activity of shRNAs 

were higher for the U6 promoter compared to the H1 promoter26,27. In contrast, in a study that 

compared four different anti-HIV-1 shRNAs expressed from the H1, U6 or 7SK promoters, similar 

activities were observed regardless of promoter choice29. To further complicate comparisons of 

the different Pol III promoters, it has been found that transcription start sites vary depending on 

both the promoter choice as well as the nucleotides upstream of the intended +1 transcription start 

sites30, which can be problematic as these upstream nucleotides are often altered to accommodate 

a restriction enzyme recognition site (Table 2.1). In another study comparing several 7SK, H1 and 

U6 promoters, the nucleotide identity of the +1 transcriptional start site of a small unstructured 

RNA was found to affect both transcriptional activity and start site identity with the H1 promoters 

resulting in the most variable +1 start site.31 While important observations have been made, there 

has not been any direct simultaneous comparison of shRNA activity, expression levels and 

transcriptional profile between the U6, 7SK and H1 promoters. 

In this study, the antiviral potencies of an anti-HIV-1 shRNA targeting Tat/Rev (sh5983) and 

another targeting Gag (sh1498) were compared when expressed from the 7SK promoter as well as 

the U6 and H1 promoters, which included eight nucleotides of the 7SK sequence upstream of the 

+1 start site (Figure 2.1) and when expressed from the humanized hU6 and hH1 promoters with 

the complete natural promoter sequences (Figure 2.4). Consistent with studies that simultaneously 

compared both the expression level and activity of H1 and U6 driven shRNAs25-27, our results 

suggest that shRNAs expressed from the U6 promoter are more potent and are expressed at a 

higher level when compared to shRNAs expressed from the H1 promoter (Figures 2.1 and 2.5), 

regardless of the nucleotide identity upstream of the transcription start site (Figure 2.4). While two 
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other studies reported conflicting observations for shRNA activity28,29, neither study compared 

expression levels and the activity level of the shRNAs were compared at only one dose. It is 

possible that the doses selected in those studies were already above the level required for maximum 

target suppression and so the differences in activity related to differences in shRNA expression 

were not apparent. Within our inhibitory assays (Figures 2.1 and 2.4) we tested several doses and 

although the two anti-HIV shRNAs expressed from all promoters were able to almost completely 

suppress HIV-1 production at the higher doses in these assays, there was a clear and consistent 

difference in potency, with the H1 promoter shRNA constructs being less potent compared to the 

U6 and 7SK shRNA constructs. Our data therefore strongly suggest that the U6 promoter is indeed 

more transcriptionally active compared to the H1 promoter, at least in HEK 293T cells. We also 

show that the 7SK promoter is more transcriptionally active compared to the H1 promoter, 

providing similar expression levels and activities of shRNAs as the U6 promoter.  

Although the transcriptional profiling revealed major differences in the localization of the 

transcription start sites for the different promoter-shRNA constructs (Figure 2.7C), our data 

suggest that the variations in RNA expression levels between the promoters (Figure 2.5) is the 

primary contributing factor towards the differences in antiviral potency observed (Figures 2.1 and 

2.4). Differences in the transcriptional start sites were observed, for example the 7SK promoter 

was only accurate in its usage of the +1 site when expressing sh5983 and was much less accurate 

when expressing sh1498, while the U6 promoter was overall the most accurate in using the +1 

transcriptional start site (Figure 2.7C). Because sh1498 expressed from the 7SK promoter had 

antiviral capabilities similar to those expressed from the U6 promoter (Figure 2.1B and C), despite 

its transcription from the 7SK promoter not beginning reliably at the +1 site, we conclude that 

expression from the +1 transcription start site is not a primary contributing factor to the antiviral 
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potency. Nonetheless, the identification of U6 as the most accurate promoter will have strong 

implications for molecules where an accurate +1 transcription start site is required for function, 

such as for CRISPR guide RNAs. As we compared only three shRNAs in one cell type, additional 

studies are needed to confirm if this observation can be widely applied to different molecules and 

in different cells.  

It has been shown that human Dicer measures approximately 22 nucleotides from the 5’ end of 

microRNAs (5’ counting rule) to locate its cleavage site32 and would therefore be expected to yield 

different siRNA duplexes when the +1 site at the 5’ end is changed. The different duplexes should 

then give rise to different guide strands, which, in contrast with our conclusion, would be expected 

to have different RNAi activities. However, our sequencing results suggest that Dicer cleavage 

sites are not altered when the +1 site is changed and that regardless of the +1 start site the identity 

of the guide strands remains the same as can be seen most clearly for sh1498 in Table 2.5. Since 

the 5’ counting rule for human Dicer is dependent on a 5’ terminal phosphate, it may be that 

shRNAs transcribed from RNA Pol III promoters do not follow this rule because they have a 5’ 

terminal triphosphate instead of the monophosphate typical of primary microRNAs32. 

Alternatively, since the 5’ counting rule was established using in vitro cleavage experiments, it 

may not apply to Dicer cleavage in live cells and further studies are needed to better characterize 

Dicer cleavage of different hairpin RNAs in different environments. Interestingly, our results also 

demonstrate that independently from the promoter, Dicer cleavage was more uniform for sh1498 

compared to sh5983, with only two major Dicer cleavage sites apparent for sh1498 compared to 

four for sh5983 (Table 2.5 and 2.6). Thus, the identity of the shRNA sequence can affect the 

number of Dicer products and, consequently, the diversity of guide and passenger strands. 

Importantly, our results show that certain promoter-shRNA cassettes have different start sites but 
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that this does not affect the identity and corresponding RNAi activity of the guide strand. Rather, 

RNAi activity is dependant only on the expression level, with both the U6 and 7SK promoters 

producing more active shRNAs compared to the H1 promoters. 

Although anti-HIV shRNAs are potent inhibitors of viral replication and are among the top 

candidates for combination anti-HIV gene therapy, there is a need to ensure that they do not 

negatively impact the cells they are expressed in (HSCs and their progeny cells). A potential 

negative attribute of using a promoter with a more promiscuous start site is that potential off-

targeting could be increased due to the increased diversity of the transcripts. While our results 

suggest the guide strand identities are not affected by the more promiscuous transcriptional start 

sites of some promoter-shRNA combinations, there is certainly an increase in the diversity of the 

passenger strands, which could be a source of off targeting. Several potential mechanisms of 

shRNA toxicity have been described, including activation of innate immune responses43-45, off-

target effects on human RNAs46,47 and saturation of components of the RNAi pathway48. Two 

studies showed that adverse effects of shRNAs expressed from the U6 promoter could be 

prevented by using the H1 promoter instead25,26. For this reason an shRNA targeting CCR5 

expressed from the H1 promoter40,42 was chosen for a combination anti-HIV gene therapy clinical 

trial49. While toxicity of shRNAs expressed from the U6 promoter has been observed, an shRNA 

targeting tat/rev expressed from the U6 promoter was shown to be safe in preclinical and clinical 

studies4,36. This suggests that toxicity of U6 promoted shRNAs may be related only to particular 

shRNA sequences. 

We evaluated if there was cellular toxicity in response to the shRNAs expressed from the different 

promoters to determine whether the inhibition of HIV-1 production seen in response to co-

transfection was a consequence of cell death. Our experiments confirmed that the expression of 



 157 

the different shRNAs does not cause cytotoxicity in HEK293T cells (Figure 2.3). In contrast, when 

we transduced different shNS and sh1498 promoted constructs into SupT1 cells, cytotoxicity was 

evident for some constructs by a marked decrease in transduced cells (GFP positive) versus 

untransduced cells (GFP negative) over time (Figure 2.6D). Regardless of the promoter used, 

sh1498 transduced cells had a greater growth disadvantage compared to shNS transduced cells, 

suggesting that the mechanism of the growth defect in sh1498 transduced cells was at least partially 

sequence dependent. Interestingly, while the decline in GFP positive cells was similar for U6 and 

7SK sh1498 cultures, only U6 shNS cultures had a noticeable decline with both H1 and 7SK shNS 

cultures remaining stable at approximately 50% out to 57 days. Further studies will be needed to 

determine if the mechanism of the growth defect in GFP positive cells is a direct toxicity triggered 

by the different promoter-shRNA combinations and to evaluate whether different results can be 

obtained using different anti-HIV-1 shRNA sequences.  

Although RNA Pol III promoters are typically used to express therapeutic small RNAs such as 

CRISPR guide RNAs and shRNAs, few studies have compared the three commonly used 

promoters for efficacy, RNA accumulation and transcriptional profile of their intended therapeutic 

products. Using three different shRNAs we show that both the U6 and 7SK promoters consistently 

express higher amounts of shRNAs compared to the H1 promoter and that this leads to an increase 

in potency in the case of the two anti-HIV shRNAs. Consistent with other studies our RNA seq 

data shows that all RNA Pol III promoters produce shRNA transcripts with different start30 and 

end24 sites. We also show that the U6 promoter consistently uses the +1 transcriptional start site 

most frequently but that in a T lympohcyte cell line both an anti-HIV-1 and a nonsense shRNA 

expressed from this promoter confers a negative impact on cell growth. To the best of our 

knowledge, this is the first study to use RNA seq data to examine the Dicer cleavage sites of 
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shRNAs. These results suggest that contrary to established rules for Dicer cleavage in mammalian 

cells32, shRNAs are not cleaved at a set distance from their 5’ ends, but rather at a set distance 

from the first base pair in their stem. Consequently, the guide strands produced from different 

promoters are largely the same, regardless of how accurate the promoter is at starting transcription 

at the intended +1 position. Furthermore, we show that the shRNA sequence affects the uniformity 

of Dicer cleavage.  

Overall, our results highlight the unpredictability of shRNA transcription and processing in human 

cells as well as underscore the importance of evaluating different promoters for any particular 

shRNA gene therapy candidate. For an HIV-1 functional cure using shRNAs several parameters 

need to be considered to ensure the safe and effective creation of HIV-1 resistant cells. Our results 

highlight the importance of shRNA promoter choice and demonstrate that expression level is most 

important for shRNA activity and toxicity. Testing alternative anti-HIV-1 shRNAs using the 

different promoters described in this study will be required to identify a combination of shRNA 

and promoter that is effective in safely generating HIV-1 resistant cells in combination with other 

anti-HIV-1 RNAs.  

 

2.6 Materials and methods. 

2.6.1 Cell culture  

Human embryonic kidney (HEK) 293T cells were grown in Dulbecco’s modified Eagle’s medium 

(HyClone, Logan, UT) supplemented with 10% fetal bovine serum (FBS, HyClone), 50 μg/ml 

streptomycin, and 50 U/ml penicillin (Life Technologies, Carlsbad, CA). SupT1 cells were grown 

in Roswell Park Memorial Institute Medium 1640 (HyClone), supplemented with 10% heat 

inactivated FBS (HyClone), 50 μg/ml streptomycin, and 50 U/ml penicillin (Life Technologies). 



 159 

2.6.2 Vector construction 

The U6 promoter was amplified by PCR using the pSIREN-shuttle vector (Clontech Laboratories, 

Mountain View, CA) as template and the following primers: 

Forward: 5’-GCGCTATCGATGGAAGAGGCTATTTCCCA-3’ 

Reverse: 5’-GCGGAGGTACCGTCCTTTCCACAAGATAT-3’ 

These amplicons were digested with Acc651 (isoschisomer of KpnI) and ClaI then ligated into 

Acc651 and ClaI digested psiRNA-7SKGFP::Zeo (InvivoGen, San Diego, CA) plasmid to create 

psiRNA-U6GFP::Zeo. The DNA inserts coding for the shRNAs were generated by annealing 

complementary oligonucleotides as described previously17,50. These DNA inserts were then ligated 

into BbsI digested psiRNA-7SKGFP::Zeo, as well as into BbsI digested psiRNA-U6GFP::Zeo. 

Constructs containing the H1 promoter were previously described17. 

2.6.3 Mutagenesis 

All constructed plasmids originating from the psiRNA-H1GFP::Zeo (InvivoGen) and the 

constructed psiRNA-U6GFP::Zeo plasmids were mutated using the QuikChange II site-directed 

mutagenesis kit (Agilent Technologies, Santa Clara, CA) according to the manufacturer’s 

instructions. The primers used in the mutagenesis, with the nucleotides which conferred mutations 

within the promoter highlighted in bold are shown in Table 2.7. 

Table 2.7 Primers used for site directed mutagenesis. 
Table 2.7 Primers used for site directed mutagenesis

Primer name Primer sequence 5’-3’ (Mutagenesis nucleotides in bold) 
H1sh1498F TCTTATAAGTTCTGTATGAGACCACTCTTTCCCGCAGGAACTACTAGTACCCTACTC 
H1sh1498R GAGTAGGGTACTAGTAGTTCCTGCGGGAAAGAGTGGTCTCATACAGAACTTATAAGA 
H1sh5983F TATAAGTTCTGTATGAGACCACTCTTTCCCGCGGAGACAGCGACGAAGAGG 
H1sh5983R CCTCTTCGTCGCTGTCTCCGCGGGAAAGAGTGGTCTCATACAGAACTTATA 
U6sh1498F CTTTATATATCTTGTGGAAAGGACGAAACACCGCAGGAACTACTAGTACCCTACTC 
U6sh1498R GAGTAGGGTACTAGTAGTTCCTGCGGTGTTTCGTCCTTTCCACAAGATATATAAAG 
U6sh5983F GGCTTTATATATCTTGTGGAAAGGACGAAACACCGCGGAGACAGCGACG 
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U6sh5983R CGTCGCTGTCTCCGCGGTGTTTCGTCCTTTCCACAAGATATATAAAGCC 
H1shNSF CTTATAAGTTCTGTATGAGACCACTCTTTCCCGTACCGCACGTCATTCGTATCCT 
H1shNSR AGGATACGAATGACGTGCGGTACGGGAAAGAGTGGTCTCATACAGAACTTATAAG 
U6shNSF ATATATCTTGTGGAAAGGACGAAACACCGTACCGCACGTCATTCGTATCC 
U6shNSR GGATACGAATGACGTGCGGTACGGTGTTTCGTCCTTTCCACAAGATATAT 

 

2.6.4 Transfections and RT assay 

 HEK 293T cells were plated into a 96 well plate at 5 × 104 cells/well, 24 h prior to transfections. 

Co-transfections were performed with 50 ng HIV-1 molecular clone (pNL4-3) and each plasmid 

construct at 0.05 to 50 ng using TransIT-LT1 (Mirus Bio, Madison, WI) according to the 

manufacturer’s protocol. Culture supernatants were collected 48 h after transfection and viral 

production was measured by RT assay as previously described51,52. Briefly, 5 µl of supernatant 

was incubated with 50 µl of RT cocktail containing a poly(A) template (Roche, Basel, 

Switzerland), an oligo(dT) primer (Life Technologies) and [32P] dTTP (3,000 Ci/mmol; Perkin 

Elmer, Waltham, MA) for 2 h at 37°C. The poly dT RT product was then detected by spotting 5 

µl of the reaction mixture onto DEAE filter mats (Perkin Elmer), washing away unincorporated 

[32P] dTTP with 2× SSC and measuring counts per minute (cpm) on a microplate scintillation 

counter (MicroBeta TriLux; Perkin Elmer). The amount of HIV-1 RT enzyme in the supernatants 

is proportional to the cpm readout. 

2.6.5 WST-1 assay 

HEK 293T cells were plated into a 96 well plate at 5 × 104 cells/well, 24 h prior to transfections. 

Transfections were performed with 1.5 or 2 µg of each plasmid construct and TransIT-LT1 (Mirus) 

according to the manufacturer’s instructions. Water soluble tetrazolium salt (WST-1) assay (Roche 

Applied Science, Penzberg, Germany) was performed 48 h after transfection according to the 

manufacturer’s protocol. Cell viability was measured 2 h after the addition of the WST-1 reagent 

as previously described53.  
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2.6.6 RNA extraction for Northern blot 

HEK 293T cells were plated in a 10 mL tissue culture dish at 3.5 × 106 cells/dish, 24 h prior to the 

transfections with 1 μg of plasmid. Cell lysates were recovered 48 h after transfection using TRIzol 

reagent (Life Technologies). Total RNA from the recovered cell lysates was obtained by phenol 

chloroform extraction followed by clean up with a miRNeasy mini kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions. 

2.6.7 Northern blot  

Following the RNA extraction, a total of 15 µg of total RNA from each sample was mixed with 

equal volume of 2× gel loading buffer. RNA was resolved in a 15% polyacrylamide-urea gel as 

described previously54. Briefly, the RNA was transferred to a neutral charged nylon membrane 

(Hybond-N, Amersham Biosciences, Little Chalfont, UK) with a semi-dry electroblotter (40 min, 

4°C, 20 V). Membranes were prehybridized in prehybridization buffer composed of 6× SSC, 2× 

Denhardt’s solution and 0.1% SDS. Hybridization of the 32P-labeled RNA probes to the membrane 

was done at 37°C overnight in hybridization buffer of identical composition as the prehybridization 

buffer. Once probe hybridization was complete, the membrane was washed for 15 min in wash 

buffer #1 (2× SSC), 15 minutes in wash buffer #2 (1× SSC), and 15 min in wash buffer #3 (0.1× 

SSC), all at 37°C. Northern bands were exposed on radiographic film and analyzed with the Fiji 

software55 to generate raw numbers proportional to the exposure intensity of the bands. The band 

corresponding to each shRNA was standardized to the band corresponding to the 5S RNA loading 

control of the samples to generate percentage-based values of the shRNA band intensities 

compared to the 5S band intensities. 
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2.6.8 Probe labeling 

To generate radioactively labeled RNA probes, in vitro transcription was performed using the 

HiScribe T7 kit (NEB) according to the manufacturer’s instructions with annealed template DNA 

and [α-32P] CTP (800 Ci/mmol; Perkin Elmer). Following in vitro transcription, the reaction 

mixture was treated with DNase I (New England Biolabs, Ipswich, MA) to eliminate the template 

DNA. The labeled RNA probes were then purified with ProbeQuant G50 Micro Columns (GE 

Healthcare, Little Chalfont, UK) to remove unincorporated nucleotides. The probe sequences with 

the T7 promoter sequence in bold were: 

sh1498-antisense:GGGTACTAGTAGTTCCTGCCTATAGTGAGTCGTATTAATTTC, 

sh5983-antisense:TCTTCGTCGCTGTCTCCGCCTATAGTGAGTCGTATTAATTTC, 

shNS-antisense:TACGAATGACGTGCGGTACCTATAGTGAGTCGTATTAATTTC, 

5S-rRNA-

antisense:GGGAATACCGGGTGCTGTAGGCTTTCCTATAGTGAGTCGTATTAATTTC 

and T7-promoter-sense:GAAATTAATACGACTCACTATA 

2.6.9 SupT1 T cell transduction, infection and competitive growth 

Promoter shRNA cassettes were subcloned from the psiRNA plasmids into the lentiviral transfer 

vector HIV-7-EGFP (donated by Dr. J. Rossi)37 using forward primer 5’-

TATGCGGCCGCAGGGATTTTGGTCATGTTCTTAATCGATACTA-3’ and reverse primer 

5’-GTAACGCCTGCAGGTTAATTAAGTCTAGAAGCTTTTCCAA-3’ and restriction sites 

NotI and XbaI. Lentiviral transfer vectors were cotransfected into HEK293T cells with a plasmid 

expressing vesicular stomatitis virus G protein (from Dr. J. Rossi) and the packaging plasmid 

psPAX2 (Addgene, no. 12260). The supernatant was collected 48 h post-transfection and the 
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lentiviruses were concentrated using Lenti-X (Clontech laboratories) following the manufacturer’s 

protocol. Lentivirus titres were determined using percent GFP positive SupT1 cells transduced 

with a range of dilutions (1 in 4 to 1 in 2048). In 5 mL cultures, 1.05 × 106 SupT1 cells were 

transduced with lentiviruses at a MOI of 1 with 8 µg/mL Polybrene (Sigma-Aldrich, St. Louis, 

MO). Cells were sorted 72-96 h after transduction for GFP expression using the gates shown in 

Figures 2.8 and 2.9 with a FACSAria Fusion cell sorter (BD biosciences Franklin Lakes, NJ). Cells 

were then plated in 96 well round bottom plates at 2 × 104 cells/well for HIV-1 infection and for 

competitive growth. Cells plated for HIV-1 infection were infected with HIV-1 NL4-3 (1750 

cpm/mL, determined using the HIV-1 RT assay) 24 h later and HIV-1 RT activity was determined 

on various days post infection in the culture supernatant at which times 100 µL of supernatant was 

collected and replaced with 100 to 110 µL of fresh media. Cells plated for competitive growth 

were immediately mixed with 2 × 104 cells/well of untransduced SupT1 cells that had been passed 

through the flow cytometer without sorting. GFP positive cell percentage was determined at 

various days post mixing using a LSRFortessa flow cytometer (BD biosciences) at which times 

100 µL of cells were collected and replaced with 100 to 110 µL of fresh media.  
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Figure 2.8 Gating parameters used to sort transduced cells for GFP expression 

Figure 2.8 Gating parameters used to sort transduced cells for GFP expression. Parameters 
used to sort transduced cells prior to infection for results shorn in Figure 2.6A and B.  
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Figure 2.9 Gating parameters used to sort transduced cells for GFP expression. Parameters 
used to sort transduced cells prior to infection and competitive growth assays for results shown in 
Figure 2.6C and D.  

