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Abstract 
To enter its target cell, the human immunodeficiency virus (HIV-1) must bind to both the host 

CD4 receptor and either the CCR5 or CXCR4 coreceptor. The virus’ ability to integrate into the 

host genome and the long-lasting life span of their preferential target cells, CD4+ T lymphocytes, 

allow HIV-1 to become permanently established in tissues as latent reservoirs that are so far 

impossible to completely eliminate. To cure HIV-1 infection, attention has turned to gene therapies 

to equip cells with antiviral molecules. Short hairpin (sh)RNAs are synthetic molecules that exploit 

the RNA interference pathway to target an RNA through complementary sequence recognition. 

They may be designed to target viral RNA and are promising candidates for HIV-1 gene therapy. 

In recent years, allogeneic hematopoietic stem cell transplants with naturally CCR5-deficient 

donor cells have gained traction as another possible method for achieving long-term remission in 

patients who are also diagnosed with a hematological malignancy. The success of this strategy has 

so far been demonstrated in five patients; two of these individuals who have been in remission for 

five and thirteen years are considered cured. With gene editing technologies, it is possible to 

modify a patient’s cells ex vivo to recreate the naturally occurring ccr5 mutation with the objective 

of increasing the frequency of transplant-based cures. However, these cells remain susceptible to 

CXCR4-tropic viruses. It may be possible to generate pan-resistant cells by further modifying them 

with antiviral shRNAs that target conserved regions in the viral genome. To determine whether a 

dual-pronged approach could be used to generate non-cytotoxic HIV-1 resistant T cells, we 

identified 23 shRNAs that most effectively target highly conserved regions in the HIV-1 genome. 

From this panel, we selected three shRNAs that significantly delayed viral replication to test them 

under three different human type 3 RNA polymerase III promoters, H1, 7SK, and U6. We found 

that shRNAs expressed from the 7SK and U6 promoters had greater inhibitory activity against 

HIV-1 production and replication but some of these are cytotoxic. However, the degree of 

cytotoxicity depended on the shRNA sequence. To test whether antiviral shRNA expression and 

CCR5 gene editing on T cells can collectively inhibit replication of CXCR4-tropic (X4) and 

CCR5-tropic (R5) HIV-1, we used CRISPR/Cas9 to knock out ccr5 in the PM-1 cell line. We 

identified two monoclonal colonies with insertion or deletion mutations that generate an early stop 

codon due to a frameshift mutation. Pending validation of the absence of CCR5 surface expression, 

we may have generated an appropriate cell line to test whether implementing a stepwise blockade 



 x 

that limits entry of R5 viruses then blocks replication of X4 viruses is a viable approach to make 

autologous stem cell transplants a reliable strategy for a HIV-1 cure.   
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Résumé 
Pour pénétrer dans sa cellule cible, le virus de l'immunodéficience humaine (VIH-1) doit se lier à 

la fois au récepteur CD4 de l'hôte et au corécepteur CCR5 ou CXCR4. Grâce à l'identité rétrovirale 

du virus et à la longue durée de vie des cellules T CD4+, le virus s'établit de façon permanente dans 

les tissus sous forme de réservoirs latents qu'il est jusqu'à présent impossible d'éliminer 

complètement. Pour guérir de l’infection par le VIH-1, l'attention s'est portée sur les thérapies 

géniques afin de doter les cellules de molécules antivirales. Les ARN courts en épingle à cheveux 

(shARN) sont des molécules synthétiques qui exploitent la voie de l'interférence ARN pour cibler 

un ARN par reconnaissance de la séquence complémentaire. Ils peuvent être conçus pour cibler 

l'ARN viral et sont des candidats prometteurs pour la thérapie génique du VIH-1. Ces dernières 

années, les allogreffes de cellules souches hématopoïétiques avec des cellules de donneurs 

naturellement déficients en CCR5 ont gagné en popularité comme autre méthode possible pour 

obtenir une rémission à long terme chez les patients chez qui on a également diagnostiqué une 

hémopathie maligne. Le succès de cette stratégie a été démontré jusqu'à présent chez cinq patients; 

deux de ces personnes, en rémission depuis cinq et treize ans, sont considérées comme guéries. 

Grâce aux technologies d'édition de gènes, il est possible de modifier ex vivo les cellules d'un 

patient afin de recréer la mutation ccr5 présente dans la nature, l'objectif étant d'augmenter la 

fréquence des guérisons par transplantation. Cependant, ces cellules restent sensibles aux virus 

CXCR4-tropiques. Il pourrait être possible de générer des cellules pan-résistantes en les modifiant 

davantage avec des shARN antiviraux qui ciblent des régions conservées du génome viral. Pour 

déterminer si une approche à deux volets pouvait être utilisée pour générer des cellules T non 

cytotoxiques résistantes au VIH-1, nous avons identifié 23 shARN qui ciblent le plus efficacement 

des régions très conservées du génome du VIH-1. À partir de cet ensemble, nous avons sélectionné 

trois shARN qui retardaient significativement la réplication virale pour les tester sous trois 

différents promoteurs humains de l'ARN polymérase III de type 3, H1, 7SK et U6. Nous avons 

constaté que les shARN exprimés à partir des promoteurs 7SK et U6 avaient une plus grande 

activité inhibitrice contre la production et la réplication du VIH-1, mais que certains d'entre eux 

étaient cytotoxiques. Cependant, le degré de cytotoxicité dépendait de la séquence du shARN. 