Figure 2.9 Gating parameters used to sort transduced cells for GFP expression 
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2.6.10 RNA extraction for RNA seq 

HEK 293T cells were plated in a flask at 5 × 106 cells/flask, 24 h prior to the transfection. The 

cells were then transfected with 5 µg of plasmids expressing sh1498, shNS and sh5983 expressed 

from the promoters U6, 7SK, H1, hU6 or hH1. An individual flask was used to transfect the three 

shRNAs, one flask for each promoter. Cell lysates were recovered after 48 h, using TRIzol reagent 

(Life Technologies). Total RNA was isolated using phenol chloroform extraction followed by 

clean up with a RNeasy mini kit (Qiagen) according to the manufacturer’s instructions. 

2.6.11 RNA sequencing 

Libraries were prepared from total RNA by Genome Quebec (Montréal, Canada) using a NEB 

small RNA library kit with size selection. The libraries were run in an Illumina HiSeq4000 SR50 

sequencing lane. Data analysis was carried out by the Canadian Center for Computational 

Genomics (Montréal, Canada). Briefly, adaptor sequences were clipped from the reads, but reads 

were not trimmed, to avoid introducing false variants. Reads were mapped to the different 

promoter shRNA sequences. Reads smaller than 6 base pairs and singletons were removed, and 

the remaining sequences were arranged by read number. Reads were then expressed as a 

percentage of total reads for each promoter shRNA sequence (Supplementary Files S1 to S5, found 

at the end of the following link: https://www.cell.com/molecular-therapy-family/nucleic-

acids/fulltext/S2162-2531(20)30403-0). A single table was created for each shRNA, reporting the 

% of total reads for each variant that occurred at greater than 0.1% of total reads (Tables 2.2-2.4). 

2.6.12 Statistical Analysis 

A two-way ANOVA with a Bonferroni post-test was used to compare replicate means of each test 

shRNA to replicate means of empty psiRNA transfected cells in Figures 2.1 and 2.3. The same 

test was used to compare replicate means of infection and competitive growth time course data to 

https://www.cell.com/molecular-therapy-family/nucleic-acids/fulltext/S2162-2531(20)30403-0
https://www.cell.com/molecular-therapy-family/nucleic-acids/fulltext/S2162-2531(20)30403-0
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means of empty vector transduced cells (Figure 2.6). Non-linear regression extra sum-of-squares 

F test was used to compare LogIC50s in Figure 2.4. Unpaired student t-tests were used to compare 

mean RT activity and relative gene expression data in Figure 2.2 and 2.5, respectively. Graph Pad 

Prism Version 5.03 was used to perform all statistical analyses (GraphPad, San Diego, CA). 
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Chapter III 

 

 

 

 

 

 

Aptamer-shRNA chimeras as a molecular design to prevent shRNA-mediated cytotoxicity. 

 

 

 

 

 

 

 

 

 

This chapter is adapted from the following manuscript: Goguen R.P., Chen, M.J., Daher, A., 

Gatignol, A., Scarborough, R.J. Aptamer-shRNA chimeras as a molecular design to prevent 

shRNA-mediated cytotoxicity. In preparation. 
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3.1 Preface. 

The study presented in chapter II investigated various expression strategies of anti-HIV shRNAs. 

Although antiviral activity was maximized when shRNAs were expressed from the U6 and 7SK 

promoters, this came at a cost of severe cytotoxicity. Optimization of an antiviral therapy must not 

only focus on maximizing therapeutic effects, but also eliminating adverse effects. With this in 

mind, our anti-HIV gene therapy must be further optimized by reducing its associated cytotoxicity. 

Through our investigation of the transcriptional activity of the U6, 7SK and H1 promoter, we 

observed higher shRNA expression levels from the U6 and 7SK promoters compared to the H1 

promoter and concluded that these higher expression levels can cause cytotoxicity. Based on this 

finding, reducing the levels of circulating shRNAs and its metabolic products in cells may serve 

as a means of preventing cytotoxicity. 

This chapter evaluates the effects of various molecular designs of anti-HIV aptamers and shRNAs. 

Here, we show that the generation of aptamer-shRNA chimeras by incorporating aptamers within 

the terminal loop of shRNAs can eliminate the cytotoxicity observed from the expression of 

canonical shRNAs. Additionally, we show preliminary work to elucidate the mechanism of this 

effect where guide strands are present in greater quantities in cells expressing canonical shRNAs 

and thus mediate cytotoxicity.  

The results from this study demonstrate that anti-HIV gene therapy can be optimized by exploring 

alternative molecular designs to avoid cytotoxicity. In addition, these results further support our 

chapter II hypothesis that shRNA-mediated cytotoxicity caused from the expression of the U6 and 

7SK promoters are due to higher expression levels. In the case of either shRNA expression from 

the H1 promoter or expression of aptamer-shRNA chimeras, low amounts of guide strands were 

present in cells which corresponds to a low cytotoxic potential. These findings identify a unique 
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characteristic of aptamer-shRNA conjugation that decreases the cytotoxicity of the shRNA, which 

contributes to their safety in a gene therapy setting. 
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3.2 Abstract. 

Gene therapy to treat HIV infection has the potential to eliminate the need for cART, with clinical 

trials having been performed to assess the safety and efficacy of combination gene therapy using 

multiple anti-HIV RNAs. However, the limited effectiveness of these therapies thus far suggests 

that further optimization of individual antiviral RNAs is necessary. We explored numerous 

molecular designs of anti-HIV aptamers and shRNAs to maximize their inhibitory capabilities 

while avoiding cytotoxicity. Specifically, flanking hairpins and self-cleaving ribozymes were 

added at the 5’ and 3’ end of aptamers. However, regardless of the molecular design, expression 

of anti-HIV aptamers did not result in strong inhibition of HIV production. We then combined 

anti-HIV aptamers and shRNAs into a single transcript by incorporating the aptamers within the 

terminal loop of the shRNAs. These aptamer-shRNA chimeras could inhibit viral replication 

without inducing cytotoxicity, effectively eliminating the cytotoxicity that we previously reported 

from U6 and 7SK driven canonical shRNAs. We measured the amount of shRNA guide strands 

present in cells expressing aptamer-shRNA chimeras compared to cells expressing canonical 

shRNAs. We show that guide strands were more abundant in cells expressing canonical shRNAs, 

suggesting that the aptamer-shRNA chimeras reduce cytotoxicity, at least in part, through reducing 

the accumulation of guide strands in the cells. 
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3.3 Introduction. 

Current therapies used to treat human immunodeficiency virus type 1 (HIV) infection can greatly 

prolong the lifespan of infected individuals and have revolutionized the prognosis of the infection1. 

However, combination antiretroviral therapy (cART) is not a curative strategy and lifelong chronic 

administration of therapies can accrue high financial costs along with the development of side 

effects. Engineering patient cells to express anti-HIV RNA molecules represents a promising 

treatment option to eliminate the need of cART and its complications2,3. Antiviral RNAs that have 

been used to inhibit HIV replication include short hairpin RNAs (shRNAs), aptamers, ribozymes 

and U1 interference RNA4-8. 

Inhibition of gene expression by shRNAs occurs by co-opting elements of the RNA interference 

(RNAi) pathway with a net result of mRNA target cleavage. The endogenous function of RNAi is 

to regulate gene expression through the use of microRNAs (miRNAs) and this has an important 

impact on cell growth, metabolism and other biological processes9. Similar to miRNAs, shRNAs 

form a stem-loop structure that is recognized and cleaved by the RNase III endonuclease Dicer. 

As shRNAs are designed to have perfect complementarity to their target, they recruit the RNA-

induced silencing complex (RISC) to mediate target cleavage by the endonuclease Argonaute2 

(Ago2)10. Various shRNAs have been designed to inhibit HIV replication by interfering with the 

expression of viral proteins, with target sites including the LTR, env, tat, pol, rev and gag regions 

of the viral genome4,5,10-16.  

Aptamers differ from shRNAs in that they do not bind to their target by nucleotide 

complementarity and do not utilize cellular proteins for their inhibitory effects2. These single 

stranded RNA molecules instead fold into specific three-dimensional structures which allow them 

to bind to a particular target. Binding of aptamers to HIV proteins or RNA motifs renders these 
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viral elements inert and unable to perform their intrinsic function. Aptamers have been designed 

to bind and inactivate the HIV protease17, reverse transcriptase6, gag polyprotein18, integrase7 and 

untranslated region (UTR)19. 

cART is required in the clinic to maintain low levels of viremia while avoiding the occurrence of 

drug resistant virus20,21. Similarly, it will be necessary to use multiple anti-HIV RNAs to prevent 

the emergence of viral resistance in the face of gene therapy11,22. The earliest attempt to clinically 

evaluate the efficacy of HIV combination gene therapy employed a triple molecule therapy 

consisting of an shRNA targeting the Tat/Rev region, a TAR decoy and a CCR5-specific 

ribozyme16. Ongoing HIV gene therapy clinical trials include the use of a CCR5-specific shRNA 

along with a viral fusion inhibitor called C46 [NCT01734850] as well as the use of a TAR RNA 

decoy, a chimeric TRIM5α along with a CCR5-specific shRNA [NCT02797470]. While several 

anti-HIV RNAs have been expressed in patient cells and evaluated in clinical trials, more potent 

combinations are needed to effectively inhibit HIV replication and effectively generate HIV 

resistant cells.    

A novel molecular design for anti-HIV RNAs has been the inclusion of aptamers as the terminal 

loop of shRNAs7. These aptamer-shRNA chimeras allow for the expression of two anti-HIV RNAs 

from a single RNA transcript. Processing of the primary transcript by Dicer will result in cleavage 

of the stem-loop and separation of the aptamer from the shRNA. This design provides a potential 

additional advantage in localizing the aptamer to the cytoplasm as it will be exported from the 

nucleus along with the shRNA through Exportin-57,23.  

Another format used for aptamers is the addition of intentional flanking structures such as hairpins 

and self-cleaving ribozymes. RNA hairpins have been added to the 5’ and 3’ ends of aptamers in 

an attempt to increase RNA stability19,24. Aptamers and other small RNAs such as shRNAs can be 
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expressed from RNA Pol III promoters that have defined transcriptional start and end sites5,25,26. 

However, a 3’ U tail of variable length is included in transcripts derived from these promoters24. 

To remove these sequences and generate transcripts of uniform length, the hepatitis delta virus 

(HDV) ribozyme has been added to the 3’ ends of functional RNAs. This expression strategy has 

been accomplished with Ago-shRNAs and clustered regularly interspaced short palindromic 

repeats (CRISPR) guide RNAs27,28. The removal of extraneous sequences from transcription is 

also possible through the inclusion of hammerhead ribozymes at both the 5’ and 3’ ends29. 

The type 3 RNA Pol III promoters U6, H1 and 7SK have been the most utilized promoters for 

expression of small RNAs. Selection of appropriate promoters is critical to ensure maximal 

antiviral efficacy in the absence of cytotoxic effects. With this in mind, studies have shown that 

the expression of shRNAs from certain promoters can induce cytotoxicity. Specifically, shRNAs 

used to downregulate expression of cellular CCR5, an HIV coreceptor, were found to be cytotoxic 

when expressed from the U6 promoter but not from the H1 promoter30,31. Similarly, we have 

previously developed an shRNA targeting a conserved sequence in the gag region of HIV RNA, 

sh1498, and shown that it is more potent when expressed from the 7SK and U6 promoters 

compared to the H1 promoter, but that the higher expression levels driving this difference in 

potency also results in growth defects in transduced T lymphocytes4,5. Nevertheless, this trend in 

promoter induced cytotoxicity is not absolutely consistent, with one study showing no associated 

toxicity to the U6 promoter32. From this conflicting information, it seems apparent that the 

therapeutic molecule of interest also heavily influences the potential for RNA induced cytotoxicity. 

In this study, we show that various secondary structures at the 5’ and 3’ ends of anti-HIV aptamers 

have minimal inhibitory effects on HIV production. We also incorporated aptamers within the 

terminal loop of sh1498 and shNS to generate aptamer-shRNA chimeras. We observed that when 
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large aptamers are included within the loop, the previously observed growth defects in response to 

expression of sh1498 from the U6 and 7SK promoters is effectively eliminated while maintaining 

the inhibition of HIV replication. Additionally, upon comparison of gene expression levels of 

guide strands from the sh1498 and the aptamer-shRNA chimeras, we observed a lower abundance 

of fully processed sh1498 guide strands from the expression of the aptamer-sh1498 chimera. These 

results represent a novel strategy to eliminate shRNA induced cytotoxicity from the RNA Pol III 

promoters during gene therapy. 

 

3.4 Results. 

3.4.1 Evaluation of aptamers with different conjugations against HIV production 

To compare the potency of previously described anti-HIV aptamers, we expressed top performing 

protease aptamers (PR10.1-8E, PR10.1-8A, PR10.9-8N) 17, a gag aptamer (DP6-12)18 and a UTR 

aptamer (RNApt16)19 from the 7SK promoter with either no flanking structure, flanking hairpins 

(HP), flanking hammerhead (HH) or flanking HDV ribozymes. All structures are shown in Figure 

3.1. Co-transfections were performed in HEK293T cells with the HIV-1 molecular clone pNL4-3 

and each plasmid expressing a particular aptamer with its flanking structures. The activity of HIV 

RT was then measured in cell supernatants of the co-transfections to estimate the relative HIV 

production. All data were normalized to the RT activity measured in co-transfections of pNL4-3 

with the empty vector (psiRNA-7SKGFP::Zeo). Of all the aptamer constructs that were screened, 

only HP-PR10.1-8E, HDV-PR10.1-8A and HDV-RNApt16 moderately inhibited HIV production 

by approximately 40%, with a maximal inhibition of 45% for HDV-RNApt16 (Figure 3.2). The 

aptamers PR10.9-8N and DP6-12 either did not inhibit viral production or had only a minimal 

inhibitory effect (Figure 3.2). 
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Figure 3.1 Schematic representation aptamers expressed with flanking secondary structure 
or incorporated within the terminal loop of shRNAs. Aptamer sequences depicted in blue are 
expressed either without secondary structures (A), with flanking hairpins (B), 3’ HDV ribozyme 
(C) or 5’ hammerhead ribozyme and 3’ HDV ribozyme (D). 
Figure 3.1 Schematic representation aptamers expressed with flanking secondary structure or incorporated within the terminal 
loop of shRNAs 

 

 

Figure 3.2 Aptamers expressed from 7SK promoter with various flanking secondary RNA structures are not potent inhibitors of 
HIV 

Figure 3.2 Aptamers expressed from 7SK promoter with various flanking secondary RNA 
structures are not potent inhibitors of HIV. HEK 293T cells were co-transfected with the HIV-
1 molecular clone pNL4-3 along with 250ng of one of the plasmids expressing a particular aptamer 
from the 7SK promoter. Supernatants were collected 48 h posttransfection and virus production 
was estimated by measuring HIV RT activity. Data are expressed as a percentage of RT activity 
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in cells cotransfected with the empty expression plasmid. The antiviral potency of the aptamers 
was measured when these molecules were expressed with or without secondary structures. Each 
data point represents the mean +/- standard error mean (SEM) from at least one independent 
experiment with 2 replicates (n = 2-6).  

 

3.4.2 Aptamer-shRNA chimeras act as inhibitors of viral replication  

To evaluate the effects of shRNA-aptamer conjugation using our previously described sh1498, we 

incorporated the aptamers PR10.9-8N, RNApt16, Dp6.12 and S3R3 (protease, UTR, Gag and 

integrase7 aptamers respectively) at the terminal loop of sh1498. These aptamers were also 

included in the loop of a non-sense shRNA (shNS), which does not target HIV RNA, to evaluate 

whether the aptamers can act as inhibitors of HIV replication without the presence of an antiviral 

shRNA. The structure of the various aptamer-shRNA chimeras is shown in Figure 3.3. Lentiviral 

vectors (HIV-7-GFP33) carrying each of these aptamer-shRNA chimeras driven from either the U6 

or 7SK promoter were transduced into SupT1 lymphocytic cell line. To select for cells with 

properly integrated lentiviral vectors, cell sorting by GFP expression was performed and collected 

GFP positive cells were subsequently infected with HIV-1 NL4-3. HIV RT activity was measured 

in culture supernatants over time to evaluate the kinetics of viral replication in the transduced cells. 

All aptamer-shRNA chimeras except for 7SK driven S3R3-shNS had slight inhibitory effects on 

HIV replication compared to the empty vector transduced cells and no replication was detected in 

cells transduced by U6 driven RNApt16-sh1498 (Figure 3.4A-E). 
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Figure 3.3 Schematic representation of aptamer-shRNA chimeras. Aptamers used to generate 
aptamer-shRNA chimeras in the study include PR10.9-8N (A), RNApt16 (B), Dp6.12 (C) and 
S3R3 (D). The aptamer sequence is represented in blue and the shRNA sequence is represented in 
red. 
Figure 3.3 Schematic representation of aptamer-shRNA chimeras 
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Figure 3.4 Aptamers-sh1498 chimeras driven by U6 or 7SK promoter inhibit HIV replication 
through the action of the shRNA. The aptamers PR10.9-8N (A), Dp6.12 (B), RNApt16 (C) and 
S3R3 (D & E) were incorporated within the terminal loop of shNS and sh1498 to generate aptamer-
shRNA chimeras. SupT1 cells were transduced with HIV-7-EGFP lentiviral vectors expressing 
different aptamer-shRNA chimeras from the U6 or 7SK promoters and infected with HIV-1 NL4-
3 at 1750 cpm/mL. The mean RT activity (cpm) was measured in culture supernatants at various 
days post infection. Each data point represents the mean +/- SEM from three infections (n=3). A 
two-way ANOVA with Bonferroni test was used to compare means to means of empty vector 
transduced cells. Significance (*p < 0.05, **p < 0.01, ***p < 0.001) is shown for those data points 
that were significantly different from the empty vector transduced controls. Left and right panels 
are independent experiments performed in similar conditions. 
Figure 3.4 Aptamers-sh1498 chimeras driven by U6 or 7SK promoter inhibit HIV replication through the action of the shRNA 
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3.4.3 shRNAs conjugated to large aptamers are not toxic in SupT1 cells 

Following cell sorting of transduced SupT1 cells, competitive growth assays were performed by 

mixing GFP positive sorted transduced SupT1 cells with GFP negative sorted non-transduced 

SupT1 cells. The ratio of GFP negative to GFP positive cells was then measured over time to 

evaluate if a growth advantage existed for one of the two cell populations. Cells transduced with 

RNApt16-sh1498 showed large growth defects where % of GFP positive cells decreased over time to 

less than 10% (Figure 3.5A and D). Since a serious deficit in cell growth was observed in these 

cell cultures, it is likely that the absence of viral replication seen in U6 driven RNApt16-sh1498 is 

not entirely due to the chimeric molecule targeting HIV but that a loss of healthy cells from 

cytotoxic effects prevented proper establishment of an infection at the start of the experiment. We 

previously reported this same phenomenon when sh1498 was expressed alone from the U6 and 

7SK promoters5 (Chapter 2, Figure 2.6D). Additionally, cells expressing U6 driven RNApt16-

shNS displayed some growth defects in one independent experiment (Figure 3.5A). However, the 

loss of healthy cells due to cytotoxic effects was not so severe as to prevent the establishment of 

infection as viral replication was detected in these cell cultures in an infection assay (Figure 3.4C). 

Unexpectedly, all other aptamer-shRNA chimeric cultures remained close to 50% GFP throughout 

the competitive growth assays (Figure 3.5A-D). It is important to note that the aptamer RNApt16 

is an extremely small aptamer (Figure 3.3), which is similar in both molecular length and three-

dimensional structure to the canonical shRNA loop. Comparatively, the aptamers S3R3, PR10.9-

8N and Dp6.12 are all large aptamers which form three-dimensional structure that are largely 

dissimilar to the canonical shRNA loop. This suggests that the growth impairments associated to 

shRNAs when expressed from the U6 or 7SK promoters do not take place if the shRNA is 
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conjugated to large aptamers, but can still occur when the shRNA is conjugated to small aptamers 

which resemble the canonical shRNA loop. 

 

Figure 3.5 Growth defects are not detected when shRNAs are conjugated to large aptamers. 
(A-D) Panel D is a repeated independent experiment of panels A-C. Transduced SupT1 cells were 
mixed with untransduced SupT1 cells and the percentage of GFP positive cells was measured at 
various days post-mixing. Each data point represents the mean +/- SEM from three experiments 
(n=3). A two-way ANOVA with Bonferroni test was used to compare means to means of empty 
vector transduced cells. Significance (*p < 0.05, **p < 0.01, ***p < 0.001) is shown for those data 
points that were significantly different from the empty vector transduced controls. 
Figure 3.5 Growth defects are not detected when shRNAs are conjugated to large aptamers 

3.4.4 Guide strands from shRNAs are less abundant in cells expressing aptamer-shRNA 

chimeras compared to cells expressing shRNAs with canonical loops. 

We hypothesized that the difference in growth kinetics resulting from the cellular expression of 

sh1498 alone compared to aptamer-sh1498 chimeras involving large aptamers may be due in part 

to differences in the total amount of guide strands present in the cell. This could be the result of 

differences in the total expression level of canonical shRNAs compared to aptamer-shRNA 

chimeras. Alternatively, expression levels may be similar for canonical shRNAs and aptamer-
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shRNA chimeras but the efficacy of shRNA processing during biogenesis could differ. Both of 

these scenarios would result in differential levels of circulating shRNA guide strands in the cell. 

To determine if this is the case, we transfected cells with the HIV-7-EGFP plasmid expressing 

sh1498 or S3R3-sh1498 from the U6 or 7SK promoter and recovered the RNA to measure the 

expected shRNA guide strands by Northern blot. We observed that sh1498 guide strands were 

present in higher quantities when cells expressed sh1498 in its conical form compared to when 

cells expressed S3R3-sh1498 (Figure 3.6). It is therefore likely that the high abundance of sh1498 

guide strands in cells expressing canonical sh1498 contributes to the observed growth defects 

during its expression from the U6 and 7SK promoters.  

 

Figure 3.6 sh1498 guide strands are more abundant in cells expressing canonical sh1498 than 
in cells expressing S3R3-sh1498. RNA harvested from 293T cells transfected with either sh1498 
or S3R3-sh1498 expression vectors was migrated in a 15% polyacrylamide-urea gel. shRNA guide 
strands were detected with a 32P-labeled RNA probe.  
Figure 3.6 sh1498 guide strands are more abundant in cells expressing canonical sh1498 than in cells expressing S3R3-sh1498 

3.5 Discussion 

As HIV treatments first became available it was quickly discovered that multiple inhibitors of HIV 

must be used in combination to lower the levels of viremia in infected individuals and avoid the 

occurrence of resistant virus2. Efforts have been made to establish and evaluate gene therapies 

utilizing multiple anti-HIV genes, but it is unclear whether these therapies can control the infection 

in the absence of cART16,34. An important determinant to how well a gene therapy can inhibit HIV 
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replication relates to the optimization of the expression or molecular design of antiviral RNAs. We 

have previously shown that the promoter selected to drive the expression of anti-HIV genes 

influences the inhibitory capabilities of the product molecule as well as their potential to elicit 

cytotoxicity5. Specifically, shRNAs expressed from the U6 and 7SK promoters are generally more 

potent than when the H1 promoter is used to drive expression because of differences in 

transcriptional activity. However, this higher transcriptional activity associated to the U6 and 7SK 

promoters can also cause cytotoxicity during shRNA expression. 

As the combination of different antiviral RNA molecules is necessary to establish an optimal anti-

HIV gene therapy, we explored the possibility of combining aptamers to shRNAs that have HIV 

inhibitory capabilities. The evaluation of previously identified aptamers expressed from the 7SK 

RNA Pol III promoter either alone or with flanking ribozymes showed only minimal effectiveness 

except for the RNApt16 LTR aptamer (Figure 3.2). This suggests that aptamers expressed from 

the RNA Pol III promoters can only inhibit HIV if their molecular target is present in the nucleus. 

This is in conformity with previous assays where aptamers with cytoplasmic targets were 

expressed from an RNA Pol II promoter and could inhibit viral replication17,18.     

In contrast, shRNAs require expression from RNA Pol III promoters to inhibit HIV and we have 

previously shown for sh1498 a correlation between high antiviral potency and associated 

cytotoxicity5. We initially set out to incorporate several different aptamers to replace the loop of 

sh1498 and establish a combination gene therapy from a single transcript to determine how HIV 

replication would be affected by the expression of these aptamer-sh1498 chimeras compared to 

the sh1498 expressed alone. Only slight inhibitory effects from the expression of the different 

aptamer-sh1498 chimeras was seen in our inhibitory assays, except for cells expressing U6 driven 

RNApt16-sh1498 where no viral replication was detected (Figure 3.4). We previously observed 
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that viral replication also did not occur when sh1498 was expressed on its own from the U6 and 

7SK promoters, but that a depletion of healthy cells early in the infection due severe cytotoxicity 

likely played a role in the absence of replication instead of the antiviral effects of the shRNA being 

solely responsible5. Our results in this study showed an identical pattern where the U6 driven 

RNApt16-sh1498 also caused severe growth defects in our competitive growth assays. As the other 

aptamer-sh1498 chimeras did not show growth defects when expressed from the U6 and 7SK 

promoters in our competitive growth assays, it is difficult to compare their inhibitory effects to U6 

and 7SK driven sh1498. Indeed, our results showed that these chimeric molecules did not 

dramatically inhibit viral replication as was the case of sh1498 expressed alone, which could be 

explained by the absence of cytotoxicity providing a population of healthy cells to productively 

support viral replication. Nevertheless, it is likely that sh1498 is more effective at inhibiting viral 

replication in its canonical form than when it is expressed as an aptamer-shRNA chimera. 

Quantifying the difference in inhibitory effects between these two sh1498 molecular designs 

would be useful and could be addressed directly by co-transfection experiments using the different 

constructs.  

Incorporating the aptamers within shNS allowed us to evaluate the antiviral effects of the aptamers 

when expressed as aptamer-shRNA chimeras. With the exception of 7SK driven S3R3-shNS, all 

aptamer-shNS chimeras had slight inhibitory effects in our inhibitory assays, showing that the 

presence of aptamers alone can inhibit viral replication (Figure 3.4). Surprisingly, the inhibitory 

capabilities of aptamer-sh1498 and aptamer-shNS chimeras were quite similar. The Dp6.12-

shRNA chimeras provided nearly identical inhibitory levels of HIV replication whereas the 

PR10.9-8N-shRNA and S3R3-shRNA chimeras were all slightly more effective when the 

aptamers were incorporated within sh1498 (Figure 3.4). Large differences in inhibitory effects 
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were observed between RNApt16-shNS and RNApt16-sh1498 but this is likely due to the 

cytotoxic effects of RNApt16-sh1498, as described previously. The most striking and unexpected 

feature from these assays is the absence of cytotoxicity in our competitive growth assays from U6 

or 7SK driven PR10.9-8N-sh1498, Dp6.12-sh1498 and S3R3-sh1498 as we previously showed 

that sh1498 expressed alone from these same promoters causes high toxicity5. Possible 

mechanisms of shRNA-mediated cytotoxicity include off-target binding to cellular RNAs35, 

saturation of the RNAi pathway36,37and eliciting the innate immune system through activation of 

host RNA sensors38-41. The alternative shRNA loop sequences in the aptamer-sh1498 chimeras 

may lead to differences in Dicer cleavage patterns and consequently generating varying guide 

and/or passenger strands species with different cytotoxic potential. It is also possible that the 

aptamer-sh1498 chimeras are not efficiently loaded into RISC after Dicer cleavage or that their 

cleavage by Dicer is reduced. Both of these scenarios would lead to a decrease in the total guide 

and passenger strands being produced. Finally, gene expression levels may be lower in the case of 

aptamer-sh1498 chimeras compared to the canonical sh1498. While PR10.9-8N-sh1498, Dp6.12-

sh1498 and S3R3-sh1498 were not cytotoxic when expressed from the U6 or 7SK promoters, U6 

driven RNApt16-sh1498 was associated with severe growth defects in our competitive growth 

assays (Figure 3.5A and D). Additionally, U6 driven RNApt16-shNS showed growth defects in 

our first competitive growth assay (Figure 3.5A) but not in our second competitive growth assay 

(Figure 3.5D). This assay will be repeated to confirm whether cytotoxicity is elicited from this 

construct. The aptamer RNApt16 is an extremely small aptamer measuring 16 nucleotides in 

length and possesses a three-dimensional structure similar to the canonical shRNA loop19 (Figure 

3.3). It is therefore likely processed quite similarly to the canonical sh1498 which would explain 

why cells expressed either U6 driven RNApt16-sh1498 or sh1498 alone exhibit similar growth 
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defects in our assays. In contrast, PR10.9-8N, Dp6.12, and S3R3 are all large aptamers which, 

when incorporated as the loop of sh1498, could have an impact on the processing and/or gene 

expression of the chimeric molecules compared to the canonical sh1498. Another explanation for 

the absence of toxicity could be that aptamer-shRNA chimeras involving large aptamers are too 

large to pass through the exportin-5 dependent shRNA nuclear export pathway and are retained in 

the nucleus.  

To clarify some of these possibilities, we tested whether different levels of sh1498 guide strands 

were present in cells expressing the S3R3-sh1498 chimera compared to cells expressing canonical 

sh1498 by measuring the relative abundance of sh1498 guide strands by Northern blot. Our 

quantification showed that the sh1498 guide strands were more abundant in cells expressing the 

canonical sh1498 than when cells expressed the S3R3-sh1498 chimera. It is therefore likely that 

the guide strands themselves possess the same cytotoxic potential regardless of if they originate 

from the canonical sh1498 or the S3R3-sh1498 chimera but that the higher amount present in cells 

expressing the canonical sh1498 is responsible for at least some of the growth defects in these 

cells. However, this experiment cannot differentiate between a lower total gene expression level 

of S3R3-sh1498 or whether the chimeric molecule is being processed in a suboptimal manner after 

transcription. In both cases, the total amount of sh1498 guide strands generated from S3R3-sh1498 

expression would be lower than during expression of canonical sh1498. Transcription rates are 

largely a consequence of the promoter driving expression and we have shown similar gene 

expression levels when different shRNA sequences are expressed5. We therefore hypothesize that 

the processing of S3R3-sh1498 to generate sh1498 guide strands is less efficient than the 

processing of the canonical sh1498 which results in observable differences in the total amount of 

guide strands in the Northern blot. Another limitation of our experiment is that it cannot elucidate 
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whether the guide and passenger strand species are identical after Dicer cleavage of S3R3-sh1498 

and canonical sh1498. RNA sequencing experiments could address this issue and evaluate whether 

the alternative loop of aptamer-sh1498 chimeras influences Dicer cleavage patterns to generate 

RNA species. Evaluating why the guide strand of sh1498 is cytotoxic is another issue that should 

be addressed by testing for the possibility of induced innate immunity pathways, saturation of the 

RNAi pathway and off-target effects generated by the molecule. 

This study shows the importance of investigating alternative shRNA molecular designs to optimize 

their use as antivirals in gene therapy. While it is important to maximize the antiviral effects, 

reducing cytotoxicity is equally important. Our results show that incorporating large aptamers as 

the loop of an shRNA effectively prevents the cytotoxicity observed when the shRNA is expressed 

in its canonical form. It will be beneficial to apply this molecular design to other shRNAs in future 

studies to identify an aptamer-shRNA chimera which can strongly inhibit viral replication with no 

cytotoxic effects. 

 

3.6 Materials and methods. 

3.6.1 Cell culture 

HEK293T cells were grown in Dulbecco’s modified Eagle’s medium (HyClone, Logan, UT) 

supplemented with 10% fetal bovine serum (FBS, HyClone), 50 μg/mL streptomycin, and 

50 U/mL penicillin (Life Technologies, Carlsbad, CA, USA). SupT1 cells were grown in Roswell 

Park Memorial Institute Medium 1640 (HyClone), supplemented with 10% heat-inactivated FBS 

(HyClone), 50 μg/mL streptomycin, and 50 U/mL penicillin (Life Technologies). 
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3.6.2 Vector construction 

The DNA inserts coding for the aptamers with different flanking secondary structures as well as 

those coding for aptamer-shRNA chimeras were generated either by annealing complementary 

oligonucleotides or were synthesized by overlapping PCR as previously described4,10,24. The 

primers used for each construct are shown in Tables 3.1 and 3.2. These DNA inserts were then 

digested with BbsI and ligated into BbsI-digested psiRNA-7SKGFP::Zeo or into BbsI-digested 

psiRNA-U6GFP::Zeo. The constructs PR10.1-8E with flanking hairpins, PR10.1-8A with flanking 

hairpins and PR10.9-8N with flanking hairpins were ligated into EcoRI and ApaI-digested 

RNApt16_hp-psiRNA-7SKGFP::Zeo. To include the antiviral genes into lentiviral vectors, the 

expression cassettes of aptamer-shRNA chimeras were amplified using forward primer 5′-

TATGCGGCCGCAGGGATTTTGGTCATGTTCTTAATCGATACTA-3′ and reverse primer 5′-

GTAACGCCTGCAGGTTAATTAAGTCTAGAAGCTTTTCCAA-3′ to include the restriction 

sites NotI and XbaI. The synthesized DNA fragments were then digested with NotI and XbaI and 

ligated into NotI and XbaI-digested lentiviral transfer vector HIV-7-EGFP (donated by Dr. J. 

Rossi)33.  

Table 3.1 Primers used to generate constructs by annealing complementary oligonucleotides. 

Table 3.1 Primers used to generate constructs by annealing complementary oligonucleotides
Primer name Primer sequence 5’-3’ 
RNApt16_F ACCTCCCCCGGCAAGGAGGGGTTT 
RNApt16_R CAAAAAACCCCTCCTTGCCGGGGG 
RNApt16_hp_F  ACCTCGTGCTCGCTTCGGCAGCACATATACATGAATTC 

CCCCGGCAAGGAGGGGGGGCCCAGAGCGGACTTCGGT 
CCGCTTT 

RNApt16_hp_R CAAAAAAGCGGACCGAAGTCCGCTCTGGGCCCCCCCT 
CCTTGCCGGGGGAATTCATGTATATGTGCTGCCGAAGCGAGC
ACG 

RNApt16_HDV_F ACCTCCCCCGGCAAGGAGGGGGGCCGGCATGGTCCCAGCCTC
CTCGCTGGCGCCGGCTGGGCAACATGCTTCGGCATGGCGAAT
GGGACTTT 
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RNApt16_HDV_R CAAAAAAGTCCCATTCGCCATGCCGAAGCATGTTGCCCAGCC
GGCGCCAGCGAGGAGGCTGGGACCATGCCGGCCCCCCTCCTT
GCCGGGGG 

PR10.1-8E_F ACCTCCTTAAGTGTAACTTCTCATAACATCCGGAGGCTTTTAC
TTCCGGGGACCTTTT 
 

PR10.1-8E_R CAAAAAAAGGTCCCCGGAAGTAAAAGCCTCCGGATGTTATGA
GAAGTTACACTTAAGG 
 

PR10.1-8E_hp_F AATTCCTTAAGTGTAACTTCTCATAACATCCGGAGGCTTTTAC
TTCCGGGGACCTGGGCC 
 

PR10.1-8E_hp_R CAGGTCCCCGGAAGTAAAAGCCTCCGGATGTTATGAGAAGTT
ACACTTAAGG 
 

PR10.1-8A_F ACCTCCTTAAGTGTAACTTCTCGTAATTCCCAAGGCTTTTACC
TCGGGGTCCTTTT 
 

PR10.1-8A_R CAAAAAAAGGACCCCGAGGTAAAAGCCTTGGGAATTACGAG
AAGTTACACTTAAGG 

PR10.1-8A_hp_F AATTCCTTAAGTGTAACTTCTCGTAATTCCCAAGGCTTTTACC
TCGGGGTCCTGGGCC 

PR10.1-8A_hp_R CAGGACCCCGAGGTAAAAGCCTTGGGAATTACGAGAAGTTAC
ACTTAAGG 

PR10.9-8N_F 
 

ACCTCTTGACCTAAGGTAAGATAACGGCTTCGAGTTCAGAGA
CCTCGCCCTGGTTTT 
 

PR10.9-8N_R 
 

CAAAAAAACCAGGGCGAGGTCTCTGAACTCGAAGCCGTTATC
TTACCTTAGGTCAAG 

PR10.9-8N_hp_F 
 

AATTCTTGACCTAAGGTAAGATAACGGCTTCGAGTTCAGAGA
CCTCGCCCTGGTGGGCC 

PR10.9-8N_hp_R 
 

CACCAGGGCGAGGTCTCTGAACTCGAAGCCGTTATCTTACCTT
AGGTCAAG 

RNApt16-
sh1498_F 

ACCTCGCAGGAACTACTAGTACCCTTCCCCGGCAAGGAGGGG
AAGGGTACTAGTAGTTCCTGCTTT 
 

RNApt16-
sh1498_R 

CAAAAAAGCAGGAACTACTAGTACCCTTCCCCTCCTTGCCGG
GGAAGGGTACTAGTAGTTCCTGCG 
 

RNApt16-shNS_F ACCTCGTACCGCACGTCATTCGTATTCCCCGGCAAGGAGGGG
GATACGAATGACGTGCGGTACTTT 

RNApt16-shNS_R CAAAAAAGTACCGCACGTCATTCGTATCCCCCTCCTTGCCGGG
GAATACGAATGACGTGCGGTACG 
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PR10.9-8N-
sh1498_F 

ACCTCGCAGGAACTACTAGTACCCTTTTGACCTAAGGTAAGA
TAACGGCTTCGAGTTCAGAGACCTCGCCCTGGTAAGGGTACT
AGTAGTTCCTGCTTT 
 

PR10.9-8N-
sh1498_R 

CAAAAAAGCAGGAACTACTAGTACCCTTACCAGGGCGAGGTC
TCTGAACTCGAAGCCGTTATCTTACCTTAGGTCAAAAGGGTAC
TAGTAGTTCCTGCG 
 

PR10.9-8N-
shNS_F 

ACCTCGTACCGCACGTCATTCGTATTTTGACCTAAGGTAAGAT
AACGGCTTCGAGTTCAGAGACCTCGCCCTGGTGATACGAATG
ACGTGCGGTACTTT 
 

PR10.9-8N-
shNS_R 

CAAAAAAGTACCGCACGTCATTCGTATCACCAGGGCGAGGTC
TCTGAACTCGAAGCCGTTATCTTACCTTAGGTCAAAATACGAA
TGACGTGCGGTACG 
 

 

Table 3.2 Primers used to synthesize constructs by overlapping PCR. 

Table 3.2 Primers used to synthesize constructs by overlapping PCR
Primer 
name 

Primer sequence 5’-3’ 

RNApt16_HH_HDV full insert: 
GCGGCCGCGCCGGGGCTGATGAGTCCGTGAGGACGAAACGGTACCCGGTAC
CGTCCCCCGGCAAGGAGGGGGGCCGGCATGGTCCCAGCCTCCTCGCTGGCG
CCGGCTGGGCAACATGCTTCGGCATGGCGAATGGGACTTT 
 
RNApt16_
HH_HDV_
F 

GCGGCCGCGCCGGGGCTGATGAGTCCGTGAGGACG 
AAACGGTACCCGGTACCGTCCCCCGGCAAGGAGGGG 
GGCCGGCATG 
 

RNApt16_
HH_HDV_
R 

AAAGTCCCATTCGCCATGCCGAAGCATGTTGCCC 
AGCCGGCGCCAGCGAGGAGGCTGGGACCATGCC 
GGCCCCCCTCCTTG 

RNApt16_
HH_HDV_ 
Flanking 
Forward 

GAGTTCACGGAAGACCGACCTCGCGGCCGCGCCGGG 
 

RNApt16_
HH_HDV_ 
Flanking 
Reverse 

TGATGCTATGAAGACTCCAAAAAAAAGTCCCATTCGCCA 
 

PR10.1-8E_HDV full insert: 
CTTAAGTGTAACTTCTCATAACATCCGGAGGCTTTTACTTCCGGGGACCTGG
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CCGGCATGGTCCCAGCCTCCTCGCTGGCGCCGGCTGGGCAACATGCTTCGGC
ATGGCGAATGGGACTTT 
 
PR10.1-
8E_HDV_
F 

CTTAAGTGTAACTTCTCATAACATCCGGAGGCTTTTACTTCCGGGGAC
CTGGCCGGCATGGTCCCAGCCT 
 

PR10.1-
8E_HDV_
F 

AAAGTCCCATTCGCCATGCCGAAGCATGTTGCCCAGCCGGCGCCAGC
GAGGAGGCTGGGACCATGCCGGC 
 

PR10.1-
8E_HDV_
Flanking 
Forward 

GAGTTCACGGAAGACCGACCTCCTTAAGTGTAACTT 
 

PR10.1-
8E_HDV_
Flanking 
Reverse 

TGATGCTATGAAGACTCCAAAAAAAAGTCCCATTCGCCA 
 

PR10.1-8A_HDV full insert: 
CTTAAGTGTAACTTCTCGTAATTCCCAAGGCTTTTACCTCGGGGTCCTGGCCG
GCATGGTCCCAGCCTCCTCGCTGGCGCCGGCTGGGCAACATGCTTCGGCATG
GCGAATGGGACTTT 
 
PR10.1-
8A_HDV_
F 

CTTAAGTGTAACTTCTCGTAATTCCCAAGGCTTTTACCTCGGGGTCCT
GGCCGGCATGGTCCCAGCCTCC 
 

PR10.1-
8A_HDV_
R 

AAAGTCCCATTCGCCATGCCGAAGCATGTTGCCCAGCCGGCGCCAGC
GAGGAGGCTGGGACCATGCCGGC 
 

PR10.1-
8A_HDV_
Flanking 
Forward 

GAGTTCACGGAAGACCGACCTCCTTAAGTGTAACTT 
 

PR10.1-
8A_HDV_
Flanking 
Reverse 

TGATGCTATGAAGACTCCAAAAAAAAGTCCCATTCGCCA 
 

PR10.9-8N_HDV full insert: 
TTGACCTAAGGTAAGATAACGGCTTCGAGTTCAGAGACCTCGCCCTGGTGGC
CGGCATGGTCCCAGCCTCCTCGCTGGCGCCGGCTGGGCAACATGCTTCGGCA
TGGCGAATGGGACTTT 
 
PR10.9-
8N_HDV_
F 
 

TTGACCTAAGGTAAGATAACGGCTTCGAGTTCAGAGACCTCGCCCTG
GTGGCCGGCATGGTCCCAGCCTC 
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PR10.9-
8N_HDV_
R 
 

AAAGTCCCATTCGCCATGCCGAAGCATGTTGCCCAGCCGGCGCCAGC
GAGGAGGCTGGGACCATGCCGGC 
 

PR10.9-
8N_HDV_
Flanking 
Forward 
 

GAGTTCACGGAAGACCGACCTCTTGACCTAAGGTAA 
 

PR10.9-
8N_HDV_
Flanking 
Reverse 
 

TGATGCTATGAAGACTCCAAAAAAAAGTCCCATTCGCCA 
 

DP6.12 full insert: 
GGACAGCAAGCGTACATCTAAGACGGCTTAAGTCGAAGCGGTTGTTCGAGTT
GCGGCAAAAAAAACCCCACTCGCCTACTTCGCAGCGGCTTGCTTACAGAAAC
TTGGCTCTAGTGCTAGCCTGAAGTCATACGTTT 
 