Pour vérifier si la combinaison de l'expression de shARN antiviraux et l'édition du gène CCR5 sur 

les cellules T peuvent inhiber la réplication du VIH-1 CXCR4-tropique (X4) et CCR5-tropique 

(R5), nous avons utilisé CRISPR/Cas9 pour éliminer ccr5 dans la lignée cellulaire PM-1. Nous 
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avons identifié deux colonies monoclonales avec des mutations d'insertion ou de délétion qui 

génèrent un codon stop précoce dû à une mutation causant un décalage de phase de lecture. En 

attendant la validation de l'absence d'expression de surface de CCR5, nous avons peut-être généré 

une lignée cellulaire appropriée pour tester si la mise en œuvre d'un blocage par étapes qui limite 

l'entrée des virus R5 puis bloque la réplication des virus X4 est une approche viable pour faire des 

greffes de cellules souches autologues une stratégie fiable pour une guérison de l’infection par le 

VIH-1.  
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Chapter 1: Introduction & literature review 

1.1 The type 1 human immunodeficiency virus (HIV-1)  

1.1.1 Discovery 

The first inklings of a burgeoning epidemic in North America appeared in two terse reports 

published by the Centre for Disease Control in the summer of 1981. Doctors in California and New 

York were raising alarm to an unusual increase in the number of patients presenting with rare and 

deadly diseases1,2. These included Kaposi’s sarcoma, an uncommon neoplasm that predominantly 

impacts elderly males, and opportunistic fungal infections that are characteristic of profound 

immunosuppression. Indeed, the patients were also found to have severely reduced white blood 

cell counts3. Over the next year, scientists termed a growing collection of severe secondary 

infections as acquired immunodeficiency syndrome (AIDS) and characterized lymphopenia and 

lymphadenopathy as syndromes preceding AIDS. The sudden occurrence of rare, life-threatening 

medical conditions in younger patients and preferentially in men who have sex with men (MSM) 

was highly unusual and prompted a feverish search for its cause. Epidemiological data and 

observations of depleted white blood cell counts provided clues that the etiological agent targeted 

T cells. Serendipitously, the first human retrovirus, a human T lymphotropic virus (HTLV), had 

only been discovered a few years earlier and propelled a search for a similar virus in AIDS patients, 

one we now know as type 1 human immunodeficiency virus (HIV-1)4.  

The discovery of HIV-1 rode on the coattails of advances in retrovirology made in previous 

decades. Initial interest in retroviruses was sparked in the early 1900s when ultra-filterable agents 

were found to cause leukemia in non-primate animals5-8. However, the search for oncogenic human 

retroviruses was fruitless until the late 1970s. The discovery was made shortly after Howard Temin 

and David Baltimore independently and simultaneously proved the existence of reverse 

transcriptase (RT)9,10, the activity of which became a sensitive assay for detecting new retroviruses. 

Additionally, the 1976 discovery of interleukin 2 (IL-2) was essential for establishing a culture 

system that supported longitudinal growth of uncontaminated primary T cells11. Previously, 

contamination of cell culture systems with animal retroviruses nullified claims of human retrovirus 

discovery. Together with RT activity, the ability to culture T cells provided a method to propagate 

and detect human retroviruses. These tools led to the discovery of the first two human retroviruses: 

HTLV-I in 197912 and HTLV-II in 198113. The HTLVs were isolated from patients with T cell 
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leukemias or lymphomas and were confirmed to be distinct from known animal retroviruses in a 

barrage of molecular experiments14,15. Importantly, their tropism for T cells inspired Luc 

Montagnier and Robert C. Gallo’s groups to look for a retrovirus in the HTLV family as the cause 

of AIDS.  

In 1983, both Montagnier and Gallo published evidence that a virus similar to HTLV-I 

could be isolated from patients with AIDS or displaying pre-AIDS symptoms16,17. Montagnier’s 

group detected RT activity from supernatants of cultured biopsied lymph node cells from a patient 

with pre-AIDS symptoms. They showed that the isolates displayed preferentially high RT activity 

in the presence of an RNA template over a DNA template which confirmed the virus’ retroviral 

identity. Its magnesium-dependent activity also classified it as a primate retrovirus since non-

primate retroviral RTs are independent of magnesium. Importantly, Montagnier’s 

immunoprecipitation and electron microscopy experiments showed that the virus was similar to 

but distinct from HTLV-I and -II, and they termed it lymphadenopathy-associated virus (LAV), 

though the link between LAV and AIDS remained tenuous at this point. Gallo’s group also 

described a retrovirus in an AIDS patient and developed a cell line that allowed the virus to be 

propagated and studied18. They named it HTLV-III, a misnomer that stemmed from their 

immunological experiments characterizing its antigens which led them to erroneously conclude 

that the virus belonged to the HTLV family19.  Nonetheless, in 1984 they strengthened the link 

between the new virus and AIDS by showing that the virus could be isolated from a large 

proportion of patients with pre-AIDS or AIDS but not from patients without the disease, and that 

the majority of serum samples from these populations contained antibodies against HTLV-III 

antigens20,21. The association between a new retrovirus and AIDS was further bolstered by Levy 

et al. who detected viruses, which they termed AIDS-associated retroviruses (ARV) and which 

cross-reacted with Montagnier’s LAV isolate, from 22 out of 45 patients in San Francisco22. The 

causal role between AIDS and a new retrovirus distinct from HTLVs was established as 

researchers detected them from patients with AIDS or pre-AIDS symptoms with accelerating 

frequency23-27. The new human retrovirus that had been referred to as LAV, ARV, and HTLV-III 

was officially renamed to Human Immunodeficiency Virus in 1986 by the International Committee 

on the Taxonomy of Viruses4.  

As HIV-1 was being characterized, an anxious search for a treatment was simultaneously 

being carried out in laboratories. Drug screens identified the nucleoside analogue azidothymidine 
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(AZT) as a promising candidate for HIV-1 inhibition and early clinical trials, though rushed, 

showed that it had some positive effects on clinical progression and survival28. In 1987, AZT was 

approved by the Food and Drug Administration as the first drug to treat HIV-1, but its hopeful 

success was short-lived. Patients had to remain on AZT otherwise virus would rebound29, but 

severe side effects and escape mutants from AZT monotherapy presented a significant barrier to 

continual administration30-32. By the time other drugs targeting different parts of the HIV-1 

replication cycle were developed, researchers were battling the virus’ rapid ability to resist 

monotherapy with multi-drug combinations. Three-drug regimens known as combination 

antiretroviral therapy (cART)33 were widely implemented in the 1990s and have since saved – and 

continue to save – millions of lives. 