DP6.12_F GGACAGCAAGCGTACATCTAAGACGGCTTAAGTCGAAGCGGTTGTTC

GAGTTGCGGCAAAAAAAACCCCACTCGCCTAC 
 

DP6.12_R AAACGTATGACTTCAGGCTAGCACTAGAGCCAAGTTTCTGTAAGCAA
GCCGCTGCGAAGTAGGCGAGTGGGGTTTTTTT 
 

DP6.12_Fa
nking 
Forward 

GAGTTCACGGAAGACCGACCTCGGACAGCAAGCGTA 
 

DP6.12_Fa
nking 
Reverse 

TGATGCTATGAAGACTCCAAAAAAAACGTATGACTTCAG 
 

DP6.12_hp full insert: 
GTGCTCGCTTCGGCAGCACATATACATGAATTCGGACAGCAAGCGTACATCT
AAGACGGCTTAAGTCGAAGCGGTTGTTCGAGTTGCGGCAAAAAAAACCCCAC
TCGCCTACTTCGCAGCGGCTTGCTTACAGAAACTTGGCTCTAGTGCTAGCCT
GAAGTCATACGGGGCCCAGAGCGGACTTCGGTCCGCTTT 
 
DP6.12_hp
_F1 

GTGCTCGCTTCGGCAGCACATATACATGAATTCGGACAGCAAGCGTA
CATCTAAGACGGC 
 

DP6.12_hp
_F2 

GAGTTGCGGCAAAAAAAACCCCACTCGCCTACTTCGCAGCGGCTTGC
TTACAGAAACTTG 
 

DP6.12_hp
_R1 

GGTTTTTTTTGCCGCAACTCGAACAACCGCTTCGACTTAAGCCGTCTT
AGATGTACGCTT 
 



 197 

DP6.12_hp
_R2 

AAAGCGGACCGAAGTCCGCTCTGGGCCCCGTATGACTTCAGGCTAGC
ACTAGAGCCAAGTTTCTGTAAGCAAGC 
 

DP6.12_hp 
Flanking 
Forward 

GAGTTCACGGAAGACCGACCTCGTGCTCGCTTCGGC 
 

DP6.12_hp 
Flanking 
Reverse 

TGATGCTATGAAGACTCCAAAAAAAAGCGGACCGAAGTC 
 

DP6.12_HDV full insert: 
GGACAGCAAGCGTACATCTAAGACGGCTTAAGTCGAAGCGGTTGTTCGAGTT
GCGGCAAAAAAAACCCCACTCGCCTACTTCGCAGCGGCTTGCTTACAGAAAC
TTGGCTCTAGTGCTAGCCTGAAGTCATACGGGCCGGCATGGTCCCAGCCTCC
TCGCTGGCGCCGGCTGGGCAACATGCTTCGGCATGGCGAATGGGACTTT 
 
DP6.12_H
DV_F1 

GGACAGCAAGCGTACATCTAAGACGGCTTAAGTCGAAGCGGTTGTTC
GAGTTGCGGCAAAAAAAA 
 

DP6.12_H
DV_F2 

TTGCTTACAGAAACTTGGCTCTAGTGCTAGCCTGAAGTCATACGGGC
CGGCATGGTCCCAGCCTC 
 

DP6.12_H
DV_R1 

AGCCAAGTTTCTGTAAGCAAGCCGCTGCGAAGTAGGCGAGTGGGGTT
TTTTTTGCCGCAACTCGA 
 

DP6.12_H
DV_R2 

AAAGTCCCATTCGCCATGCCGAAGCATGTTGCCCAGCCGGCGCCAGC
GAGGAGGCTGGGACCATGCCGGC 
 

DP6.12_H
DV 
Flanking 
Forward 

GAGTTCACGGAAGACCGACCTCGGACAGCAAGCGTA 
 

DP6.12_H
DV 
Flanking 
Reverse 

TGATGCTATGAAGACTCCAAAAAAAAGTCCCATTCGCCA 
 

DP6.12-sh1498 full insert: 
GCAGGAACTACTAGTACCCTTGGACAGCAAGCGTACATCTAAGACGGCTTAA
GTCGAAGCGGTTGTTCGAGTTGCGGCAAAAAAAACCCCACTCGCCTACTTCG
CAGCGGCTTGCTTACAGAAACTTGGCTCTAGTGCTAGCCTGAAGTCATACGA
AGGGTACTAGTAGTTCCTGCTTT 
DP6.12-
sh1498_F 

GCAGGAACTACTAGTACCCTTGGACAGCAAGCGTACATCTAAGACGG
CTTAAGTCGAAGCGGTTGTTCGAGTTGCGGCAAAAAAAACCCCACTC
GCCTA 

DP6.12-
sh1498_R 

AAAGCAGGAACTACTAGTACCCTTCGTATGACTTCAGGCTAGCACTA
GAGCCAAGTTTCTGTAAGCAAGCCGCTGCGAAGTAGGCGAGTGGGG
TTTTTT 
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DP6.12-
sh1498 
Flanking 
Forward 

GAGTTCACGGAAGACCGACCTCGCAGGAACTACTAG 
 

DP6.12-
sh1498 
Flanking 
Reverse 

TGATGCTATGAAGACTCCAAAAAAAAGCAGGAACTACTA 
 

DP6.12-shNS full insert: 
GTACCGCACGTCATTCGTATTGGACAGCAAGCGTACATCTAAGACGGCTTAA
GTCGAAGCGGTTGTTCGAGTTGCGGCAAAAAAAACCCCACTCGCCTACTTCG
CAGCGGCTTGCTTACAGAAACTTGGCTCTAGTGCTAGCCTGAAGTCATACGG
ATACGAATGACGTGCGGTACTTT 
DP6.12-
shNS_F 

GTACCGCACGTCATTCGTATTGGACAGCAAGCGTACATCTAAGACGG
CTTAAGTCGAAGCGGTTGTTCGAGTTGCGGCAAAAAAAACCCCACTC
GCCTA 
 

DP6.12-
shNS_R 

AAAGTACCGCACGTCATTCGTATCCGTATGACTTCAGGCTAGCACTA
GAGCCAAGTTTCTGTAAGCAAGCCGCTGCGAAGTAGGCGAGTGGGG
TTTTTT 
 

DP6.12-
shNS 
Flanking 
Forward 

GAGTTCACGGAAGACCGACCTCGTACCGCACGTCAT 
 

DP6.12-
shNS 
Flanking 
Reverse 

TGATGCTATGAAGACTCCAAAAAAAAGTACCGCACGTCA 
 

 

3.6.3 RT assay 

HEK293T cells were seeded in 96-well plates at a concentration of 2.5 x 105 - 3 x 105 cells/mL 24 

h prior to co-transfections in a volume of 150 μl. Co-transfections were established with 50 ng 

HIV-1 molecular clone pNL4-3 along with 250 ng of aptamer-expressing plasmid using TransIT-

LT1 (Mirus Bio, Madison, WI, USA) according to the manufacturer’s protocol. Supernatants were 

harvested 48 h after transfection for measurement of RT activity. HIV RT activity in supernatants 

was measured using a radioactive RT assay as previously described14,42. Briefly, 2.5 or 5 μL of 

supernatant was incubated for 2 h at 37°C with 25 or 50 μL of RT cocktail containing a poly(A) 
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template (Roche, Basel, Switzerland), an oligo(dT) primer (Life Technologies) and [32P] 

deoxythymidine triphosphate (dTTP; 3,000 Ci/mmol; Perkin Elmer, Waltham, MA, USA). The 

poly dT RT product was then detected by spotting 5 μL of the reaction mixture onto 

diethylaminoethyl (DEAE) filter mats (Perkin Elmer) or a positively charged nylon membrane 

(Hybond-N+, Amersham Biosciences, Little Chalfont, UK) and unincorporated [32P] dTTP were 

removed with five washes using 2x saline sodium citrate (SSC) buffer (20× SSC buffer: 3 M NaCl 

and 0.3 M sodium citrate) along with two washes using 95% ethanol. Counts per minute (cpm) 

were measured on a microplate scintillation counter (MicroBeta TriLux; Perkin Elmer). The 

amount of HIV RT enzyme in the supernatants is proportional to the cpm readout. 

3.6.4 Lentivirus production 

HEK293T cells were seeded at 2.75 x 105 cells/mL 24 h prior to co-transfections in T75 flasks in 

a volume of 20 mL. Co-transfections were performed with 10 μg HIV-7-EGFP plasmid, 3.4 μg 

plasmid expressing vesicular stomatitis virus G protein (from Dr. J. Rossi) and 10 or 50 μg 

packaging plasmid psPAX2 (Addgene, number 12260) using PEI (3 µL/µg of DNA) 

(Polysciences). Supernatants were harvested 48 h after transfection, where lentiviral particles were 

isolated and concentrated using Lenti-X (Clontech) according to the manufacturer’s protocol.   

3.6.5 SupT1 T cell transduction, infection, and competitive growth 

A serial dilution of isolated lentiviral particles was used to transduce SupT1 cells, and the 

percentage of GFP-positive cells was then measured to determine lentivirus titers. These 

lentiviruses were then transduced at an MOI of 1 into 5 ml SupT1 cell cultures containing 6 x 105 

– 1 x 106 cells, using 8 μg/mL Polybrene (Sigma-Aldrich, St. Louis, MO, USA). Cells were sorted 

72 h after transduction for GFP expression with a FACSAria Fusion cell sorter (BD Biosciences, 

Franklin Lakes, NJ, USA). The gating is shown in Figures 3.7-3.10. One set of sorted cells were 



 200 

used for HIV infection and plated in 96-well round-bottom plates at 2 x 104 cells/well in a volume 

of 100 μL. Twenty-four hours after sorting, the cells were infected with HIV-1 NL4-3 (1,750 

cpm/mL, determined using the HIV RT assay) and supernatants were harvested on various days 

post infection to measure RT activity and establish infection kinetics. A second set of sorted cells 

were used to establish a competitive growth and plated in 96-well round-bottom plates at 2 x 

104 cells/well in a volume of 100 μL. These cells were immediately mixed with an equal number 

of untransduced SupT1 cells that had been passed through the flow cytometer without sorting, 

bringing the total volume in each well to 200 μL with 4 x 104 cells/well. Half of the cell populations 

were collected at various days post mixing to measure the percentage of GFP-positive cells using 

a LSRFortessa flow cytometer (BD Biosciences). 

 

Figure 3.7 FACS plots of cell cultures expressing U6 driven aptamer-shRNA chimeras. LVs 
encoding the selected aptamer-shRNA chimera genes were used to transduce SupT1. Transduced 
cell cultures were sorted by GFP expression using FACS. Populations were previously gated for 
single lymphocytes. Purple populations in the GFP gate were collected and used to establish the 
infection and competitive growth shown in Figures 3.4 and 3.5. 
Figure 3.7 FACS plots of cell cultures expressing U6 driven aptamer-shRNA chimeras 
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Figure 3.8 FACS plots of cell cultures expressing 7SK driven aptamer-shRNA chimeras. LVs 
encoding the selected aptamer-shRNA chimera genes were used to transduce SupT1. Transduced 
cell cultures were sorted by GFP expression using FACS. Populations were previously gated for 
single lymphocytes. Purple populations in the GFP gate were collected and used to establish the 
infection and competitive growth shown in Figures 3.4 and 3.5. 
Figure 3.8 FACS plots of cell cultures expressing 7SK driven aptamer-shRNA chimeras 

 

Figure 3.9 FACS plots of cell cultures expressing U6 driven aptamer-shRNA chimeras. LVs 
encoding the selected aptamer-shRNA chimera genes were used to transduce SupT1. Transduced 
cell cultures were sorted by GFP expression using FACS. Populations were previously gated for 
single lymphocytes. Purple populations in the GFP gate were collected and used to establish the 
infection and competitive growth shown in Figures 3.4 and 3.5. 
Figure 3.9 FACS plots of cell cultures expressing U6 driven aptamer-shRNA chimeras 
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Figure 3.10 FACS plots of cell cultures expressing U6 and 7SK driven aptamer-shRNA 
chimeras. LVs encoding the selected aptamer-shRNA chimera genes were used to transduce 
SupT1. Transduced cell cultures were sorted by GFP expression using FACS. Populations were 
previously gated for single lymphocytes. Purple populations in the GFP gate were collected and 
used to establish the infection and competitive growth shown in Figures 3.4 and 3.5. 
Figure 3.10 FACS plots of cell cultures expressing U6 and 7SK driven aptamer-shRNA chimeras 

3.6.6 Northern blot 

HEK293T cells were seeded at 3.5 x 106 cells/dish 24h prior to transfections in 10 mL tissue 

cultures dishes. Transfections were performed with 5 μg of plasmid using TransIT-LT1 (Mirus 

Bio, Madison, WI, USA) according to the manufacturer’s protocol. 48h post-transfection, cell 

lysates were collected using TRIzol reagent (Life Technologies) and total RNA was recovered by 

phenol chloroform extraction followed by cleanup with a miRNeasy mini kit (QIAGEN, Hilden, 

Germany) according to the manufacturer’s instructions. A total of 15 μg of the extracted RNA was 

mixed with an equal volume of 2× gel loading buffer and resolved in a 15% polyacrylamide-urea 

gel as previously described24. The RNA was transferred from the gel to a positively charged nylon 

membrane (Hybond-N+, Amersham Biosciences, Little Chalfont, UK) using a semi-dry 
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electroblotter (25 min, 4°C, 20 V). The transferred RNA was chemically crosslinked with 1-Ethyl-

3-3(3-dimethylaminopropyl) carbodiimide (Sigma-Aldrich, St. Louis, MO, USA) and 1-

Methylimidazole (Thermo-Fisher, Waltham, MA, USA) and incubating at 60°C for 80 min. 

Prehybridization buffer consisting of 6× SSC, 2× Denhardt’s solution, and 0.1% SDS was used to 

prehybridize the membrane. Identical buffer composition was used to hybridize the 32P-labeled 

RNA probes. Probe hybridization was done overnight at 37°C and the membrane was subsequently 

washed for 15 min in wash buffer #1 (2× SSC), 15 min in wash buffer #2 (1× SSC), and 15 min 

in wash buffer #3 (0.1× SSC), all at 37°C. Finally, radiographic films were exposed to visualize 

the Northern bands. 

3.6.7 Probe labeling 

32P-labeled RNA probes were generated by in vitro transcription using the HiScribe T7 kit (NEB) 

according to the manufacturer’s instructions with annealed template DNA and [α-32P] cytidine 

triphosphate (CTP, 800 Ci/mmol; Perkin Elmer). To eliminate the template DNA after in vitro 

transcription, the reaction mixture was treated with DNase I (New England Biolabs, Ipswich, MA, 

USA). The radioactive RNA probes were then purified with ProbeQuant G50 Micro Columns (GE 

Healthcare, Little Chalfont, UK) to remove unincorporated nt. The probe sequences with the T7 

promoter sequence underlined were as follows: 

sh1498-antisense: 5′-

GGGTACTAGTAGTTCCTGCCTATAGTGAGTCGTATTAATTTC-3′ 
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Chapter IV 

 

 

 

 

 

Anti-HIV aptamer-shRNA chimeras expressed from the U6 and 7SK promoters strongly 

inhibit HIV replication in lymphocytic cells 

 

 

 

 

 

 

This chapter is adapted from the following manuscript: Goguen, R.P., Malard, C.M.G., Chen, 

M.J., Intrevado, I., Daher, A., Rossi, J. J., Gatignol, A., Scarborough, R.J. In Preparation. 

Note: Some shRNA names have been changed from the figures and text because of pending IP 

discussions; Supplementary data are not included because of IP considerations.  
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4.1 Preface. 

The body of work shown in chapter III focused on optimizing our anti-HIV gene therapy by 

exploring various molecular designs. The purpose of this was to eliminate the cytotoxicity 

observed in chapter II caused by the expression of shRNAs from the U6 and 7SK promoters. The 

incorporation of aptamer within the terminal loop of shRNAs to generate aptamer-shRNA 

chimeras successfully lead to a method to avoid shRNA-mediated cytotoxicity. Similar to the 

lower levels of shRNA expression from the H1 promoter observed in chapter II, the circulating 

levels of shRNA guide strand were shown to be the factor influencing the cytotoxic potential of 

the anti-HIV gene therapy. Specifically, expression of aptamer-shRNA chimeras led to lower 

amounts of guide strands compared to canonical shRNAs and this eliminates the cytotoxic effects 

elicited by the expression of canonical shRNAs. 

Although a method to avoid shRNA-mediated cytotoxicity was identified in chapter III, none of 

the characterized aptamer-shRNA chimeras could act as potent inhibitors of HIV. Therefore, this 

chapter focuses on identifying an aptamer-shRNA chimera that can potently inhibit HIV without 

eliciting cytotoxicity. Furthermore, only a single anti-HIV shRNA was evaluated in chapters II 

and III.  As multiple anti-HIV RNAs must be used during gene therapy to avoid the emergence of 

resistance, this chapter also focuses on identifying additional potent anti-HIV shRNAs for eventual 

use in combination gene therapy.  

The results presented in this chapter allowed us to characterize additional anti-HIV shRNAs for 

eventual use in combination gene therapy. We expressed these shRNAs from the U6, 7SK and H1 

promoters as was done in chapter II and observed once again that anti-HIV shRNAs were more 

potent when expressed from the U6 and 7SK promoters. However, cytotoxicity was not elicited in 

the case of one shRNA expressed from the U6 promoter, reinforcing our hypothesis that the 
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nucleotide identity of shRNAs influences whether expression from the U6, 7SK or H1 promoter 

leads to maximal shRNA activity without cytotoxicity. Additionally, the results from this chapter 

served to identify aptamer-shRNA chimeras that could potently inhibit HIV without cytotoxic 

effects. Overall, this work will help to establishing a combination gene therapy which avoids the 

emergence of viral resistance. 
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4.2 Abstract. 

Short hairpin RNAs (shRNAs) expressed in cells by gene therapy are effective inhibitors of HIV-

1 replication but quickly lose their antiviral efficacy when used alone due to the development of 

viral resistance. The use of multiple shRNAs can be used to prevent the emergence of resistant 

virus. Although clinical trials have been conducted using combination gene therapy, optimization 

of anti-HIV RNAs is needed to identify better combinations. We compared the effects of several 

shRNAs identified in previous screens expressed from the H1 promoter and show that three with 

highly conserved target sites were superior in inhibiting HIV replication. We then compared the 

efficacy and toxicity of these three shRNAs when expressed from the stronger 7SK and U6 

promoters. All three shRNAs strongly inhibited HIV replication when expressed from these two 

promoters on a lentiviral vector in lymphocytic cells but exhibited varying degrees of cytotoxicity 

observed by growth defect. This toxicity could be alleviated by replacing the loop sequences of 

the shRNAs with an anti-HIV aptamer. These results are important for the establishment of 

optimized anti-HIV gene therapies. 
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4.3 Introduction. 

Infection by the human immunodeficiency virus type 1 (HIV) can be controlled by the 

administration of combination antiretroviral therapies (cART) to delay the progression to AIDS. 

However, this strategy is not curative which consequently results in a lifelong treatment1. As such, 

the need for continuous chronic administration of medication places financial pressures on patients 

and health care systems while also being associated to undesirable side effects. Gene therapy with 

antiviral molecules could provide a functional cure towards HIV infection where cART would no 

longer be needed2,3. Various antiviral RNAs have been developed to inhibit HIV replication by 

gene therapy including short hairpin RNAs (shRNAs), aptamers, ribozymes and U1 interference 

RNAs4-8. As is the case with cART, a combination of inhibitors will certainly be necessary to 

prevent the occurrence of resistance and clinical trials have been conducted using multiple anti-

HIV RNAs9-11. 

RNA interference (RNAi) is an endogenous cellular post-transcriptional gene regulation pathway 

first discovered in Caenorhabditis elegans12. This pathway has since been identified in mammalian 

cells and has been implicated in regulating cell growth, metabolism and other biological 

processes13,14. RNAi has been used to target various mRNAs involved in numerous diseases, 

including HIV infection4,5,15. Such treatment of HIV infection by RNAi relies on the expression of 

anti-HIV shRNAs by gene therapy to disrupt the expression of viral genes or cellular genes utilized 

by the virus for its replication. Gene silencing from shRNAs occurs through their incorporation 

into the RNA-induced silencing complex (RISC) after processing into small interfering RNAs 

(siRNAs) by the RNase III endonuclease Dicer to remove the loop sequence3. The guide strand of 

the siRNA directs, by nucleotide complementarity, the Argonaute2 (Ago2) protein present in the 

RISC towards an RNA target which results in cleavage of the target15. Thus, anti-HIV shRNAs 
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are specifically designed so that the guide strand of the molecule is complementary to RNA species 

that are critical for the completion of the viral replication cycle. 

Although shRNAs are able to potently inhibit HIV replication, the virus can develop resistance to 

any single shRNA. Mutations within the target site, resulting in nucleotide mismatches, as well as 

mutations outside of the target site, resulting in the formation of RNA secondary structures 

surrounding the target site, can abolish the antiviral activity of anti-HIV shRNAs16-18. It has 

therefore been proposed that the usage of multiple shRNAs targeting different conserved viral sites 

in combination will be required to avoid the occurrence of resistance10,11. This approach is similar 

to cART, which relies on the administration of at least three antiretroviral drugs with different viral 

targets to control viremia while avoiding the emergence of resistance1,19,20.  

In an effort to identify highly active anti-HIV shRNAs to use in combination, several studies have 

screened a number of shRNAs targeting conserved regions of different HIV-1 genomes for 

antiviral activity. In one study, a total of 170 HIV-1 genomes were examined to generate 86 

different shRNAs targeting highly conserved sequences10. A total of 1 in 4 of the shRNAs were 

found to be effective inhibitors of HIV, targeting eight different viral genome regions. Another 

study also used sequence conservation as the primary criterion for target site identification and 

generated 96 different shRNAs against 22 distinct regions of the viral genome21. Of those shRNAs, 

65 were found to be highly active inhibitors of HIV. A third study identified target sites by selective 

2′-hydroxyl acylation analyzed by primer extension (SHAPE) chemical probing for RNA 

secondary structures and used the information to generate a set of 26 shRNAs22. Evaluation of 

inhibitory capabilities showed that 14 out of the 26 shRNAs were highly potent inhibitors of HIV.  

Another class of antiviral functional RNAs are aptamers, which are generated by systematic 

evolution of ligands by exponential enrichment (SELEX)23. These molecules possess binding 
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specificities for protein or RNA targets which results in an inactivation of the target upon aptamer 

binding2. Binding affinity is a consequence of the specific three-dimensional structure that is 

adopted through intramolecular folding of these single stranded RNA aptamers. Recently, 

aptamers have been included within the loop of shRNAs in an attempt to express multiple anti-

HIV molecules from a single RNA transcript7. As part of the biogenesis of shRNAs includes 

cleavage of the stem-loop structure by Dicer, separation of the aptamer from the shRNA will occur 

through Dicer cleavage following nuclear export of the aptamer-shRNA chimera. Careful design 

of such aptamer-shRNA chimeras which target different viral elements could avoid the occurrence 

of resistance in the same manner as employing multiple shRNAs in parallel.  

Expression of anti-HIV shRNAs for gene therapy has primarily been done with the type 3 RNA 

polymerase (Pol) III promoters U6, 7SK and H1. Post-transcriptional modifications (5’ cap and 

poly(A) tail) which could interfere with RNA functionality are not included in transcripts produced 

from these promoters and the transcriptional start site is generally well defined to allow for 

expression of shRNAs with reliable sequences5,24,25. Appropriate promoter selection is imperative 

to designing an effective anti-HIV gene therapy using shRNAs as the antiviral potency and 

potential to elicit cytotoxicity of the molecules has been reported to be affected by the promoter 

used to drive their expression5. Specifically, studies have reported that shRNAs may offer more 

potent gene silencing when expressed by the U6 promoter compared to the H1 promoter, but that 

expression by the U6 promoter is also associated to cytotoxic effects26,27. We have previously 

identified an shRNA (sh1498) targeting the gag region of HIV RNA, and evaluated its effects 

when expressed from the U6, 7SK and H1 promoters4,5. We found that sh1498 potency is 

maximized when its expression is driven by the U6 and 7SK promoters but that expression from 

these promoters can also lead to cytotoxicity. In contrast, one study has reported no cytotoxicity 
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associated to other shRNAs expressed from the U6 promoter28. Due to the inconsistency of the 

literature, it is unlikely that a single promoter is universally the prime choice for expression of all 

anti-HIV shRNAs. Rather, each shRNA should be investigated individually when expressed from 

the different type 3 RNA Pol III promoters to identify the optimal promoter in a case-by-case 

fashion.  

In this study, we identified 3 highly active anti-HIV shRNAs and expressed these from the H1, 

7SK and U6 promoters. Although antiviral effects were maximized when the shRNAs were 

expressed from the U6 and 7SK promoters, expression from these two promoters led to severe 

growth defects for two of the three shRNAs. We also included an aptamer within the loop of the 3 

highly potent shRNAs to generate aptamer-shRNA chimeras and expressed these from the 7SK 

and U6 promoters. Interestingly, severe growth defects were not detected when any of the chimeric 

molecules were expressed from these two promoters, along with viral replication being strongly 

restricted by the aptamer-shRNA chimeras. These results suggests that both the expression method 

as well as the molecular design of shRNAs are important determinants of antiviral potency and 

potential to elicit cytotoxicity. 

 

4.4 Results. 

4.4.1 Selection of top shRNAs from literature screens 

Target site conservation of anti-HIV shRNAs identified in previous large shRNA screens was 

evaluated using the Los Alamos National Laboratory (LANL) HIV Sequence Database10,21,22 

(Supplementary Table S1). Selection of the top shRNA candidates from these screens was 

determined according to target site conservation, potency in previous HIV inhibitory assays, and 
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inclusion in clinical trials and/or pre-clinical animal studies. An shRNA targeting the psi packaging 

sequence (sh688) and another targeting the pol gene (sh4749) were also selected29,30. Additionally, 

we identified highly conserved regions of the LTR and RRE to design two novel shRNAs, sh582 

(LTR-specific) and sh7797 (RRE-specific). We also included an shRNA targeting the tat/rev 

region of HIV RNA previously tested in an anti-HIV combination gene therapy clinical trial9, 

denoted as sh5983, along with a Gag-specific sh1498 that our lab has previously developed4. An 

alternative Gag-specific shRNA has been demonstrated in the literature to negatively impact T-

cell growth31. We therefore selected this shRNA as a positive control relating to the evaluation of 

cytotoxic effects. Target site conservation of all selected shRNAs was determined using the LANL 

database across all HIV-1 strains, as well as across clade B and C strains and is shown in 

Supplementary Table S2. 

4.4.2 Three shRNAs expressed from the H1 promoter are particularly effective at 

inhibiting HIV replication 

A total of 23 shRNAs were selected after target site conservation analysis and were included within 

an H1 promoter-driven expression plasmid (psiRNA-H1GFP::Zeo) to evaluate their effects on 

HIV production. A negative control non-sense shRNA (shNS) that does not target HIV RNA was 

also expressed from the H1 promoter. Co-transfections were performed in HEK 293T cells using 

various doses of each shRNA expression plasmids along with the HIV-1 molecular clone pNL4-

3. Relative HIV production was estimated by measuring the HIV RT activity present in cell 

supernatants harvested from the co-transfections. All data were normalized to the RT activity 

measured in co-transfections of pNL4-3 with the empty vector (psiRNA-H1GFP::Zeo). All 

shRNAs showed dose-dependent inhibitory effects, except for shG5 and sh7797, which were not 
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able to inhibit HIV production (Figure 4.1). The most effective inhibitors from this screen were 

sh516, shL1, sh1498, shP2, shS3, shP28, shT140, and sh5983. 

 

Figure 4.1 shRNA inhibition of HIV production from co-transfection of HEK293T cells. 
HEK 293T cells were co-transfected with the HIV-1 molecular clone pNL4-3 along with varying 
amounts of different shRNA expression plasmids. Supernatants were collected 48 h post-
transfection and virus production was estimated by measuring HIV RT activity. Data are expressed 
as a percentage of RT activity in cells cotransfected with the empty expression plasmid. Each data 
point represents the mean +/- standard error mean (SEM) from two independent experiments with 
two replicates (n = 4).  
Figure 4.1 shRNA inhibition of HIV production from co-transfection of HEK293T cells 

Based on the screening of the inhibitory capabilities of shRNAs within the HIV production assay, 

we selected 10 shRNAs to characterize in a human T lymphocytic cell line (SupT1 cell line). 

Although shP10 and shG5 were not strong inhibitors in our primary screen, we included these 

molecules in our selection as these shRNAs were selected for evaluation in preclinical mouse 

studies along with shP28 and shT14032. We cloned the 10 selected shRNA genes as well as the 

negative control shNS gene into lentiviral vectors (HIV-7-GFP33) and generated lentiviruses (LVs) 

containing each shRNA gene. These LVs were transduced into SupT1 cells, and the cells were 

sorted by GFP expression to select those with properly integrated lentiviral vectors. Collected GFP 

positive cells were then infected with HIV-1 NL4-3, where RT activity was measured over time 
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to evaluate the inhibitory effects of the different anti-HIV shRNAs. In two independent 

experiments shL1, shP2 and shS3 were the most effective at inhibiting HIV replication (Figure 

4.2A and B).  

 

Figure 4.2 Three shRNAs expressed from the H1 promoter strongly restrict HIV replication 
and cells expressing shRNAs from the H1 promoter do not exhibit growth defects. 
(A,B) Panels A and B are independent experiments. Lentiviruses generated from HIV-7-GFP 
lentiviral vectors containing the different shRNA genes were transduced into SupT1 cells. These 
transduced SupT1 cells were sorted for GFP expression and subsequently infected with HIV-1 
NL4-3. Viral kinetics were established by measuring mean RT activity (cpm) in culture 
supernatants at various days post infection. Each data point represents the mean ± SEM from three 
infections (n=3). (C,D) Panels C and D are independent experiments. Following cell sorting by 
GFP expression of transduced SupT1 cells, transduced GFP positive SupT1 cells were mixed with 
untransduced GFP negative SupT1 cells. The percentage of GFP positive cells within the cultures 
was measured at various days post mixing to identify a growth advantage for either GFP positive 
or GFP negative cells. Each data point represents the mean ± SEM from three experiments (n=3). 
A two-way ANOVA with Bonferroni test was used to compare means to means of empty vector 
transduced cells. Significance (*p < 0.05, **p < 0.01, ***p < 0.001) is shown for those data points 
that were significantly different from the empty vector transduced controls. 
Figure 4.2 Three shRNAs expressed from the H1 promoter strongly restrict HIV replication and cells expressing shRNAs from the 
H1 promoter do not exhibit growth defects 
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Competitive growth assays were used to evaluate whether expression of any of the shRNAs results 

in growth defects in the transduced SupT1 cells. This was done by creating cell cultures consisting 

of 50% GFP positive sorted transduced SupT1 cells and 50% GFP negative sorted non-transduced 

SupT1 cells. The percentage of GFP-positive cells was then measured over time. None of the 

shRNA transduced cells displayed major growth defects compared to empty vector cells with only 

sh1498 having a consistent decrease in GFP positive cells over time (Figure 4.2C and D). Based 

on this data, we can conclude that there are no major defects in cell growth in response to 

expression of the different shRNAs from the H1 promoter.  

4.4.3 shRNAs are more potent when expressed from the U6 and 7SK promoters but can be 

cytotoxic 

Since the U6 and 7SK promoters have higher transcriptional efficiencies compared to the H1 

promoter5, we next investigated whether shRNAs expressed from these promoters would more 

potently inhibit viral production. The genes coding for shP2, shL1 and shS3 were therefore cloned 

within plasmids containing the 7SK or U6 promoter (psiRNA-7SKGFP::Zeo, or psiRNA-

U6GFP::Zeo). Various amounts of each generated plasmid construct were cotransfected with HIV-

1 pNL4-3 in HEK 293T cells. RT activity in the cell supernatants was then measured to estimate 

viral production. Each cpm value was normalized to the corresponding empty vector; psiRNA-

7SKGFP::Zeo, psiRNA-U6GFP::Zeo or psiRNA-H1GFP::Zeo (Figure 4.3). Dose-dependent 

decreases in viral production were observed for all shRNA-promoter constructs. At the lowest 

dose, all shRNAs showed more potent inhibition of viral production when expressed from the 7SK 

and U6 promoters compared to when expressed from the H1 promoter. The shL1 has similar 

inhibitory effects when expressed from the 7SK and U6 promoters while both shP2 and shS3 were 

most potent when expressed from the U6 promoter. 
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Figure 4.3 shRNAs expressed from the U6, 7SK and H1 promoters have differential 
inhibitory capabilities on HIV production. HEK 293T cells were co-transfected with 100 ng of 
the HIV-1 molecular clone pNL4-3 along with 0.01, 0.1, 1, 10 or 100 ng of 7SK, U6 and H1 driven 
shRNA expression plasmids. Supernatants were collected 48 h post-transfection and virus 
production was estimated by measuring HIV RT activity. Data are expressed as a percentage of 
RT activity in cells cotransfected with the empty expression plasmid. Each data point represents 
the mean +/- standard error mean (SEM) from one to three independent experiments with two 
replicates (n = 2-6). 
Figure 4.3 shRNAs expressed from the U6, 7SK and H1 promoters have differential inhibitory capabilities on HIV production 

We next investigated each construct’s efficacy in long-term cultures by transducing SupT1 cells 

with LVs carrying the different promoter-shRNA gene constructs. Following cell sorting by GFP 

expression, the transduced cells were infected with HIV-1 NL4-3. Viral replication was slightly 

inhibited in cells expressing shP2, shL1 and shS3 from the H1 promoter (Figure 4.4A and B). 

Additionally, viral replication was not detected in cells expressing the shRNAs from the U6 and 

7SK promoter, except for U6 driven shS3 which supported viral replication at a late time point in 

one infection assay. Overall, the shRNAs were most potent when expressed from the U6 and 7SK 

promoters within our infection assay. Competitive growth assays were also established after cell 

sorting to assess the cytotoxic potential of each expression construct. All shRNAs expressed from 

the H1 promoter maintained steady GFP levels throughout the assays, (Figure 4.4C and D). In 

contrast, all cultures containing shRNAs expressed from the 7SK or U6 promoter had reductions 
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in the GFP positivity rate over time, except for U6 and 7SK driven shP2 which maintained steady 

GFP levels. The reductions in the GFP positivity rate throughout the assays indicate that shL1 and 

shS3 expressed from the U6 and 7SK promoters cause growth defects in transduced cells. These 

results collectively show that shRNAs expressed from the 7SK and U6 promoters are more potent 

than when expressed from the H1 promoter but in the case of two out of three shRNAs, expression 

from these two promoters causes growth defects.  

 

Figure 4.4 The U6 and 7SK promoters produce potent shRNA but can exhibit growth defects 
in cells. (A,B) Panels A and B are independent experiments. SupT1 cells were transduced with 
lentiviruses expressing the different shRNAs from the H1, 7SK or U6 promoter. These transduced 
cells were sorted for GFP expression and subsequently infected with HIV-1 NL4-3 at 1750 
cpm/mL. Viral kinetics were established by measuring mean RT activity (cpm) in culture 
supernatants at various days post infection. Each data point represents the mean ± SEM from three 
infections (n=3). (C,D) Panels C and D are independent experiments. Following cell sorting by 
GFP expression of transduced SupT1 cells, transduced GFP positive SupT1 cells were mixed with 
untransduced GFP negative SupT1 cells. The percentage of GFP positive cells within the cultures 
was measured at various days post mixing. Each data point represents the mean ± SEM from three 
experiments (n=3). A two-way ANOVA with Bonferroni test was used for the infection assays to 
compare means to means of empty vector transduced cells or untransduced cells. Significance (*p 
< 0.05, **p < 0.01, ***p < 0.001) is shown for those data points that were significantly different 
from the empty vector transduced controls. 
Figure 4.4 The U6 and 7SK promoters produce potent shRNA but can exhibit growth defects in cells 
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4.4.4 shRNAs conjugated to aptamers are strong inhibitors of HIV replication and are not 

cytotoxic 

We next wanted to investigate whether the novel molecular design reported in the literature of 

incorporating aptamers within the terminal loop of shRNAs could improve their inhibition of HIV 

replication. We therefore included the aptamer S3R3 (integrase aptamer)7 within the loop of shP2, 

shL1 and shS3 as well as within the negative control, shNS. We generated LVs including each of 

these aptamer-shRNA chimera genes, using both 7SK and U6 promoters to drive their expression. 

Transduced SupT1 cells were sorted to select for cells harboring the integrated lentiviral vector 

and HIV RT was measured at various time points after infection with HIV-1 NL4-3. Cells 

expressing S3R3-shNS from either the 7SK or U6 promoter could not inhibit HIV replication, 

indicating that the expression of the S3R3 integrase aptamer alone could not act as a potent 

inhibitor of HIV (Figure 4.5A). In contrast, HIV replication was strongly inhibited in cells 

expressing S3R3-shL1 as well as S3R3-shS3 from the 7SK promoter whereas replication was 

moderately inhibited from the expression of 7SK driven S3R3-shP2 as well as U6 driven S3R3-

shP2, S3R3-shS3 and S3R3-shL1 (Figure 4.5B-D). Competitive growth assays were also 

performed with these aptamer-shRNA chimeras. No growth defects were detected in the different 

cell cultures as they remained close to 50% GFP except for S3R3-L1 expressed from the U6 

promoter where GFP decreased to approximately 30% in cell cultures within the first week of the 

assay (Figure 4.4E and F). The absence of major growth defects with the U6 and 7SK driven S3R3-

shS3 and S3R3-shL1 is in sharp contrast to when the shRNAs are expressed alone from the U6 

and 7SK promoters. This suggests that the complexing of a large aptamer to the terminal loop of 

these shRNAs effectively eliminates shRNA-mediated cytotoxicity. 
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Figure 4.5 HIV replication is restricted in SupT1 cells expressing S3R3-shRNA chimeric 
molecules and cell growth is not compromised. (A,B,C,D) Panel D is a repeated independent 
experiment of panels B and C. SupT1 cells were transduced with HIV-7-EGFP lentiviral vectors 
expressing S3R3-shRNA chimeras from the U6 or 7SK promoters and infected with HIV-1 NL4-
3 at 1750 cpm/mL. The mean RT activity (cpm) was measured in culture supernatants at various 
days post infection. Each data point represents the mean +/- SEM from three infections (n=3). (B) 
Panels E and F are independent experiments. Transduced SupT1 cells were mixed with 
untransduced SupT1 cells and the percentage of GFP positive cells was measured at various days 
post-mixing. Each data point represents the mean +/- SEM from three experiments (n=3). A two-
way ANOVA with Bonferroni test was used to compare means to means of empty vector 
transduced cells. Significance (*p < 0.05, **p < 0.01, ***p < 0.001) is shown for those data points 
that were significantly different from the empty vector transduced controls. 
Figure 4.5 HIV replication is restricted in SupT1 cells expressing S3R3-shRNA chimeric molecules and cell growth is not 
compromised 

4.5 Discussion. 

The use of multiple antiviral RNAs in parallel will be necessary to avoid the emergence of 

resistance during gene therapy to treat HIV infection. The development of viral resistance in 

response to anti-HIV shRNAs has been reported in several studies16-18. With this in mind, we have 

re-assessed the conservation of shRNA targets sites. The shRNAs that we screened in this study 
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included shRNAs developed by other groups10,21,22,29,30, the sh1498 that we developed previously 

in our lab4 and the sh5983 previously used in a clinical trial9. Analysis of target site conservation 

is important to reduce the occurrence resistance, as a high nucleotide conservation often correlates 

with critical genomic regions through which mutations will have severe impacts on virus fitness. 

Therefore, using these highly conserved areas as target sites for shRNAs can increase the genetic 

barrier to resistance as well as broaden the activity of the molecules across different viral strains 

and clades. The 23 different shRNAs screened in this study were selected according to target site 

conservation as well as their antiviral potency reported in the literature. Target site conservation 

for all shRNAs was at least 50% for LANL database genomes and at least 60% for clades B and 

C, with the exception of sh5983 which displayed poor target site conservation across the LANL 

sequences as well as sequences from clades B and C (Supplementary Table S2). While we included 

sh5983 because it was tested in an HIV gene therapy clinical trial9, its poor target site conservation 

highlights the importance of selecting shRNAs with highly conserved target sites for future HIV 

gene therapy clinical trials. This will decrease the likelihood of resistance occurring and ensure 

antiviral efficacy across diverse viral strains and clades. It is worth noting that the shP2 and shS3 

possess overlapping target sites in the HIV-1 genome. Although both of these shRNAs are used 

throughout this study, we are wary of using them simultaneously in a future combination gene 

therapy due the risk of facilitating the development of viral resistance. 

After selection of anti-HIV shRNAs with highly conserved target sites, we assessed the antiviral 

efficacy of these molecules and their ability to elicit cytotoxic effects. Within co-transfection 

experiments in HEK 293T cells, our results were similar to the original shRNA screens by ter 

Brake et al.10, McIntyre et al.21, and Low et al22. However, differing results were seen in response 

to expression of the shG5 and shP10. These two shRNAs were shown to be potent HIV inhibitors 
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in the ter Brake screen but showed little to no inhibitory effects in our assay (Figure 4.1). This 

disparity in results could be due to the fact that we used the pNL4-3 molecular clone in our 

experiments whereas the ter Brake screen used the pLAI molecular clone. Although the target site 

of these two shRNAs is conserved between the pNL4-3 and pLAI molecular clones, the 

surrounding sequences are not as there are multiple single nucleotide polymorphisms along with a 

36-nucleotide deletion upstream of the shP10 target site in the pNL4-3 genome. It is possible that 

this variability in the surrounding sequences leads to the formation of nearby RNA secondary 

structures which could occlude the accessibility of the shRNAs towards their target sites in the 

NL4-3 RNA.  

Our results relating to the inhibition of viral replication after HIV challenge in SupT1 cells stably 

expressing the 10 selected shRNAs from the H1 promoter correspond with our results obtained 

during co-transfection experiments. In both cases, the the shL1, shP2 and shS3 were the strongest 

inhibitors of HIV while shG5 and shP10 had no effect on viral replication (Figures 4.1 and 4.2A,B). 