 

1.1.2 Epidemiology 

HIV-1 is transmitted through body fluids including blood, semen, vaginal secretions, and 

breast milk. Vertical transmission from mother to child can also occur but is drastically reduced 

with the use of antiretroviral drugs34. Infection begins with an acute stage characterized by high 

levels of viral RNA (vRNA) (106 – 107 copies/ml at peak) that develop within two weeks of initial 

exposure35. The acute stage generally lasts three to four weeks but can persist for months, during 

which patients may be asymptomatic or present flu-like symptoms36. At this stage, the levels of 

vRNA and HIV-1 proteins in the blood surge ahead of HIV-1 specific antibody titres and are used 

as early clinical markers of infection. vRNA levels remain elevated until infection progresses into 

the chronic stage where the immune system begins to control replication but fails to completely 

eliminate infection. After several years, cluster of differentiation (CD)4+ T cell counts which 

normally measure between 500-1500 cells/mm3 fall to less than 200 cells/mm3, severely 

compromising the immune system’s ability to manage opportunistic infections. Without cART, 

infection progresses into AIDS within a decade. Clinical manifestations of AIDS include protozoal, 

bacterial, and viral opportunistic infections, as well as aggressive cancers such as Kaposi’s 

sarcoma, Non-Hodgkin’s lymphoma, and Hodgkin’s disease37.  

Since the start of the HIV-1 pandemic, the virus has claimed over 40 million lives 

worldwide38. At the peak of the pandemic in the early 2000s, two million individuals died each 

year due to AIDS-related illnesses38. The widespread reach of the virus mobilized a concerted 

global endeavour to eradicate AIDS, and through synergistic efforts between scientists, 
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policymakers, and community leaders, the world has made massive strides in realizing this vision. 

The World Health Organization’s (WHO) “3 by 5” initiative that aimed to treat three million 

people in low- and middle-income countries by 200539 was achieved in 2007, and the Joint United 

Nations Programme on HIV/AIDS’ (UNAIDS) “15 by 15” target succeeded in providing cART 

access to 15 million people by 201540. Most recently, UNAIDS adopted the “95-95-95” goal to 

have 95% of all people living with HIV (PLWH) know their status, have 95% of all PLWH have 

access to cART, and achieve viral suppression in 95% of all PLWH by 203041,42. Clearly defined 

goals like these mobilized governments to implement policies that expedited treatment rollout. 

Additionally, unflagging community leadership by HIV/AIDS advocates has accelerated treatment 

rollout and scale-up. Combined efforts by scientific, global, and community leaders have reduced 

the virus’ impact and brought about safer and more effective treatments that transformed HIV-1 

infections from a fatal diagnosis to a manageable chronic illness. Today, less than 700,000 

individuals around the world die from AIDS-related illness each year which represents a 68% 

reduction from the peak of the pandemic38.  

Despite this progress, HIV-1 still weighs significantly on the global disease burden. Today, 

more than 38 million people are living with HIV-1 and over one million individuals are newly 

infected each year38. The vast majority of individuals living with HIV-1 reside in eastern and 

southern Africa, where most new infections also take place; the second highest incidence of new 

infections are in Asia and the Pacific Islands38. Among the general population, HIV-1 incidence 

has stabilized or decreased, but it remains disproportionately prevalent among key populations43. 

Globally, MSM, transgender people, sex workers, intravenous drug users, and people in prisons 

and other enclosed settings are most at risk for infection and can influence the dynamics of HIV-

1 epidemics44. To effectively address the current HIV-1 epidemiological landscape, the WHO has 

recommended policies that focus on addressing the needs of these key populations44.  

 

1.1.3 Classification & evolution  

HIV belongs to the Retroviridae family and is further categorized into the Orthoviridae 

subfamily and the Lentivirus genus. There are two known species: HIV-1 is responsible for the 

global reach of the virus while HIV-2 is mostly confined to West Africa. Both types can result in 

AIDS, but HIV-2 is less transmissible and is less likely to progress to the secondary disease45. 

HIV-1 is divided into groups M (major), O (outlier), N (non-major, non-outlier), and P. Group M 
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is responsible for the majority of HIV-1 infections and is further classified into subtypes, also 

known as clades. Subtype B is the most common in North America and Europe while subtype C 

is most common in Southern Africa and India; subtype C accounts for half of HIV-1 subtype 

diversity worldwide46 (Figure 1). Genetic diversity within subtypes range between 15-20%47 and 

individuals can be multiply infected with different subtypes leading to transmissible recombinant 

forms. Recombinants that are found in at least three non-epidemiologically linked individuals are 

considered to be “circulating” recombinant forms (CRF); these make up the majority of infections 

in Central and Western Africa and Southeast Asia46,48 (Figure 1).  

 

 
Figure 1. Global geographic distribution of HIV-1 subtype diversity. Reprinted from The 
Lancet, Vol. 19 Hemelaar et al., “Global and regional molecular epidemiology of HIV-1, 1990-
2015: a systematic review, global survey, and trend analysis”, 143-155, 2019, with permission 
from Elsevier.  

 

HIV-1 may be additionally classified by its host coreceptor usage for entry into the cell. 

Coreceptor tropism is determined by the third variable (V3) loop of the glycoprotein (gp)120 
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subunit of the viral Envelope (Env) receptor49. Interaction between gp120 and host CD4 induces a 

conformational change in Env that allows the V3 loop to bind either CCR5 or CXCR450 (Figure 

2). Isolates that exclusively use C-C chemokine receptor type 5 (CCR5) are termed “R5”, isolates 

that exclusively use C-X-C chemokine receptor type 4 (CXCR4) are termed “R4”, and isolates 

that can use both are termed “R5/X4”51. The majority of clinical isolates use CCR5 to mediate 

entry and R5 viruses dominate early stages of infection. In some patients, coreceptor switching to 

CXCR4 occurs with disease progression52. 

 

 
Figure 2. Structural model of a gp120 trimer binding to CD4 and CCR5.  Left: CD4 bound to 
one unit of a gp120 trimer. Binding induces a conformational change that orients the Env complex 
toward the cellular membrane where the V3 loop may interact with CCR5 or CXCR4. Right: 
Interaction between the V3 loop and CCR5. From Huang et al., 2005 (Science). Reprinted with 
permission from AAAS.  

 

 The HIV species evolved from simian immunodeficiency viruses (SIVs) found in non-

human primates in West-Central Africa. Close contact between humans and non-human primates 

by way of bushmeat hunting allowed for independent zoonotic transmissions from non-human 

primates to humans which gave rise to the four HIV-1 groups, M, N, O, and P. Mutations and 

selection events further added to the diversity of HIV lineages found today. Phylogenetic studies 

have shown that HIV-1 group M originated from SIVcpz found in the chimpanzee species Pan 

troglodytes troglodytes and was likely spread with human activity along the Congo River48. The 

first documented case of an HIV-1 infection was found in Kinshasa and is speculated to be the 

origin of the global HIV-1 pandemic53. In contrast, HIV-2 originated from SIVsmm found in sooty 

mangabey monkeys54. 
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1.1.4 The viral particle & genomic architecture 

The nucleic acid core of a HIV-1 particle consists of two ~9kb positive-sense, single-

stranded RNAs (+ssRNA) flanked by a 5’ cap and a 3’ polyadenylated tail. The dimer is stabilized 

by nucleocapsid (NC) proteins55 and bound to a host transfer (t)RNALys3 that acts as a primer for 

reverse transcription56. Surrounding the genome-NC-tRNA are three protective layers. The lattice 

immediately encapsidating the genome is composed of capsid protein oligomerized into a conical 

net of pentamers and hexamers that shields the reverse transcription complex (RTC) and facilitates 

nuclear targeting57. This capsid core is further enclosed by a matrix shell that discontinuously lines 

the inner leaflet of the viral membrane, the final layer derived from host plasma membrane and 

decorated with viral Env. In addition to packaging genomic information, the mature virion also 

contains protease, reverse transcriptase, integrase, and three accessory proteins: viral infectivity 

factor (Vif)58, viral protein R (Vpr)59,60, and negative factor (Nef)61 (Figure 3A). 

 

 
Figure 3. The HIV-1 virion, genome map, and replication cycle. A) Architecture of a mature 
HIV-1 virion. Image obtained from the London School of of Hygiene and Tropical Medicine62. 
B) The HIV-1 RNA genome and its coded proteins. Figure reproduced with permission from the 
HIV Sequence Compendium 2021. C) Major steps of the replication cycle. Figure adapted from 
Lusic & Siliciano, 2017 (Nature Reviews Microbiology) and reproduced with permission from 
Springer Nature. 
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The genomic RNA encodes 15 viral proteins that mediate various steps in the HIV-1 

replication cycle, promote infectivity and replication, and reduce host antiviral defenses63 (Figure 

3B). The gag gene codes for a polyprotein encoding p6, the spacer proteins SP1 and SP2, and the 

structural proteins matrix (MA/p17), capsid (CA/p24), and nucleocapsid (NC/p7), which are later 

assembled to form the core. The pol gene encodes a polyprotein that gives rise to protease (PR/p12), 

reverse transcriptase (RT/[p51/p66]), and integrase (IN/p32). These essential enzymes govern viral 

polyprotein processing, synthesis of a DNA intermediate, and integration into the host genome, 

respectively. The env gene translates into a polyprotein that gives rise to surface gp120 and 

transmembrane gp41, which together form the Env protein. Polyproteins are assembled into the 

immature viral particle where they must be cleaved by protease to develop into an infectious virion.  

The transactivator protein (Tat) and RNA splicing-regulator (Rev) play important roles in 

regulating viral gene expression64 and their transcripts are among the first to be translated. Tat 

binds to the trans-activating response element (TAR), a RNA hairpin present at the 5’ end of viral 

transcripts, and increases processivity of RNA polymerase (pol) II by enhancing phosphorylation 

at its C-terminal domain (CTD)65.  Rev allows for cytoplasmic accumulation of partially-spliced 

~4 kb RNAs and unspliced ~9 kb RNAs66. Rev shuttles between the nucleus and cytoplasm, 

exporting incompletely spliced and unspliced viral RNAs by binding to the Rev response element 

(RRE) present on partially spliced and full-length transcripts.  

HIV-1 also encodes accessory proteins that each play multiple roles in obstructing host cell 

antiviral defenses, promoting HIV-1 replication, and assisting in viral assembly. Vif has a well-

defined role in targeting the host antiviral enzyme APOBEC3G (apolipoprotein B mRNA-editing 

enzyme, catalytic polypeptide-like 3G). Virions deficient in Vif have greatly reduced 

infectivity67,68 because APOBEC3G is incorporated into the virion and introduces extensive 

hypermutations in viral cDNA69. Vif blocks this activity by impairing APOBEC3G translation and 

targeting the protein for proteasomal degradation. Vif was later shown to also activate the tumor 

suppressor gene p53 to induce G2 cell cycle arrest which facilitates viral replication70. Vpr is 

implicated in viral trafficking, transcription, and permissivity. It associates with importin- which 

helps transport the pre-integration complex (PIC) into the nucleus, and functions as a coactivator 

at the long terminal repeat (LTR) where it associates with Tat to cooperatively enhance viral 

production71. Vpr is important for infection of non-dividing cells and thus implicated in 

establishing reservoirS3. Viral protein U (Vpu) downregulates cell surface CD4 expression and 
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enhances release of immature viral particles from infected cells by interfering with the host 

restriction factor tetherin72. Finally, Nef supports viral replication by interfering with 

immunosurveillance73. It hijacks endocytic trafficking pathways, stripping the plasma membrane 

of CD4 and major histocompatibility complex I to target them for lysosomal degradation or 

subcellular localization, respectively74,75. Absence of these molecules prevents superinfection and 

antibody-dependent cellular cytotoxicity by which effector immune cells identify and kill infected 

cells through antibody-Fc receptor interactions. Nef also perturbs signalling pathways that 

decrease T cell motility and produce an intracellular environment conducive for replication76.  