The only inconsistency in our data between co-transfection and infection experiments relates to 

sh516 and sh1498 which were each able to inhibit HIV production (Figure 4.1) but did not inhibit 

replication (Figure 4.2A and B). We have previously reported this phenomenon in the case of 

sh1498 expressed from the H1 promoter and shown that low levels of gene expression are 

responsible for the inability of the molecule to inhibit viral replication5. This problem can be 

resolved by expressing shRNAs from the 7SK and U6 promoters, which offer higher levels of gene 

expression.  

We have shown through the data of our competitive growth assays that there are no major growth 

defects in SupT1 cells expressing the different shRNAs from the H1 promoter but that there was 

a slight decrease in the percentage of GFP positive cells expressing the sh1498 over time (Figure 
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4.2C and D). This was expected as we have previously reported this phenomenon and shown that 

sh1498 can cause growth defects that are at least partially sequence dependent5. However, the 

absence of cytotoxicity during expression of shG5 was unexpected as studies have previously 

characterized this molecule as having negative effects on cell growth31. Compared to this other 

study, we used an alternative loop sequence which could potentially lead to differences in shG5 

processing. Variations in Dicer cleavage of the shRNA may result in differences in guide and/or 

passenger strand sequences, which would consequently impact the potential to elicit cytotoxicity. 

Additionally, we used an H1 promoter derived from the expression plasmid psiRNA while the 

other study used one derived from the expression plasmid pSuper34. The H1 promoter was used to 

drive gene expression in both cases, but the sequences of the H1 promoter differ slightly between 

the psiRNA and pSuper plasmids and this could have contributed to differences in processing or 

expression of shG5 with impacts on cytotoxic effects. 

In an attempt to further increase the antiviral potency of shL1, shP2 and shS3, we expressed these 

three shRNAs from the U6 and 7SK promoters instead of by the H1 promoter. We have previously 

shown that expressing the sh1498 from these two promoters increases the inhibitory effect of the 

molecule due to higher expression levels compared to the H1 promoter5. However, we have also 

demonstrated that the higher levels of gene expression from the U6 and 7SK promoters can also 

lead to cytotoxic effects. Our results from both HIV inhibition assays as well as competitive growth 

assays with cells expressing shL1, shP2 and shS3 from the U6 and 7SK promoters are consistent 

with our previous investigations involving the sh1498. In each case, shRNA potency is greater 

when they are expressed from these two promoters instead of by the H1 promoter (Figure 4.4A 

and B). Additionally, some association to growth defects was once again seen when the shL1 and 

shS3 were expressed from the U6 and 7SK promoters (Figure 4.4C and D). Interestingly, the 
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cytotoxic effects from U6 and 7SK driven shL1 and shS3 were less dramatic than the cytotoxic 

effects that we previously reported during expression of sh1498 from these same promoters. 

Additionally, U6 and 7SK driven shP2 was not cytotoxic. This reinforces our proposition that 

shRNA-mediated cytotoxicity is at least partially sequence dependent. Cytotoxicity in response to 

shRNA expression can occur from off-target binding to cellular RNAs35, saturation of the RNAi 

pathway36,37 and by eliciting the innate immune system through activation of host RNA sensors38-

41. Further studies will be needed to determine the exact mechanism leading to the growth defects, 

but it stands to reason that the specific sequence of the shRNA is a determinant in the potential to 

elicit cytotoxicity. It is worth noting that while we have not specifically measured the gene 

expression levels of shL1, shP2 and shS3 expressed from the different RNA Pol III promoters, the 

consistency in the results between these shRNAs and our previously reported study regarding the 

expression of sh1498 leads us to speculate that the U6 and 7SK promoters are also more 

transcriptionally active than the H1 promoter when expressing shL1, shP2 and shS3. 

We decided to use the aptamer-shRNA molecular design reported in the literature7 to assess 

whether we could once again increase the antiviral potency of the shRNAs. Although viral 

replication was restricted when the S3R3 integrase aptamer was incorporated within the terminal 

loop of shL1, shP2 and shS3, the inhibition of viral replication was greater when these three 

shRNAs were expressed alone from the U6 and 7SK promoters. Specifically, expression of the 

shRNAs alone could completely suppress viral replication in our infection assays whereas 

replication always eventually occurred in cells expressing the different aptamer-shRNA chimeras 

(Figures 4.4A,B and 4.5B-D). Interestingly, viral replication was not inhibited when cells 

expressed the S3R3-shNS from either the U6 or 7SK promoter (Figure 4.5A). As the shNS serves 

as a negative control that does not target HIV RNA, this indicates that the inhibitory capability of 
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the other aptamer-shRNA chimeras is strictly mediated by the shRNA component of the molecule 

and that the aptamer cannot act as a potent inhibitor of HIV. Comparatively, a previous study by 

Pang et al.7 showed that the S3R3 aptamer could inhibit HIV when it was expressed as an aptamer-

shRNA chimera with a negative shRNA control (shLuc). When generating the stable cell lines 

which express the aptamer-shRNA chimeras, this study performed cell sorting twice at 14-day 

intervals and selected the brightest cells in each instance. In our study, we only performed cell 

sorting once and omitted cells that expressed high levels of GFP as we wanted to select cells which 

received a single lentiviral integration event (Supplementary Figures S6-15). Due to these 

differences in cell sorting parameters, the stable cell lines expressing the aptamer-shRNA chimeras 

in our study certainly expressed lower levels of the therapeutic molecules compared to the cell 

lines generated by Pang et al. It is therefore likely that S3R3-shNS was not expressed at sufficiently 

high levels in our cells for the S3R3 aptamer to inhibit HIV replication.  

Surprisingly, the observed growth defects associated to the expression of shL1 and shS3 from the 

7SK and U6 promoters (Figure 4.4) were absent when they were expressed as aptamer-shRNA 

chimeras from the same promoters (Figure 4.5). Alternative shRNA loop sequences seem to be the 

common variable that could explain these differences in cytotoxicity results as well as our 

divergent cytotoxicity results relating to the shG5 compared to what is reported in the literature31. 

It is possible that differences in the sequences of the loop leads to variations in Dicer cleavage of 

the shRNA which could result in differences in the guide and/or passenger strand species that are 

generated. Alternatively, changes in the shRNA loop sequences could translate to differences in 

gene expression levels and as we have demonstrated in our study investigating the expression of 

sh14985, transcriptional activity does affect the potential to elicit cytotoxicity. Further 
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investigations will determine the mechanism leading to the absence of growth defects during 

expression of aptamer-shRNA chimeras. 

Altogether, this study provides a comprehensive screening of shRNAs previously reported in the 

literature and highlights the importance of optimizing their use either by evaluating various 

promoters for their expression or utilizing alternative shRNA structures. As the goal of HIV gene 

therapy is to achieve a functional cure, it is indispensable to avoid the emergence of viral resistance 

in response to such a therapy. Our results are therefore valuable to achieving this goal as we 

demonstrate that different shRNAs are effective inhibitors of viral replication which could pave 

the way to the establishment of an effective anti-HIV combination gene therapy. The employment 

of additional classes of functional anti-HIV RNAs may also be beneficial within future studies 

seeking to put into place a combination gene therapy against HIV infection.  

 

4.6 Materials and methods. 

4.6.1 Cell culture 

HEK293T cells were grown in Dulbecco’s modified Eagle’s medium (HyClone, Logan, UT) 

supplemented with 10% fetal bovine serum (FBS, HyClone), 50 μg/mL streptomycin, and 

50 U/mL penicillin (Life Technologies, Carlsbad, CA, USA). SupT1 cells were grown in Roswell 

Park Memorial Institute Medium 1640 (HyClone), supplemented with 10% heat-inactivated FBS 

(HyClone), 50 μg/mL streptomycin, and 50 U/mL penicillin (Life Technologies). 

4.6.2 Vector construction 

Genes coding for the different shRNAs and aptamer-shRNA chimeras were generated by 

annealing complementary oligonucleotides or by overlapping PCR as previously described4,15. The 
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primers used are shown in Supplementary Table S3 and S4. These DNA fragments were digested 

with BbsI and ligated into psiRNA-hH1SKGFP::Zeo, psiRNA-7SKGFP::Zeo and psiRNA-

U6GFP::Zeo. To include the anti-HIV genes into lentiviral vectors, both the associated promoter 

and antiviral gene was amplified by PCR out of the psiRNA expression plasmid using forward 

primer 5′-TATGCGGCCGCAGGGATTTTGGTCATGTTCTTAATCGATACTA-3′ and reverse 

primer 5′-GTAACGCCTGCAGGTTAATTAAGTCTAGAAGCTTTTCCAA-3′. The amplified 

DNA fragments were then digested with NotI and XbaI and ligated into NotI and XbaI-digested 

lentiviral transfer vector HIV-7-EGFP33.  

 

4.6.3 Transfection and RT assay 

HEK 293T cells were seeded in 96 well plates using 150 µL of 2.5-2.75 × 105 cells/mL per well, 

24 h prior to co-transfection. Co-transfections were performed using 20-25 µL plasmid solutions 

at the indicated concentrations along with the HIV-1 molecular clone pNL4-3 and using TransIT-

LT1 (Mirus Bio, Madison, WI, USA) according to the manufacturer’s protocol. Cell supernatants 

were harvested 48 h post-transfection and RT activity was measured to evaluate virus production 

as previously described42,43. Briefly, 2.5 or 5 μL of supernatant was added to 12.5 or 25 µL of non-

radioactive cocktail (60 mM TrisCl, 75 mM KCl, 5mM MgCl2, 1.04 mM EDTA, 1% NP-40) and 

subsequently incubated with 12.5 or 25 μL of RT cocktail [60 mM TrisCl, 75 mM KCl, 5mM 

MgCl2, 1.04 mM EDTA, 10 µg/mL polyA (Roche, Basel, Switzerland), 0.33 µg/mL oligo dT (Life 

Technologies), 8 65 mM DTT, 0.05 miC/mL α32P-TTP (3,000 Ci/mmol; Perkin Elmer, Waltham, 

MA, USA)] for 2 h at 37°C. Once the incubation was complete, 5 µL of the radioactive solution 

was spotted onto diethylaminoethyl (DEAE) filter mats (Perkin Elmer) or a positively 

charged nylon membrane (Hybond-N+, Amersham Biosciences, Little Chalfont, UK) to detect the 
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resulting poly dT RT product. Five washes were then performed using 2× saline sodium citrate 

(SSC) buffer (20× SSC buffer: 3 M NaCl and 0.3 M sodium citrate) along with two washes using 

95% ethanol to remove unincorporated [32P] dTTP. Counts per minute (cpm) were measured using 

a microplate scintillation counter (MicroBeta TriLux; Perkin Elmer). The amount of HIV RT 

enzyme in the supernatants is proportional to the cpm readout. 

4.6.4 Lentivirus production 

HEK 293T were seeded in T75 flasks or cell culture dishes 24 h prior to co-transfections to 

generate LVs. Co-transfections were performed with the HIV-7-EGFP plasmid, a plasmid 

expressing vesicular stomatitis virus G protein and the packaging plasmid psPAX2 (Addgene, 

number 12260) using PEI (3 µL/µg of DNA) (Polysciences). Cell culture media was changed 3-5 

h post-transfection. Supernatants were harvested 48 h after transfection, and lentiviral particles 

were isolated and concentrated using Lenti-X (Clontech) according to the manufacturer’s protocol. 

4.6.5 Infection and competitive growth 

Lentivirus titers were determined by measuring the percentage of GFP-positive SupT1 cells, which 

were transduced with a serial dilution of lentiviral particles (range of 1 in 4 to 1 in 2048). To 

generate a T cell line stably expressing each antiviral gene, SupT1 cells were transduced with 

lentiviruses at an MOI of 1 using 8 μg/mL Polybrene (Sigma-Aldrich, St. Louis, MO, USA). Cells 

were sorted 72-96 h after transduction for GFP expression with a FACSAria Fusion cell sorter (BD 

Biosciences, Franklin Lakes, NJ, USA). The gating is shown in Supplementary Figures S6-15. To 

establish an HIV infection, sorted cells were seeded in 96-well round-bottom plates at 2 x 

104 cells/well in a volume of 100 μL and infected with HIV-1 NL4-3 (1,750 cpm/mL, determined 

using the HIV RT assay) 24 h post-sorting. Infection kinetics was determined by measuring the 

RT activity of supernatants harvested at various days post-infection. To establish a competitive 
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growth assay, GFP positive sorted cells were seeded in 96-well round-bottom plates at either 1 x 

104 cells/well or 2 x 104 cells/well in a volume of 100 μL and mixed with an equal amount of GFP 

negative untransduced cells that had been passed through the flow cytometer without sorting. The 

percentage of GFP-positive cells was measured over time using a LSRFortessa flow cytometer 

(BD Biosciences). 
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Chapter V 

 

 

 

 

 

 

Discussion 

 

 

 

 

 

Note: Some shRNA names have been changed from the figures and text because of pending IP 
discussions.   
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5.1 Selection of promoters for use in single and combination gene therapy 

 Functional anti-HIV-1 RNAs have been expressed by both the RNA Pol II1-3 and Pol III4-7 

promoters to act as inhibitors of HIV-1. The RNA Pol II promoters have typically been used to 

express antiviral RNAs which have inhibitory mechanisms taking place in the cytoplasm. This is 

because transcripts generated from the RNA Pol II promoters are modified by post-transcriptional 

5’ capping and 3’ polyadenylation, allowing for their nuclear export8-12. These extraneous elements 

that are added to transcripts produced from the RNA Pol II promoters have the potential to disrupt 

the activity of functional anti-HIV-1 RNAs. Specifically, the three-dimensional structure of 

aptamers may become distorted due to the presence of post-transcriptional modifications, and this 

could negatively impact their ability to bind to their designated target. In the case of shRNAs, the 

presence of extraneous elements will interfere with the ability of shRNAs to associate with 

cytosolic Dicer and TRBP for processing into double stranded siRNAs. Although miRNAs are 

driven by RNA Pol II promoters, where the removal of the 5’ cap and 3’ polyadenylation structures 

from pri-miRNAs is carried out through the actions of Drosha and DGCR8, shRNA biogenesis 

does not include processing steps with these proteins and therefore the removal of the resulting 

post-transcriptional modifications in shRNAs cannot occur13-15. Based on this information, we 

decided to focus our efforts on solely optimizing the expression of antiviral RNAs from the RNA 

Pol III promoters as transcripts originating from these promoters do not undergo 5’ capping or 3’ 

polyadenylation and are therefore more appropriate for the expression of functional anti-HIV-1 

RNAs than the RNA Pol II promoters. 

As reports in the literature are inconsistent regarding which RNA Pol III type 3 promoters 

(U6, H1 or 7SK) is capable of producing the most potent anti-HIV-1 RNA molecules with the 

lowest cytotoxic potential, it is likely that the sequence of the generated transcripts influences these 
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two parameters. We therefore decided to express multiple different antiviral RNAs from the U6, 

H1 and 7SK promoters to individually optimize the expression of each molecule by maximizing 

their inhibitory effects while avoiding cytotoxicity. Comparisons of all three promoters against 

each other was done as most other studies have only compared two RNA Pol III type 3 promoters 

at a time16-18. Apart from optimizing the expression of each anti-HIV-1 RNA, the U6, H1 and 7SK 

promoters were also evaluated as each will need to be utilized when designing a combination gene 

therapy. If a single promoter is used in such a therapy, the ensuing repeat sequences of the 

expression cassettes can lead to recombination between the transcriptional units, resulting in 

deletions in the antiviral genes during lentivirus production19,20. To avoid this, the multiple 

antiviral RNAs which will be employed in a combination gene therapy will be required to each be 

driven by different promoters.  

Compared to the conflicting information in the literature regarding the RNA Pol III type 3 

promoters, our results are generally consistent when evaluating the antiviral potency of different 

anti-HIV-1 shRNAs expressed from either the U6, H1 or 7SK promoters. We expressed five 

different shRNAs (shL1, shS3, shP2, sh5983 and sh1498) from each of these three promoters. In 

each case, the U6 and 7SK promoters produced more potent shRNAs compared to when the 

molecules were expressed from the H1 promoter (chapters II and IV). We have evaluated the 

expression profile of sh1498, sh5983 and shNS and showed that gene expression levels are higher 

when the shRNAs are driven from the U6 and 7SK promoters compared to the H1 promoter, 

suggesting that these differences in transcriptional activity are responsible for the observed 

differences in antiviral potency. Several other studies comparing the U6 and H1 promoters to 

express anti-HIV-1 shRNAs have also reported similar results16,18,21. Divergent results were 

reported in one study showing that shRNAs are more potent when expressed from the H1 promoter 
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compared to the U6 and 7SK promoters19, and another study reporting similar antiviral effects 

when shRNAs were expressed from the three promoters20. These conflicting observations could 

be explained by differences in experimental design. We have characterized the activity level of 

shRNAs expressed from the different promoters at various doses with HIV-1 production assays, 

whereas the antiviral potency of the shRNAs was compared at only one dose in some of the other 

studies. The single dose used in these studies may have been higher than the dosage needed for 

complete suppression of viral production, and therefore no differences in activity level would be 

detected in this instance. Based on our results, the U6 and 7SK promoters generally express more 

potent shRNAs due to higher levels of gene expression. However, we advise against using this as 

a one-size-fits all rule when designing an anti-HIV-1 gene therapy due to the inconsistency of the 

literature. Therefore, when seeking to use shRNAs against HIV-1, it is imperative to individually 

optimize each molecule by expressing them from the U6, H1 and 7SK promoters to evaluate which 

produces the most potent therapeutic shRNA in each case. 

Regarding the cytotoxic potential of shRNAs expressed from the U6, H1 and 7SK 

promoters, our results were once again generally consistent. Our competitive growth assays 

showed more dramatic decreases in the GFP positive rate over time in cultures expressing shRNAs 

from the U6 and 7SK promoters compared to when expression was driven by the H1 promoter. 

This growth advantage for GFP negative cells in the culture signals that some cytotoxicity was 

elicited in GFP positive cells, causing growth defects. When the different shRNAs were expressed 

from the H1 promoter, growth defects were not detected except for sh1498 where cultures showed 

a slight decrease in the GFP positivity rate over time. From this data, there seems to be a general 

trend in that growth defects are mostly associated to shRNAs expressed from the U6 and 7SK 

promoters while cytotoxicity is minimized when expression is driven by the H1 promoter. 
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However, the sequence identity of the shRNA appears to also be a determinant influencing the 

severity of the growth defects in cells. This is exemplified by the fact that regardless of the 

promoter that was used for expression, cultures expressing sh1498 showed more dramatic 

decreases in the GFP positivity rate compared to cultures expressing shNS, shL1, shS3 or shP2 

(Chapter II and Chapter IV). While shRNA expression from the U6 and 7SK promoters can be 

associated with cytotoxic effects, this does not always seem to be the case as shP2 was not 

cytotoxic when expressed from these two promoters (Chapter IV, Figure 4.4C and D). 

Additionally, we have incorporated different large aptamers within the terminal loop of shRNAs 

and found that growth defects were alleviated in cultures expressing these aptamer-shRNA 

chimeras from the U6 and 7SK promoters (Chapter IV, Figure 4.5E and F). As the total nucleotide 

identity differs between canonical shRNAs and aptamer-shRNA chimeras, this reinforces our 

argument that the sequence identity is a determinant on the potential to elicit cytotoxicity. We 

therefore advise once again to individually optimize each molecule when designing an anti-HIV-

1 gene therapy by expressing them from the U6, H1 and 7SK promoters to evaluate whether growth 

defects are present. It is important not to assume that the U6 and 7SK promoters will cause 

cytotoxicity in every case, but that growth defects can potentially be remedied by alternative 

shRNA molecular designs. 

Further optimization of the expression strategy of functional RNAs to inhibit HIV-1 

replication could focus on investigating the usage of RNA Pol III type 3 promoters from other 

species. Various studies have investigated the induction of RNAi through the expression of 

shRNAs by fish, murine, bovine, human and chicken derived promoters22-25. This could allow for 

the employment of additional promoters for combination gene therapy. Increasing the selection of 

promoters when designing these therapies would be extremely desirable to avoid the occurrence 
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of recombination from repeats sequences in the different expression cassettes. The nucleotide 

sequences of the RNA Pol III type 3 promoters from varying species should be sufficiently 

divergent to prevent the deletion of antiviral genes during lentiviral vector production as a result 

of recombination. Combination gene therapies could thus express different antiviral genes from 

the same promoter, albeit originating from different species. For example, a researcher may seek 

to minimize cytotoxicity by expressing each therapeutic gene by the H1 promoter. This would not 

be feasible if only the human H1 promoter is available but is possible if we consider the H1 

promoter derived from alternative species. One major drawback is that shRNA gene knockdown 

is less potent when expression is mediated by non-human promoters in human cells26. It is unclear 

whether this difference in gene knockdown effectiveness is due to varying gene expression levels 

between human and non-human promoters. If a lower transcriptional activity is responsible for 

this difference in shRNA effectiveness, then it may be that the non-human promoters are also less 

likely to elicit cytotoxicity. This could therefore potentially offset the cytotoxicity of shRNAs 

expressed by the human U6 promoter, where a slight decrease in shRNA activity from a non-

human U6 promoter would be a worthy tradeoff to ensure that an anti-HIV-1 gene therapy is safe 

in patient cells. 

5.2 Processing of shRNAs and shRNA-aptamer chimeras  

 Designing an effective anti-HIV-1 gene therapy that is not cytotoxic is of upmost 

importance. Regardless of its potency in inhibiting HIV-1, an anti-HIV-1 RNA which causes 

adverse effects in cells and within in vivo models will never reach clinical development. Therefore, 

our discovery of the replacement of the canonical shRNA loop by large aptamers to eliminate 

shRNA-mediated cytotoxicity is indispensable in designing an effective inhibitor of HIV-1 that 

does not induce cytotoxicity. Equally as important as this reported effect is understanding the 
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underlying mechanism in the cell which is causing cytotoxicity from the expression of canonical 

shRNAs, but not from aptamer-shRNA chimeras. Our investigations using the different RNA Pol 

III promoters to express various shRNAs have all indicated that the U6 and 7SK promoters can 

cause shRNA mediated cytotoxicity due to the high transcriptional activity of these two 

promoters6. It therefore stands to reason that a high cellular prevalence of shRNA and its associated 

post-cleavage products have the potential to elicit cytotoxicity. With this in mind, we showed that 

the sh1498 guide strand was more abundant in cells expressing canonical sh1498 compared to 

those expressing S3R3-sh1498 (Chapter III, Figure 3.6). As cytotoxicity is detectable in cells 

expressing canonical shRNAs but not aptamer-shRNA chimeras, this result supports our statement 

that high cellular levels of shRNA and its metabolites can induce cytotoxicity. It is worth noting 

that we have evaluated the transcriptional activity of the RNA Pol III promoters when expressing 

three different shRNAs (sh1498, sh5983 and shNS) and found that expression levels were high 

from the U6 and 7SK promoter in each case (Chapter II, Figure 2.5). Due to the uniformity of these 

results, we suspect that the expression levels of canonical shRNAs and aptamer-shRNA chimeras 

to actually be quite similar. Instead, it is likely that the aptamer-shRNA chimeras are deficient in 

their ability to be processed. This could be due to suboptimal cleavage by Dicer or loading of the 

aptamer-shRNA chimeras into RISC may be inefficient. Interestingly, this presumed deficiency in 

shRNA processing does not render the aptamer-shRNA chimeras ineffective as antivirals. Slight 

inhibition of viral replication was seen when cells expressed PR10.9-8N-sh1498, Dp6.12-sh1498 

and S3R3-sh1498 (Chapter III, Figure 3.4A,B,D and E) while moderate to strong inhibition was 

seen from the expression of S3R3-shP2, S3R3-shL1 and S3R3-S3 (Chapter IV, Figure 4.5B-D). 

Comparatively, the antiviral potency of canonical sh1498, shP2, shL1 and shS3 was greater than 



 242 

the aptamer-shRNA chimeras, but the cytotoxicity associated to the canonical sh1498, shL1 and 

shS3 may not warrant their usage in future gene therapies (Chapter IV). 

Although we have taken the first step into elucidating the mechanism explaining the 

absence in cytotoxicity from the expression of aptamer-shRNA chimeras, further details must be 

resolved. Firstly, although we hypothesize that shRNA processing of the aptamer-shRNA chimeras 

is compromised, we do not possess complete experimental proof to support this. We are currently 

working to optimize our Northern blot to detect unprocessed shRNA and verify if larger quantities 

are found in cells expressing S3R3-sh1498 compared to cells expressing canonical sh1498. 

Alternatively, RNA sequencing could also detect the prevalence of unprocessed shRNA or 

aptamer-shRNA chimera present in cells expressing these molecules. Additionally, Dicer cleavage 

patterns may differ between canonical shRNAs and aptamer-shRNA chimeras regardless of 

cleavage efficiency. This could result in different guide and/or passenger strand species being 

generated with differential cytotoxic potential. Again, RNA sequencing experiments would be 

useful as the results could elucidate the nucleotide identity of the Dicer cleavage products from 

canonical shRNAs and aptamer-shRNA chimeras to determine whether the incorporation of large 

aptamers in the terminal loop of shRNAs is influencing Dicer cleavage patterns.  

While we can detect growth defects in SupT1 cells expressing shRNAs, it is not clear as to 

how the shRNAs or their cleavage product are causing adverse cellular effects. From the literature, 

we know that shRNA mediated cytotoxicity can be caused by off-target binding to cellular 

RNAs27, saturation of the RNAi pathway28,29, as well as eliciting the innate immune system 

through activation of host RNA sensors30-33. Although microarray experiments have been 

performed when designing the sh1498 to ensure that there were minimal off-target effects on 

human RNAs4, further investigations may be necessary to confirm that this shRNA is not 
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mediating cytotoxicity by binding to cellular RNAs. It would also be worthwhile to overexpress 

cellular Dicer or other proteins included in the RISC by introducing corresponding expression 

plasmids. If the overexpression of these proteins alleviates the shRNA induced cytotoxicity, this 

would indicate that the observed growth defects are caused by saturation of the RNAi pathway. 

Finally, Western blots could be performed to assess whether proteins involved in the innate 

immune response to dsRNAs, such as JAK and STAT proteins, are being activated from the 

expression of shRNAs to cause cytotoxic effects. Another point that is unclear is whether the 

observed growth defects of GFP positive cells in our experiments are due to a true decrease in the 

rate of cell growth or whether a portion of cells expressing anti-HIV-1 RNAs are undergoing cell 

death. If cell death is responsible for the observed growth defects in our competitive growth assays, 

it would be valuable to assess whether this is occurring by apoptosis or necrosis. These two 

mechanisms of cell death can be differentiated by their associated cellular metabolites and 

therefore molecular markers unique to apoptosis or necrosis can be detected by fluorescence-

activated cell sorting (FACS) to determine the route of cell death34,35. 

Our investigations relating to the mechanism of shRNA mediated cytotoxicity have thus 

far been carried out in HEK293T cells. While these cells are ideal for transfection of shRNA 

expression vectors for quick assessment by Northern blot, they are not a relevant cell type in the 

context of anti-HIV-1 gene therapy. The lymphocytic cell line SupT1 is more relevant towards our 

overall gene therapy project but experiments involving their transduction by shRNA coding 

lentiviral vectors are laborious due to the need for cell sorting to isolate cells with successfully 

integrated lentiviral vectors. We have therefore used HEK293T cells in our experiments to 

generate preliminary data as to the prevalence of the sh1498 guide strand and to optimize our 

Northern blot conditions. So far, cell sorting conditions after lentiviral transduction of SupT1 cells 
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has yielded sufficient RNA to perform Northern blot experiments in order to evaluate whether our 

results pertaining to HEK293T cells are similar in the case of SupT1 cells. 

5.3 Perspectives for future combination gene therapies to prevent viral resistance 

Astounding progress has been achieved since the start of the HIV-1 pandemic in 

developing therapeutics which can inhibit the replicatory actions of the virus to improve the quality 

of life of infected individuals as well as increasing their life span36. However, the battle is not over 

as these antiretroviral therapies are not curative and must be administered chronically to maintain 

low levels of viremia in infected individuals37. Modifying patient HSCs using gene therapy by 

introducing antiviral genes within the chromosomes could allow for control of the infection 

following a single transplant of modified resistant cells38. As is the case with current antiretroviral 

therapies, the development of viral resistance is a continuous threat to the effectiveness of 

inhibitors. Therefore, the use in combination of multiple genes coding for antiviral RNAs targeting 

different conserved sites will be necessary to avoid the occurrence of resistance during gene 

therapy39,40. Using multiple antiviral RNAs which each target different elements of the viral 

replication cycle will make it exceedingly difficult for the virus to escape such therapies as several 

beneficial mutations must be acquired simultaneously to render each therapeutic agent inert. 

Clinical trials have been conducted to assess the feasibility and safety of gene therapy to 

treat HIV-1 infection41,42. Due to ethical concerns, clinical trials infusing gene modified cells must 

also include the infusion of unmanipulated cells as the toxicity associated to the transduced cells 

is unknown. While this is important to ensure the safety of patients, it is troublesome when 

attempting to evaluate whether the expression of antiviral genes can effectively inhibit HIV-1 

replication in vivo. Therefore, the focus has rather been on the tolerance to transgene expression 

in patients as well as characterizing the length of time that the therapeutic gene product is 
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detectable post infusion. Clinical trials have documented drops in the expression of antiviral RNAs 

following infusion in patients but have not reported any major adverse events from the 

therapies41,42. The presence of HIV-1, and thus the interruption of cART, is likely needed as a 

selection factor to maintain levels of therapeutic molecules over time but this poses another ethical 

dilemma as cessation of antiretroviral therapy is associated with increased morbidity and 

mortality43. The conservative regulations surrounding gene therapy clinical trials have certainly 

influenced their effectiveness which makes it difficult to determine whether these therapies can 

control HIV-1 infection alone. However, it is necessary to err on the side of caution as looser 

restrictions in previous clinical trials have led to patient mortality44. Currently, gene therapies to 

treat HIV-1 infection must be demonstrably safe and feasible in early phase clinical trials, which 

has been accomplished in at least two instances. These therapies must then be evaluated to 

determine whether they can inhibit viral replication indefinitely without the help of cART, as well 

as not causing the emergence of viral resistance. Future clinical trials may want to enroll 

participants who have not yet initiated cART, so that treatment interruption and its associated risks 

are avoided. 

Although other research groups have established combination gene therapies that have 

progressed to clinical trials, their limited effectiveness demonstrates that there is a need for more 

potent anti-HIV-1 RNAs. Our goal was therefore to optimize individual antiviral RNAs by 

exploring varying expression strategies and molecular designs to maximize antiviral potency while 

avoiding cytotoxicity before establishing a combination gene therapy. Our results show that 

modifying these two parameters strongly impacts the inhibitory capabilities and cytotoxic potential 

of anti-HIV-1 RNAs. While we could achieve notable suppression of viral replication without 

cytotoxicity when using optimized anti-HIV-1 RNAs, expression of these optimized molecules 
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alone consistently led to eventual productive replication of HIV-1 in our experiments. However, 

when we evaluated double molecule therapy by expressing a U1i RNA along with an shRNA or 

shRNA-chimera, there were instances where viral replication did not occur at any time point in 

our assays (Appendix). Unfortunately, our most effective double molecule therapies were not 

infallible, with at least one out of three infection samples supporting replication cycles in our 

experiments. We theorize that replication in these cases was due to the development of viral 

resistance towards the combination gene therapies. Puzzlingly, sequencing of the therapeutic target 

sites within the viral genome of samples which supported replication did not reveal mutations in 

these genomic regions. As we did not sequence the entirety of the HIV-1 RNA in these samples, 

viral resistance may instead have been conferred by mutations outside of the target site which we 

could not detect in our experiments. Nevertheless, our preliminary work in establishing double 

molecule therapies with optimized anti-HIV-1 RNAs showed a greater level of inhibition of viral 

replication compared to single molecule therapy. 

While our preliminary results using combination gene therapy are encouraging, we are 

actively testing additional molecule combinations. The goal is to identify either a double or triple 

molecule gene therapy which can inhibit viral replication indefinitely in cell culture before 

evaluating such a therapy in vivo. The potential for adverse effects from toxicity will be rigorously 

tested, with special considerations depending on the molecules selected to establish the 

combination therapy. For example, saturation of the RNAi pathway will be monitored if multiple 

shRNAs are used so as not to dysregulate cellular gene expression. In addition to testing our 

therapy in vivo, the ability for cellular differentiation of transduced CD34+ cells will also be 

evaluated in vitro to determine whether myeloid and lymphoid cells can be produced which 

maintain expression of the antiviral molecules. This is routinely done in preclinical studies, and 
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other research groups have successfully transduced HSCs to express anti-HIV-1 RNAs without 

adverse effects on cellular differentiation45. Murine models will likely serve as the starting point 

to assess the effectiveness of our therapy in vivo, where results supporting its safe and effective 

use could allow for the commencement of clinical trials with HIV-1 positive participants. As is the 

case with other clinical trials that have been conducted to treat HIV-1 infection by gene 

therapy41,42, the early phase trials of our therapy will need to abide by conservative regulations to 

ensure the safety of the enrolled patients. Specifically, HIV-1 positive patients who suffer from 

lymphoma or leukemia will be selected to allow for an ethically acceptable setting where 

myeloablative therapy is performed prior to HSC engraftment. Additionally, non-transduced HSCs 

will need to be mixed with gene modified HSCs during the engraftment process and all patients 

will likely be maintained on cART throughout the clinical trial. 

5.4 Conclusions 

 A functional cure for HIV-1 infection is needed to eliminate the need for cART. Gene 

therapy has the potential to provide such a functional cure and while clinical trials using gene 

therapy to treat HIV-1 infection have been conducted, their effectiveness in controlling the 

infection is limited. We therefore focused on optimizing individual anti-HIV-1 RNAs in vitro with 

an eventual goal of designing a combination gene therapy that is safe and effective at inhibiting 

viral replication. Our research into such optimization showed that various shRNAs are more potent 

and expressed at higher levels when transcription is driven by the U6 and 7SK promoters rather 

than the less transcriptionally active H1 promoter. Additionally, this high transcriptional activity 

can lead to cytotoxicity when shRNAs are expressed from the U6 and 7SK promoters. These 

results are corroborated by other investigators. However, we advise against assuming that this is 

the case in every instance as we have shown that at least one shRNA is not cytotoxic when 
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expressed from the U6 and 7SK promoter and there has been a report in the literature of shRNAs 

being more potent when expressed by the H1 promoter rather than the U6 and 7SK promoter. 

 Promoter selection is not the sole parameter for the optimization of anti-HIV-1 RNAs. We 

also found that the molecular design of antivirals was an important determinant towards their 

inhibitory capabilities and their potential to elicit cytotoxicity. Indeed, our research has 

demonstrated that replacing the canonical loop of shRNAs by large aptamers resolves the 

cytotoxicity that is elicited by shRNAs expressed alone from the U6 and 7SK promoters. Our data 

suggests that this is due to a lower abundance of shRNA Dicer cleavage products in cells 

expressing aptamer-shRNA chimeras compared to cells expressing canonical shRNAs. We 

hypothesize that this effect is a consequence of a deficiency in Dicer cleavage of the aptamer-

shRNA chimeras. Regardless of the mechanism, three of the aptamer-shRNA chimeras assessed 

in the project were able to strongly inhibit viral replication without inducing cytotoxicity. 

 Overall, this project provided valuable information contributing towards our eventual goal 

in designing a safe and effective anti-HIV-1 combination gene therapy. Proper evaluation of the 

different RNA Pol III promoters was necessary as each of the U6, 7SK and H1 promoter will be 

required in a combination gene therapy to avoid recombination between the different 

transcriptional units. Additionally, our investigation in alternative shRNA molecular designs has 

led to the discovery of a method to resolve shRNA mediated cytotoxicity which is critical to 

ensuring the safety of a future combination gene therapy. Overall, our results have contributed to 

a better understanding of how the expression strategy and molecular design of anti-HIV-1 RNAs 

can influence their antiviral capabilities and cytotoxic potential.  
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6.1 Abstract. 

Combination gene therapy based on the expression of antiviral RNAs has the potential of giving 

rise to a functional cure for HIV-1 infection by providing a long-term therapy, which is currently 

not the case for cART. Advancements have been made in developing such a combination gene 

therapy, with clinical trials demonstrating that these therapies are safe for PLWH. As our goal is 

to establish an optimal combination, we first attempted to optimize the expression and molecular 

design of various anti-HIV-1 RNAs. We show that extending the recognition domain at the 5’ end 

of a U1i RNA molecule leads to increased antiviral potency without any signs of cytotoxicity. 

These optimized U1i RNAs were expressed simultaneously with optimized shRNAs to generate 

double molecule gene therapies. Among these combinations, we identified four combinations, 

which prevented viral replication for at least one out of three infection samples. Additionally, we 

report that growth defects can be detected in the case of certain double molecule combination 

therapies. These results suggest that the utilization of two antiviral RNAs can prevent HIV-1 

replication with no associated cytotoxicity. Additional combinations must be explored to 

completely suppress viral replication and identify an optimal combination. 
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6.2 Introduction. 

Combination antiretroviral therapy (cART) is extremely effective in delaying the progression to 

acquired immunodeficiency syndrome (AIDS) from human immunodeficiency virus type 1 (HIV) 

infection. However, these therapies are not curative, are associated with undesirable side effects 

and impose financial constraints on both patients and health care systems1. Therefore, a curative 

strategy which could resolve these issues is highly desirable. Genetic manipulation of patient cells 

to render them HIV resistant could be used as a functionally curative strategy to solve the issues 

associated to cART2,3. This process is known as gene therapy and various studies have shown that 

the expression of functional anti-HIV-1 RNA molecules within cells can inhibit viral replication4-

8. 

An approach to achieving a curative strategy for HIV infection has eluded scientists for decades, 

with cART being able to control but not eliminate the infection and vaccine trials being largely 

ineffective due to the genetic diversity of the virus9,10. The idea of gene therapy to treat HIV 

infection has gained traction through three different patients and likely two others being cured 

from HIV-1 after receiving hematopoietic stem cell (HSC) transplants from HIV resistant donors 

following myeloablative therapy to treat their acute myeloid leukemia or Hodgkin’s lymphoma11. 

In each of these cases, HIV-1 resistance was mediated by a homozygous 32 base pair deletion 

genotype in the chemokine receptor 5 gene (CCR5Δ32/Δ32) within the donor HSCs11. The first 

success using this approach took place in 2007 with Timothy Brown (the “Berlin Patient”) while 

the second success took place in 2016 with Adam Castillejo (the “London Patient”)12,13. A third 

case is the recently confirmed “Düsseldorf” patient14. A fourth case occurred in a woman 

transfused with cord blood from a donor having the CCR5Δ32 mutation15 and a fifth case was 

recently announced as the “City of Hope patient”, a 66 years old man who also had an HSC 
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transplant from a CCR5Δ32 donor16. An apparent elimination of the virus was observed in both 

patients following their transplant as HIV-1 was undetectable within their tissues and bodily fluids 

in the absence of cART. These cases have served as a “proof of cure”, showing that transplantation 

of genetically resistant cells can control HIV-1 infection and provide the means for a functional 

cure. Scaling up this exact procedure to treat all HIV-1 infected individuals is unfeasible due to 

the scarcity of individuals containing the CCR5Δ32/Δ32 genotype and the risk of graft versus host 

disease (GVHD) in the recipient17,18. Therefore, modifying patient cells ex-vivo by gene therapy 

to express functional anti-HIV-1 RNAs could provide a functional cure for infected individuals to 

mimic the cases of the “Berlin, London, Düsseldorf and City of Hope patients”, as well as the 

cord-blood transfused woman. 

Various classes of functional anti-HIV-1 RNA molecules have been developed to inhibit HIV-1 

replication by gene therapy, including short hairpin RNAs (shRNAs), aptamers and U1 

interference RNAs3,8. shRNAs function by co-opting elements of the RNAi pathway to mediate 

gene silencing by target mRNA cleavage. This cleavage occurs by the actions of Ago2, which is 

directed to a particular mRNA species through nucleotide complementarity of the shRNA guide 

strand with the target mRNA19. We have previously shown that an shRNA targeting the gag region 

of HIV-1, called sh1498, is more potent when expressed from the RNA polymerase (Pol) III 

promoters U6 and 7SK but that the higher expression levels from these promoters also leads to 

cytotoxicity4,5. Additionally, we have identified three shRNAs (shL1, shS3 and shP2) which are 

more potent inhibitors than sh1498 and have shown that the antiviral capabilities of these three 

shRNAs is also maximized when they are expressed from the U6 and 7SK promoters (Chapter 

IV). U1i RNAs are reengineered U1 small nuclear RNA (U1 snRNA) which can be directed to 

bind to HIV-1 transcripts and cause recruitment of spliceosomal components which will inhibit 
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viral replication8. Binding of U1i RNAs to either 5’ss or downstream of 3’ss will result in an 

enhancement of splicing of viral transcripts which leads to the absence of full length viral 

transcripts being available for packaging of new virions20. Binding of U1i RNAs to the 

polyadenylation signal of viral transcripts is also possible, effectively inhibiting polyadenylation21. 

We have previously shown that an anti-HIV-1 U1i RNA which enhances splicing, called U1-T6, 

is an effective inhibitor of HIV-18. Finally, aptamers are RNA molecules which adopt a specific 

three-dimensional structure to allow them to bind to a specific target and render it inert2. These 

molecules are generated by systematic evolution of ligands by exponential enrichment (SELEX) 

using an RNA library with randomized sequences22. Recently, aptamers have been incorporated 

within the terminal loop of shRNAs7. Processing of these aptamer-shRNA chimeras by cellular 

Dicer causes cleavage of the stem-loop and thus separation of the aptamer from the shRNA. We 

have previously shown that aptamer-shRNA chimeras effectively prevent the cytotoxic effects that 

are seen when shRNAs are expressed on their own from the U6 and 7SK promoters5 (Chapters III 

and IV). 

The emergence of viral resistance is a constant threat to the effectiveness of current antiretroviral 

drugs and the administration of double or triple drug therapies is required to avoid the occurrence 

of resistance1,23,24. Similarly, resistance to functional anti-HIV-1 RNA molecules can occur, 

causing an abolishment of antiviral activity. This resistance is driven primarily by point mutations 

within the target site of the antiviral RNAs but can also be due to mutations outside of the target 

site, resulting in the formation of RNA secondary structures which impede accessibility to the 

target sequence25-27. The solution to this dilemma is identical to cART, where administrating 

multiple antiviral molecules in parallel will prevent the emergence of viral resistance by increasing 

the genetic barrier to resistance28,29. The various classes of anti-HIV-1 RNAs therefore offer 
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diverse mechanisms to inhibit viral replication and can be used in combination to avoid viral 

resistance. With this in mind, we describe here the optimization of the U1 T6 by extending the 

length of its recognition domain and use this optimized molecule to establish various combination 

gene therapies. Specifically, we observed that extending the recognition domain of the U1 T6 at 

the 5’ end allows the molecule to inhibit HIV-1 replication without causing cytotoxic effect 

whereas recognition domain extensions at the 3’ end were associated with growth defects. We also 

show that double molecule combination therapies expressing these 5’ extended U1 T6 molecules 

along with different anti-HIV-1 shRNAs or aptamer-shRNA chimeras can prevent viral replication 

from occurring.  