 

1.1.5 The replication cycle 

HIV-1 primarily targets CD4+ T cells but can also infect other cell types harbouring the 

required entry receptors, including other T cell subsets, macrophages77, and astrocytes78. Early 

phase events of the replication cycle begin with cell binding (Figure 3C). Virions traverse across 

the cell surface by way of non-specific interactions with proteoglycans, integrins, and receptors 

until they are in close proximity with CD4. Binding between CD4 and Env gp120 is essential for 

entry into the cell. A second critical interaction between gp120 and CCR5 or CXCR4, selection of 

which depends on the V3 loop of gp120, induces hinge-like conformational changes in the Env 

complex. The conformational changes expose the gp41 fusion peptide which anchors the viral and 

cellular membranes together and supply the Env complex with the potential energy required to 

fuse the membranes together, releasing the viral capsid core into the cell79,80. Immediately beneath 

the cellular membrane lies a dense layer of actin; disassembly of the matrix shell upon fusion 

releases Nef which aids in depolymerizing the microfilament network81.    

Inside the cytoplasm, the core is known as a reverse transcription complex (RTC) and 

eventually becomes a pre-integration complex (PIC) that is imported into the nucleus. Reverse 

transcription and CA uncoating must occur sometime between core entry and proviral integration, 

but the exact location and kinetics of these steps are still under study. It was previously thought 

that the CA layer disintegrates upon entry which triggers reverse transcription, but paradoxically, 

other studies show CA stability is required for efficient reverse transcription and that CA itself 

engages nuclear import machinery to translocate the PIC across the nuclear membrane82. Recent 

evidence suggests that uncoating and reverse transcription finalizes in the nucleus83, which aligns 

with other studies showing that CA remains associated with the PIC in the nucleus84,85.  
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Inside the nucleus, viral cDNA is preferentially integrated into transcriptionally active sites 

of the host genome86. This process is mediated by integrase, which cleaves two nucleotides from 

each 3’ end of the viral cDNA. The exposed 3’ hydroxyl groups then undergo nucleophilic attack 

on two phosphodiester bonds located five nucleotides apart on the target DNA, ultimately 

incorporating itself as a provirus87. Cellular DNA repair enzymes then resolve unpaired 

nucleotides to complete integration.  

Viral transcription by host factors marks the beginning of viral expression. RNA pol II 

assembles on the 5’ LTR with other transcription factors to initiate production of new viral mRNAs. 

Initial transcripts are completely spliced into ~2 kb mRNAs that are exported to the cytoplasm and 

encode Tat, Rev, and Nef; Tat and Rev proteins enter the nucleus to regulate viral mRNA 

expression and processing. Tat complexes with host transcription and elongation factors that form 

the super elongation complex (SEC)88, including positive transcription elongation factor b (P-

TEFb) which is composed of Cyclin T1 and cyclin-dependent kinase 9 (CDK9)89. Tat binds TAR 

RNA present at the 5’ end of all viral transcripts and recruits proteins from the SEC, which brings 

CDK9 in close proximity to the CTD of RNA pol II. Phosphorylation of CTD by CDK9 increases 

transcription rate and promotes transcription elongation90, producing a large amount of full-length 

vRNA. As a consequence, the partially-spliced ~4.5 kb mRNAs that encode Env, Vif, Vpu, or Vpr, 

and unspliced ~9 kb mRNAs that encode Gag, Gag-Pol, or constitute the genomic vRNA, 

accumulate in the nucleus. Nuclear export of these mRNAs by Rev marks the beginning of the late 

phase of the replication cycle. Rev binds to the RRE present on Env mRNA91 and complexes with 

chromosome maintenance factor 1 (CRM1) and RanGTP. The resulting ribonucleoprotein 

complex is exported through the nuclear pore using exportin machinery.  

Gag is translated in high levels as a 55 kDa polyprotein and acts as the main conductor of 

viral assembly. Its MA domain contains a basic region that has a high affinity to the negatively 

charged phospholipid heads on the inner leaflet of the membrane. At this location, electrostatic 

interactions unveil the MA N-terminal myristate that inserts into the membrane, stably docking 

Gag beneath the cell surface92. Gag also causes lipid rafts to coalesce at the assembly site. The NC 

domain recruits dimers of unspliced vRNA into nascent virions by binding the Y-element, a 

packaging signal on the 5’ untranslated region (UTR) of vRNA93. Gag-Pol polyproteins containing 

PR, RT, and IN are produced at 5% of Gag production due to ribosomal frameshifting during 

translation94 and incorporated into assembling virions. CA causes Gag to multimerize into a lattice 
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around vRNA. The Gag lattice also plays a role in irreversibly incorporating Env complexes into 

the membrane; the long cytoplasmic tail of Env glycoproteins, emerging from the secretory 

pathway as heterodimeric trimers of gp120 and gp41, are likely trapped by the lattice95. Finally, 

the p6 domain, via its N-terminal PTAP peptide motif, recruits the endosomal sorting complex 

required for transport (ESCRT) which catalyzes membrane fission to complete budding95.  

Maturation occurs after viral particles bud from the cell membrane. In a process necessary 

for viral infectivity, protease, packaged within the particles, cleaves the Gag and Gag-Pol 

polyproteins into individual mature proteins, initiating an internal restructuring that is 

characteristic of virion maturation. Release of individual CA proteins causes them to reassemble 

into the conical capsid core surrounding viral genomic RNA and individual proteins packaged 

within the particle96. Mutations decreasing the efficiency of PR activity detrimentally impacts viral 

infectivity leading to non-infectious particles97.  

 

1.2 Controlling HIV-1 infection  

1.2.1 Current anti-HIV-1 drugs & regimens  

HIV-1 drugs work on the principle of preventing the formation of new infectious virions 

by inhibiting specific and necessary steps in the viral replication cycle. Over 30 molecules have 

been developed to inhibit entry and fusion, reverse transcription, integration, and proteolytic 

cleavage (Table 1). Monotherapy is not used because the high mutagenicity of HIV-1 allows it to 

rapidly overcome antiviral effects. However, a combination of these drugs can suppress viral 

replication in the long-term.  

 

Table 1. Examples of currently FDA-approved antiretroviral drugs98  

Nucleoside/nucleotide 
reverse transcriptase 
inhibitors (NRTI) 

Non-
nucleoside/nucleotide 
reverse transcriptase 
inhibitors (NNRTI) 

Protease inhibitors 
(PI) 

Entry and fusion 
inhibitors 

Integrase strand 
transfer inhibitors 
(INSTI) 

Abacavir 
Emtricitabine 
Lamivudine 
Tenofovir 
Zidovudine 
 

Delavirdine 
Doravirine 
Efavirenz 
Etravirine 
Nevirapine 
Rilpivirene 
 

Atazanavir 
Darunavir 
Fosamprenavir 
Indinavir 
Lopinavir 
Nelfinavir 
Ritonavir 
Saquinavir 
Tipranavir 

Enfuvirtide 
Maraviroc  
 

Bictegravir 
Cabotegravir 
Elivitegravir 
Dolutegravir 
Raltegravir 
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The first drug used to treat HIV-1 infection was a reverse transcription inhibitor, a class of 

antiretrovirals that include nucleoside/nucleotide reverse transcriptase inhibitors (NRTI) and non-

nucleoside/nucleotide reverse transcriptase inhibitors (NNRTI). NRTIs lack the 3’-hydroxyl group 

necessary for DNA synthesis, effectively preventing creation of the HIV-1 DNA intermediate. 

Azidothymidine (AZT/zidovudine) paved the way for the discovery of NRTIs as the first class of 

antiretrovirals developed to treat HIV-1 infection. AZT was initially discovered and investigated 

in 1964 as an anticancer drug but was repurposed as the first approved antiretroviral drug in 1987 

when a clinical trial showed that it reduced mortality and the incidence of opportunistic infections 

in AIDS patients28. Clinical trials for other nucleoside analogues followed, including didanosine, 

zalcitabine, stavudine, alovudine, and lamivudine. Some of these have been dropped from clinical 

trials or discontinued due to toxicity. A list of currently used drugs is shown in Table 1. 

NNRTIs act as non-competitive inhibitors of HIV-1 reverse transcriptase. The first-

generation NNRTIs (efavirenz, delavirdine, and nevirapine) bind to the p66 subunit of RT in close 

proximity to the DNA polymerase active site. Binding distorts the architecture of the active site, 

reducing its catalytic efficiency99. Because these NNRTIs target the same binding pocket, they 

have an especially low genetic barrier to resistance. A single mutation against one drug can 

generate class-resistance to the others thus precluding their use100. While they are generally well-

tolerated, severe rashes occur in a small portion of patients and additionally, they can cause 

neurological side effects, and be teratogenic or hepatotoxic101,102. Additionally, unlike other 

inhibitors, most are ineffective against HIV-2 because of different residues within the binding 

site103. Chemical advancements in drug development have yielded second-generation NNRTIs 

(etravirine, doravirene, riplivirene) that have more flexible chemical structures, allowing them to 

adapt to conformational changes brought about by mutations and maintain important interactions 

necessary for inhibition104.  

With NRTIs, protease inhibitors (PI) were the second chemical class included in early 

cART regimens. They can either bind directly to HIV-1 protease to inhibit its activity, or they 

augment the activity of other inhibitors by restricting metabolic cytochromes from metabolizing 

the inhibitors105. Inhibitors that bind protease directly mimic the polyprotein cleavage site to 

interact with relatively conserved residues in the HIV-1 protease active site. This structural 

mimicry sequesters protease away from viral polyproteins and prevents the formation of new 
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infectious virions. Those that inhibit metabolic cytochromes, such as ritonavir, are used in 

combination with another protease inhibitor to boost its bioavailability.  

HIV-1 entry may be considered as three distinct steps: binding of CD4, binding of 

coreceptor, and fusion, each of which presents a unique drug target. Attachment inhibitors were 

developed to block the first two steps by disrupting interactions with CD4, CCR5, and CXCR4. 

However, targeting cellular receptors, particularly CD4 and CXCR4, is undesirable because of 

their essential roles in T cell function. The exception is CCR5. Its antagonist maraviroc is the only 

attachment inhibitor approved by the FDA and Health Canada. Clinical trials showed that it was 

well-tolerated, able to reduce viral load, and showed similar efficacy to an established NNRTI, 

efavirenz106. However, maraviroc is ineffective against CXCR4-tropic isolates and resistance can 

develop quickly against it as HIV-1 can mutate to use maraviroc-bound CCR5107. Fusion inhibitors 

bind to the gp41 subunit of HIV-1 Env and prevent the formation of the fusion peptide and 

subsequent fusion of viral and host cell membranes.. Enfuvirtide was the first approved chemical 

in this class. 

There are five approved integrase strand transfer inhibitors (INSTI): the first-generation 

drugs are raltegravir and elvitegravir and the second-generation drugs are dolutegravir, bictegravir, 

and cabotegravir. Strand transfer refers to the second integration step where the viral DNA, 

previously cleaved at the 3’ ends, is inserted into host DNA. INSTIs are active in intasomes, the 

nucleoprotein complex containing viral DNA, host and viral proteins that assembles before the 

integration step. They destabilize the integrase-DNA complex by interacting with Mg2+ cofactors 

and displacing viral DNA from integrase108,109. They have a high genetic barrier to resistance, 

though resistant mutants against all available INSTIs have been reported. Cabotegravir is the most 

recently approved INSTI and is notable for its long-acting effects given its elimination half-life of 

5.6-11.5 weeks following intramuscular injection110.  