 

6.3 Results. 

6.3.1 Cells transduced with U1 T6 5’ end length variants restrict HIV-1 replication 

We have previously screened different U1i RNAs and identified the splicing enhancer U1-T6 as 

the most effective design8. To improve its specificity, we extended its 10-nucleotide recognition 

site on the 3’ or 5’ by either 3 or 6 nucleotides and tested these length variants against HIV-1 

replication while evaluating effects on cell growth. Measuring the effects against HIV-1 replication 

was done by challenging U1i RNA-expressing SupT1 cells with HIV NL4-3. The U1i RNA-

expressing SupT1 cells were generated by transduction with lentiviruses carrying a particular 

antiviral gene, followed by cell sorting by GFP to isolate cells with properly integrated lentiviral 

vectors. The negative control consisted of U1 WT and cells transduced with lentiviral vectors 

coding for this molecule had similar viral replication kinetics as cells transduced with the empty 

lentiviral vector negative control. Comparatively, expression of U1 T6 and all its length variants 

inhibited HIV-1 replication compared to the negative control empty vector, with the strongest 
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inhibition being caused by the 5’ end length variants (Figure 6.1A and B). Effects on cell growth 

were measured by establishing competitive growth assays after cell sorting of lentiviral transduced 

SupT1 cells. GFP positive sorted transduced SupT1 cells were mixed with an equal number of 

GFP negative sorted non-transduced SupT1 cells and the ratio of GFP positive cells was measured 

over time. In contrast to our previous results where U1-T6 was not associated to cytotoxicity8, U1-

T6 transduced cells had slight growth defects in the competitive growth assay (Figure 6.1C and 

D). The 3' end length variant of the U1 T6 molecule also conferred some degree of growth defect, 

with the largest decrease in the % of GFP positive cells being associated to the 3-nucleotide 

extension. In contrast, the cultures of both 5’ end length variants remained close to 50% GFP, 

showing a lack of cytotoxicity which makes them good candidates for use in combination therapy. 

 

Figure 6.1 HIV-1 replication is slightly restricted in SupT1 cells expressing U1 T6 5’ end length variants and cell growth is not 
compromised when expressing 5’ end length variants. 

Figure 6.1 HIV-1 replication is slightly restricted in SupT1 cells expressing U1 T6 5’ end 
length variants and cell growth is not compromised when expressing 5’ end length variants. 
(A,B) Panels A and B are repeat experiments. SupT1 cells were transduced with HIV-7-EGFP 
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lentiviral vectors expressing U1 T6 length variants and infected with HIV-1 NL4-3 at 1750 
cpm/mL. The mean RT activity (cpm) was measured in culture supernatants at various days post 
infection. Each data point represents the mean +/- SEM from three infections (n=3). (C,D) Panels 
C and D are repeat experiments. Transduced SupT1 cells were mixed with untransduced SupT1 
cells and the percentage of GFP positive cells was measured at various days post-mixing. Each 
data point represents the mean +/- SEM from three experiments (n=3). 

 

6.3.2 Combination therapy with U1 T6 5’ end length variants and shRNAs can prevent 

HIV-1 infection 

As the 5’ end length variants of U1 T6 could restrict HIV-1 replication with no negative effects on 

cell growth, we selected these to use in combination inhibitory assays along with sh14984, shP2 

and shS3 expressed from the H1 promoter, PR10.9-8N-sh1498 (Chapter III) expressed from the 

U6 promoter, as well as S3R3-shP2, S3R3-shL1 and S3R3-shS3 (Chapter IV) expressed from the 

7SK promoter. These combination therapies were established by introducing a multiple cloning 

site (MCS) within our lentiviral vectors to allow for the cloning of multiple anti-HIV-1 expression 

cassettes within the vector. Transduction of the generated lentiviruses within SupT1 cells allows 

for simultaneous expression of multiple antiviral molecules within the cells. When looking at the 

curve generated from the average of three infections, HIV-1 replication seems to only be strongly 

inhibited in cells expressing the combinations U1 T6 5’3 with H1 driven shP2 and U1 T6 5’6 with 

7SK driven S3R3-shL1 (Figure 6.2A-C). However, there are four combinations where viral 

replication does not occur in some cases. This can be seen by individually representing the data of 

each infection within the inhibitory assay for these four combinations (Figure 6.2D-G). 

Specifically, only one well supported viral replication for the combinations U1 T6 5’3 with H1 

driven shP2 and U1 T6 5’6 with H1 driven shP2 (Figure 6.2D and E). In the case of the 

combinations U1 T6 5’3 with H1 driven sh1498 and U1 T6 5’6 with U6 driven PR10.9-8N-sh1498, 

only two wells supported viral replication (Figure 6.2F and G). Competitive growth assays were 
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also put into place for the various combination therapies. Within our first assay, only the 

combinations U1 T6 5’3 with U6 driven PR10.9-8N-sh1498 and U1 T6 5’6 with U6 driven 

PR10.9-8N-sh1498 cell cultures had similar percentages of GFP positive cells as the negative 

control empty vector cell cultures (Figure 6.2H and I). The cultures in each of the other 

combinations displayed lower percentages of GFP positive cells compared to the negative control 

empty cell cultures and therefore growth defects are likely occurring when cells express these 

various combinations of anti-HIV-1 molecules. However, as the % GFP increased over time in 

negative control empty cell cultures due to the sorted GFP-negative SupT1 cells being unhealthy 

following cell sorting, it is difficult to rely upon these results to make definitive conclusions on 

the extent of cytotoxicity that is elicited by these combinations. Within our second assay, the 

negative control empty cells cultures maintained an approximate 50% GFP positive rate 

throughout the assay and the results are therefore more reliable (Figure 6.2J). Each of the 

combinations within this assay showed initial signs of cytotoxicity as the percentage of GFP 

positive cells decreased during the first week of the assay, with the most dramatic decrease in GFP 

occurring for the combination U1 T6 5’6 with 7SK driven S3R3-shL1. 
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Figure 6.2 HIV-1 infection can be prevented in SupT1 cells expressing both U1 T6 5’ end length variants and shRNAs 

Figure 6.2 HIV-1 infection can be prevented in SupT1 cells expressing both U1 T6 5’ end 
length variants and shRNAs. (A,B,C) SupT1 cells were transduced with HIV-7-EGFP lentiviral 
vectors expressing different combinations of U1 T6 5’ end length variants with shRNAs or 
aptamer-shRNA conjugations and infected with HIV-1 NL4-3 at 1750 cpm/mL. The mean RT 
activity (cpm) was measured in culture supernatants at various days post infection. Each data point 
represents the mean +/- SEM from three infections (n=3). (D,E,F,G) Infections from four different 
combinations are plotted individually instead of a curve being generated from the average of three 
infections, at least one well from each of the four combinations does not support replication after 
challenge with HIV-1 NL4-3. (H, I, J) Transduced SupT1 cells were mixed with untransduced 
SupT1 cells and the percentage of GFP positive cells was measured at various days post-mixing. 
Each data point represents the mean +/- SEM from three experiments (n=3). 

 

6.4 Discussion. 

Although combination gene therapy has the potential to eliminate the need for cART, their 

effectiveness in the absence of cART has yet to be demonstrated32,33. Therefore, we have 

previously optimized anti-HIV RNAs by evaluating various expression strategies and molecular 

designs to maximize inhibitory capabilities while avoiding cytotoxicity5 (Chapters III and IV). 

These investigations have shown that the U6 and 7SK promoter are more transcriptionally active 

than the H1 promoter, which causes shRNAs to be more potent when expressed from the U6 and 

7SK promoters. We have also shown that this high rate of transcription can cause cytotoxicity in 
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the case of U6 and 7SK driven shRNAs, but that incorporating large aptamers within the terminal 

loop of the shRNAs effectively eliminates the adverse effects observed from canonical shRNAs. 

While we have performed extensive work to optimize shRNAs for use in gene therapy, we also 

wanted to optimize the molecular design of anti-HIV-1 U1i RNAs. We have previously shown 

that extending the recognition domain of the U1 T6 can overcome a loss of antiviral effect resulting 

from mismatches in the target site8. While this is encouraging for its usage across multiple HIV-1 

strains, we investigated here whether extensions of the recognition domain could improve its 

specificity. Our results within infection assays show that U1 T6 and all its length variants could 

inhibit HIV-1 replication compared to negative controls. However, only extensions of the 

recognition site at the 5’ end led to further increases in inhibitory effects compared to the native 

U1 T6. In addition, the native U1 T6 as well as the 3’ end length variants were associated with 

slight defects in cell growth within our competitive growth assays whereas no cytotoxicity was 

detected in cells expressing the two 5’ end length variants. It is possible that the sequences of the 

native U1 T6 and its 3’ end length extensions cause off-target binding of cellular RNAs that do 

not occur in the case of the 5’ end length variants. Although our previous work did not show any 

growth defects in cells expressing the native U1 T68, variability in experimental manipulations 

could have led to the growth defects detected in our results as these defects were minimal. Since 

the 5’ end length variants of the U1 T6 offered higher antiviral potency along with a lower potential 

to elicit cytotoxicity, these molecules are considered to be optimal for use with other anti-HIV-1 

RNAs for the establishment of combination gene therapy. 

We have taken together all of our previous optimization work and applied it towards establishing 

an effective combination gene therapy. We chose two different classes of functional anti-HIV-1 

RNA molecules, the U1i RNAs and shRNAs, in order to decrease the risk of viral resistance 
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towards one specific class of antiviral RNAs. Using two different classes of anti-HIV-1 RNAs also 

decreases the likelihood of saturating any one endogenous cellular pathway. The U1 T6 5’3 and 

U1 T6 5’6 was chosen as these length variants provide maximal inhibition of virus replication and 

do not elicit cytotoxicity. The H1 promoter was chosen to express non-chimeric shRNAs, as 

expression from this promoter is less likely to induce cytotoxicity compared to when expression 

is driven by the U6 or 7SK promoters5. However, we chose the U6 and 7SK promoters to express 

the aptamer-shRNA chimeras because we previously observed that shRNA-mediated cytotoxicity 

from the U6 and 7SK promoter does not occur when the loop of shRNAs are replaced by large 

aptamers (Chapters III and IV).  

When determining the inhibitory capabilities of U1 T6, U1 T6 3’3, U1 T6 3’6, U1 T6 5’3 and U1 

T6 5’6 expressed alone, the replication kinetics were similar across each of the three individual 

infections that were put into place for the inhibitory assays of each molecule. This was not the case 

for some of our combination therapies where there was a large disparity in the replication kinetics 

across each infection sample in the assays. This was the case for the combinations U1 T6 5’3 with 

H1 driven shP2, U1 T6 5’6 with H1 driven shP2, U1 T6 5’3 with H1 driven sh1498, as well U1 

T6 5’6 with U6 driven PR10.9-8N-sh1498, and we therefore decided to represent this data by 

plotting each infection individually since plotting the average of the three infections does not 

properly fit our data. The difference in replication kinetics between the individual infections for 

these combinations relates to whether replication is detected or not. The combinations U1 T6 5’3 

with H1 driven shP2 and U1 T6 5’6 with H1 driven shP2 caused the greatest inhibition of viral 

replication where no replication was detected for two out of three samples while the combinations 

U1 T6 5’3 with H1 driven sh1498 and U1 T6 5’6 with U6 driven PR10.9-8N-sh1498 also inhibited 

viral replication but to a lesser extent, with no replication being detected for one out of three 
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samples (Figure 6.2C-F). Unexpectedly, the samples which do support viral replication have 

similar replication kinetics to cells transduced with the negative control empty vector. Within our 

previous work, antiviral RNAs were capable of delaying the time point at which viral replication 

occurred, as is seen when the U1 T6 and its length variants are expressed alone. One explanation 

to the difference in results with our previous work is that when one antiviral RNA is utilized, the 

virus may attain a threshold level of viral RNA production where some transcripts can escape the 

inhibitory actions of the therapeutic RNAs due to the overwhelming number of viral transcripts 

and then go on to complete the replication steps necessary to generate new virions. It is possible 

that employing two anti-HIV-1 RNAs increases this threshold level of viral RNA production for 

escape by overwhelming numbers to an unreachable point. If this is the case, the replication 

detected in some of the samples of the combinations U1 T6 5’3 with H1 driven shP2, U1 T6 5’6 

with H1 driven shP2, U1 T6 5’3 with H1 driven sh1498 and U1 T6 5’6 with U6 driven PR10.9-

8N-sh1498 may be a consequence of the development of viral resistance to the combination 

therapies. However, we have attempted to determine if this was the case by sequencing the target 

sites of the different combinations within the viral RNA of the samples that supported viral 

replication and did not find evidence of mutations within these various target sites (data not 

shown). While this data does not support our hypothesis for the development of resistance in 

samples which had detectable levels of viral replication, it is possible that mutations outside of the 

target site occurred which conferred viral resistance to the combination therapies. It will therefore 

be helpful to sequence the entire viral RNA of the samples which supported viral replication to 

assess whether resistance emerged from mutations in other genomic regions. 

Growth defects are detected within competitive growth assays by comparing the percentage of 

GFP in cultures over time to the negative empty control which should be maintained at 50%. 
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However, the negative control did not remain at 50% in one of our competitive growth assays 

involving different combination therapies. Instead, the percentage of GFP increased over time 

which signals that the GFP negative cells were unhealthy following cell sorting. Due to this, the 

results from this assay are not completely reliable. However, the data within this competitive 

growth assay showed that only the combinations U1 T6 5’3 with U6 driven PR10.9-8N-sh1498 

and U1 T6 5’6 with U6 driven PR10.9-8N-sh1498 had similar percentages of GFP positive cells 

through time as the negative control empty vector. Therefore, we suspect that all other 

combinations evaluated within this assay likely elicited at least minimal cytotoxic effects. Our 

second competitive growth assay did not have an issue with the viability of the GFP negative cells. 

While the cell cultures expressing each of the combinations within this assay had decreasing 

percentages of GFP, this decrease only occurred within the first week of the assay. It is possible 

that when establishing this assay, the GFP positive cells of the different combinations were stressed 

compared to the GFP negative cells following cell sorting. Therefore, an initial growth advantage 

would be conferred towards the GFP negative cells until the GFP positive cells were stable within 

the cell culture conditions which resulted in an initial decrease in the percentage of GFP in the 

overall culture. 

This study allowed for the optimization of a U1i RNA by exploring extended lengths of the 

recognition domain and showed that optimized functional anti-HIV-1 RNAs are able to prevent 

the occurrence of HIV-1 replication within cell cultures. These results highlight the importance of 

properly optimizing each antiviral molecule individually to allow for the establishment of 

combination therapies which can prevent viral replication rather than only delaying its occurrence. 

However, this study also demonstrates that double molecule therapy is not sufficient in every case 

to completely prevent replication. It will be valuable to explore additional double or triple molecule 
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therapies with the goal of identifying an anti-HIV combination gene therapy which can completely 

suppress viral replication indefinitely. 

 

6.5 Materials and methods. 

6.5.1 Cell culture 

HEK293T cells were grown in Dulbecco’s modified Eagle’s medium (HyClone, Logan, UT) 

supplemented with 10% fetal bovine serum (FBS, HyClone), 50 μg/mL streptomycin, and 

50 U/mL penicillin (Life Technologies, Carlsbad, CA, USA). SupT1 cells were grown in Roswell 

Park Memorial Institute Medium 1640 (HyClone), supplemented with 10% heat-inactivated FBS 

(HyClone), 50 μg/mL streptomycin, and 50 U/mL penicillin (Life Technologies). 

6.5.2 Vector construction 

A MCS containing the restriction sites Bsp1191, SgsI, PacI, MunI, SfaAI, and MluI was generated 

by annealing complementary oligonucleotides and included between the NotI and XbaI restriction 

sites previously present within the lentiviral transfer vector HIV-7-EGFP34. To include the U1i 

RNA genes within the MCS containing lentiviral transfer vector, both the U1 promoter and the 

U1i RNA gene was amplified by PCR out of the HIV-1 U1 snRNAs UBC plasmids generated in 

our previous study8 using forward primer 5’-ATTAGCGGCCGCTTGCTCCTTACACAG-3’ and 

reverse primer 5’-GATGAGGCGCGCCGCTTTACACTTTATG-3’. The amplified DNA 

fragments were then digested with NotI and SgsI to be ligated into NotI and SgsI-digested, MCS 

containing, lentiviral transfer vector. To establish double molecule combination gene therapies 

with our lentiviral vectors, both the associated promoter and the anti-HIV-1 gene of interest was 

amplified out of the psiRNA expression plasmid described previously (Chapters III and IV) using 

forward primer 5’-TATGGCGCGCCAGGGATTTTGGTCATGTTCTTAATCGATACTA-3’ 
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and reverse primer 5’-GCGCAATTGGTTATGTAACGCCTGCAGGTTAATTAAGTCTAGA-

3’. The double molecule combinations which include 7SK driven S3R3-shP2, S3R3-shS3 and 

S3R3-shL1 were established by amplifying both the 7SK promoter and antiviral gene out of the 

HIV-7-EGFP plasmid which did not contain an MCS using the forward primer 5’-

TATGGCGCGCCAGGGATTTTGGTCATGTTCTTAATCGATACTA-3’ and reverse primer 

5’- GCGCAATTGCGAATTCCTGCAGCCCGGGGGATCCATCTCTAGA-3’. The various 

amplified DNA fragments were then digested with SgsI and MunI to be ligated into SgsI and 

MunI-digested lentiviral transfer vector already containing the MCS as well as the gene coding for 

either the U1 T6 5’3 or U1 T6 5’6.  

6.5.3 Lentivirus production 

HEK 293T cells were seeded 24 h prior to co-transfections in T75 flasks at 2.75 x 105 cells/mL 

within a volume of 20 mL. LVs were produced by co-transfecting 9 μg of the HIV-7-EGFP transfer 

vector, 3.4 μg plasmid expressing vesicular stomatitis virus G protein (from Dr. J. Rossi) and 10, 

50 or 65 μg packaging plasmid psPAX2 (Addgene, number 12260) using PEI (3 µL/µg of DNA) 

(Polysciences). Supernatants were harvested 48 h after transfection, where lentiviral particles were 

isolated and concentrated using Lenti-X (Clontech) according to the manufacturer’s protocol. 

6.5.4 Infection and competitive growth 

SupT1 cells were transduced with a serial dilution of lentivirus particles (range of 1 in 4 to 1 in 

2048) in order to determine lentivirus titers by measuring the percentage of GFP-positive cells 

after transduction. Once the lentivirus titers were determined, SupT1 cells were transduced at an 

MOI of 1 using 8 μg/mL Polybrene (Sigma-Aldrich, St. Louis, MO, USA) to generate T cell lines 

stably expressing antiviral genes. Cells were sorted 72-96 h after transduction for GFP expression 

(Gating shown in Supplementary Figures S1-4) with a FACSAria Fusion cell sorter (BD 
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Biosciences, Franklin Lakes, NJ, USA). Sorted cells were seeded in 96-well round-bottom plates 

at 2 x 104 cells/well in a volume of 100 μL and challenged with HIV-1 NL4-3 (1750 cpm/mL, 

determined using the HIV-1 RT assay) 24 h post-sorting. The supernatant was periodically 

harvested and replaced with fresh media, where the RT activity within the collected supernatants 

was measured to establish the infection kinetics. Sorted cells were also seeded in 96-well round-

bottom plates at 2 x 104 cells/well in a volume of 100 μL to be used within competitive growth 

assays. These cells were immediately mixed with an equal number of untransduced SupT1 cells 

that had been passed through the flow cytometer without sorting, bringing the total volume in each 

well to 200 μL with a concentration of 2 x 104 cells/well. The percentage of GFP-positive cells 

within the cultures was measured over time using a LSRFortessa flow cytometer (BD 

Biosciences). 

 

6.5.5 RT assay 

Infection kinetics were determined by measuring RT activity as previously described35,36. Briefly, 

2.5 or 5 μL of supernatant was added to 12.5 or 25 µL of non-radioactive cocktail (60 mM TrisCl, 

75 mM KCl, 5mM MgCl2, 1.04 mM EDTA, 1% NP-40) and subsequently incubated with 12.5 or 

25 μL of RT cocktail [60 mM TrisCl, 75 mM KCl, 5mM MgCl2, 1.04 mM EDTA, 10 µg/mL 

polyA (Roche, Basel, Switzerland), 0.33 µg/mL oligo dT (Life Technologies), 8 65 mM DTT, 

0.05 miC/mL α32P-TTP (3,000 Ci/mmol; Perkin Elmer, Waltham, MA, USA)] for 2 h at 37°C. A 

total of 5 µL of the radioactive solution was then spotted onto diethylaminoethyl (DEAE) filter 

mats (Perkin Elmer) or a positively charged nylon membrane (Hybond-N+, Amersham 

Biosciences, Little Chalfont, UK) to detect the resulting poly dT RT product while unincorporated 

[32P] dTTP were removed by performing five washes using 2x saline sodium citrate (SSC) buffer 
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(20× SSC buffer: 3 M NaCl and 0.3 M sodium citrate) along with two washes using 95% ethanol. 

Counts per minute (cpm) were measured using a microplate scintillation counter (MicroBeta 

TriLux; Perkin Elmer). The amount of HIV-1 RT enzyme in the supernatants is proportional to the 

cpm readout 
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