Three-drug regimens known as highly active antiretroviral therapy were introduced in the 

mid-1990s. Now named combination antiretroviral therapy (cART), it remains the gold standard 

for treating HIV-1 infections. For a majority of patients, cART prevents progression to AIDS and 

effectively reduces the viral load in blood below the limits of clinical detection (<50 copies HIV-

1 RNA/ml)111 so that the virus is no longer transmitted112-114. Improvements to the drug profile, as 

described above, have made cART even more effective and tolerable; the decline in number of 

new HIV-1 infections since the early 2000s is a testament to its effectiveness. The exact 
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combination used depends on the treatment history of the patient but commonly consists of two 

NRTIs and an inhibitor from another class. Treatment failure can arise from a multitude of reasons 

– poor adherence, poor absorption, drug resistance, dosing issues, drug-drug interactions – and 

treatment regimens are adjusted by switching out specific drugs to retain virologic suppression.  

Two-drug regimens are under study. Treatment options that use fewer chemicals may avoid 

the toxicities associated with lifetime exposure to a cocktail of drugs, but they run the risk of 

virologic failure and drug-resistant strain emergence115. However, clinical trials showing the non-

inferiority of multiple two-drug formulations compared to three-drug cocktails are giving credence 

to the possibility of implementing two-drug regimens115. For example, two phase III clinical trials 

showed that monthly injections of long acting cabotegravir and rilpivirene were noninferior to a 

standard three-drug oral therapy116,117. Today, US, European, and international guidelines include 

the use of two-drug regimens for both treatment-naïve and virologically suppressed individuals, 

but with significant caveats115,118.  

Monotherapy should not be used because of rapid viral evolution to resist single-drug 

regimens, but challenges with adherence and cART failure among HIV-positive children in 

resource-limited settings have led to strategies using lamivudine monotherapy in youth. However, 

the risk of developing worse outcomes is high as shown by prospective studies in Asia and South 

Africa which found that pediatric individuals on lamivudine monotherapy experienced significant 

CD4 decline119,120. 

 

1.2.2 Prevention  

The inhibitors used to treat HIV-1 infection are also used in drug formulations for 

preventing infections. Non-infected individuals who are at a higher risk for contracting the virus 

can protect themselves against infection by taking pre-exposure prophylaxis (PrEP)121-123. Three 

formulations are currently approved by the FDA, including two once-daily oral medications 

(emtricitabine/tenofovir disoproxil fumarate123 and emtricitabine/tenofovir alafenamide124) and 

one long-acting injectable medication (cabotegravir extended-release injectable suspension). The 

oral pills are generally well-tolerated and widely available but require daily adherence to be 

maximally effective. Extended-release formulations that require less frequent doses would expand 

treatment options for individuals for which daily medications present a barrier. Cabotegravir, an 

INSTI discovered in 2013, was investigated as a strong candidate because of its slow metabolism, 
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low aqueous solubility, and high melting point, properties that allow it to be formulated as an 

injectable drug125. In two stage 3 randomized, double-blind, controlled noninferiority or 

superiority trials, bimonthly injections of cabotegravir were shown to be as effective as 

emtricitabine/tenofovir disoproxil fumarate126,127. These results were consistent in cisgender men, 

transgender women, and cisgender women. In December 2021, the FDA approved cabotegravir as 

the first long-acting injectable prevention medication for individuals 12 years of age and over. 

However, its prohibitive cost at $3700 per dose, a price tag 6100% higher than generic 

emtricitabine/tenofovir oral formulations128, prevents its use for individuals in under-resourced 

communities where long-acting prevention strategies could make the most impact. Given the high 

efficacy of HIV-1 preventative drugs, increasing governmental investment in PrEP programs can 

contribute to reducing transmission.  

Other science-based methods that mitigate the risk of infection include condom use, clean 

needle exchange programs, circumcision, and screening129,130. Studies have also shown that 

comprehensive sexual education can impact behaviour in a way that reduces transmission37,131.   

 

1.3 Towards a HIV-1 cure 

1.3.1 Drawbacks to cART 

cART has revolutionized the treatment of HIV-1 infection, transforming a fatal diagnosis 

into a manageable chronic infection132. Despite their efficacy and general tolerability, lifetime 

dependence on antiretroviral drugs is associated with a higher risk for premature development of 

age-related diseases such as cardiovascular diseases, diabetes, and frailty133,134 which puts 

increasing pressure on public health systems as the demographics of PLWH shift to an older 

population135. Furthermore, virologic failure can occur with poor adherence and for individuals 

with low (< 200 cells/mm3) CD4+ T cell counts136. Finally, cART is unable to eradicate HIV-1 

reservoirs, and persistent but low-level replication of the virus in patients on cART137 triggers 

chronic inflammatory responses that lead to comorbid diseases. Therefore, the search for a cure 

that had started around 15 years ago is necessary and becoming increasingly urgent138. Equipped 

with a greater understanding of HIV-1 biology, insight into cellular reservoirs, and lessons from 

individuals who have been cured, researchers are slowly piecing together the components that may 

one day come together into a cure for all PLWH. 
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1.3.2 Latent reservoirs as a barrier to cures 

Since the start of the HIV-1 pandemic, methods that completely eliminate the virus from 

the body have proved to be difficult to achieve. The main barrier is the latent HIV-1 reservoir in 

resting CD4+ memory T cells. In the latent state, proviral DNA remains stably integrated in the 

genome but is not actively expressed, thus viral proteins are not targeted by cART drugs and 

infected cells avoid immune recognition139. This mechanism of viral persistence is not intrinsic to 

the replication cycle but is rather a consequence of the fundamental immunological dynamics of 

the CD4+ T cells the virus preferentially infects. Two mechanisms of latency have been suggested. 

The first, known as pre-integration latency, involves the infection of naïve resting CD4+ T cells. 

These cells support HIV-1 reverse transcription but integration of viral complementary (c)DNA 

fails to occur140. If the cells were activated while viral DNA was still intact, then integration and 

production of infectious virions could take place. Thus, activating a reservoir of recently infected 

naïve T cells can be a mechanism of latency but for patients on cART, this reservoir is likely 

limited as any new virions would be targeted by the drugs. Post-integration latency likely 

constitutes the mechanism for the majority of latently infected CD4+ T cells141. In this scenario, 

viral cDNA is integrated into host DNA. These cells are transcriptionally active and most 

susceptible to productive infection. Most infected cells die because of cytopathic effects of the 

virus and the naturally short lifespan of effector cells, but some persist as memory T cells, which 

have slowed metabolic rates and importantly, are transcriptionally inactive until they encounter an 

activator which leads to their production139. In this latent state, the provirus is unable to be targeted 

by antiretroviral drugs. Induction of transcription factors that leads to cellular reactivation 

promotes transcription of the provirus, leading to a fresh round of viral replication. The presence 

of latent HIV proviruses necessitates lifetime dependence on cART drugs to control viral 

production from these reservoirs142,143.   

Cure strategies based on immune activation combined with cART have been attempted 

with the reasoning that the cytotoxicity of a massive quantity of virions purged by cytokines that 

induce viral replication such as IL-2, IL-6, and TNF144,145 would kill reservoir cells while 

antiretrovirals would prevent new infections146. While this “shock and kill” strategy did reduce the 

pool of latently infected CD4+ T cells in circulation, patients who were subsequently taken off 

cART showed rapid viral rebound indicating that activation at the cellular level is insufficient for 

wholly purging latent reservoirs147,148. Other activation methods at the chromatin level have also 
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been investigated for reservoir activation. Histone deacetylases (HDACs) condense chromatin and 

reduce transcription, thus HDAC inhibitors should increase transcription of proviruses. 

Nevertheless, experiments with these inhibitors have largely been unfruitful149,150. Overall, all 

shock and kill strategies so far have failed to meaningfully delay viral rebound151.   

 

1.3.3 Functional cures  

The pessimism surrounding the feasibility of a cure lifted in 2010 when Timothy Ray 

Brown, previously known as the Berlin patient, was announced as the first person in the world to 

be cured of HIV-1. Slated to receive an allogeneic hematopoietic stem cell transplant (HSCT) to 

treat an unrelated acute myeloid leukemia (AML), Brown’s doctors matched him with a donor 

whose hematopoietic stem cells (HSCs) contained a homozygous 32 bp deletion in the ccr5 gene 

(ccr5 32/32)152. Since the late nineties, researchers had noted that individuals carrying a 

homozygous or heterozygous deletion in ccr5 were more resistant to HIV compared to individuals 

with the wild type (WT) gene153-156. Cells with this genetic mutation lack CCR5 expression on 

their surface and are thus resistant to R5 viruses. Undergoing an irradiating treatment that removes 

all bone marrow cells followed by a transplant with resistant cells had the potential to reduce the 

viral reservoir and prevent new infections, a combination that would obviate the need for a daily 

cART regimen. This turned out to be the outcome. Despite being off cART for 13 years, Brown 

remained in remission from HIV-1 infection and was considered cured. He died in 2021 as a result 

of a resurgence in his leukemia. 

Brown’s case is an example of a functional cure, a long-term viral control strategy without 

the administration of antiretroviral drugs, and it is not a singular one. Since the landmark paper 

describing Brown’s remission, four other patients have displayed an ongoing absence of viral 

rebound after cART interruption following an allogeneic HSCT with ccr5 32/32 donor cells 

(Table 2). Adam Castillejo, previously known as “the London patient”, received analytic treatment 

interruption (ATI) 16 months post-transplant and according to the most recently published update 

in 2020, had not experienced rebound for 2.5 years since ATI157. The Düsseldorf patient received 

a transplant in February 2013 to treat recurring AML and stopped cART in November 2018. In 

the most recent update published in Nature Medicine in February 2023, he had been in remission 

for 4 years158 Another case of long-term remission without cART comes from the IMPAACT study 

in the USA and is the first example of a female patient who is potentially cured of HIV. This 
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patient received a transplant with a mix of donor cells containing haploidentical peripheral stem 

cells and cord blood stem cells harbouring ccr5 32/32159. At the most recent update presented 

at CROI in February 2022, the patient had been in remission for 14 months. The most recent 

example of a potential cure, the “City of Hope patient”, was presented in August 2022 at the 

International AIDS Society (IAS) Conference on HIV Science. The patient, who received an 

allogeneic transplant with ccr5 32/32 HSCs to treat acute myelogenous leukemia, is the oldest 

individual to achieve remission from both the cancer and HIV-1. He underwent ATI in March 

2021 and had been in remission for over 16 months at the time of announcement160. Collectively, 

these cases give hope to the feasibility of a functional cure and so far, HSCTs with ccr5 32/32 

are the only method that have demonstrably achieved a cure result.  

 

Table 2. Stem cell transplants in patients diagnosed with HIV-1 and a blood cancer 

Patient Hematological 
diagnosis 

Donor type/graft 
source 

Donor 
CCR5 
genotype 

Time of ATI Length of 
remission since 
ATI  

Ref 

Timothy 
Ray Brown 
(Berlin 
Patient) 

Acute myeloid 
leukemia 

HLA-matched 
HSCs 
(transplanted 
twice) 

32/32 1 day pre-
transplant 

13 years 152 

Adam 
Castillejo 
(London 
patient) 

Hodgkin’s 
lymphoma 

HLA-matched 
HSCs 

32/32 16 months post-
transplant 

30 months in last 
published update 
May 2020; 
currently 5.5 
years 

157,161 

Düsseldorf 
patient 

Acute myeloid 
leukemia 

HLA-matched 
HSCs 

32/32 5 years post-
transplant 

4 years (last 
update Feb 2023) 

158 

City of Hope 
patient  

Acute 
myelogenous 
leukemia 

HLA-matched 
HSCs 

32/32 2 years post-
transplant 

16 months (last 
update Aug 2022 
at IAS) 

160 

USA patient Acute myeloid 
leukemia 

Cord blood stem 
cells + 
haploidentical 
HSCs from 
relative 

32/32 37 months post-
transplant 

14 months (last 
update Feb 2022 
at CROI) 

159, 
NCT02140944 

Essen 
patient 

Non-Hodgkin’s 
lymphoma 

HLA-matched 
HSCs 

32/32 7 days pre-
transplant 

3 weeks before 
rebound 

162 

Boston 
patients 
(patient 1; 
patient 2) 

Hodgkin’s 
lymphoma; 
myelodysplastic 
syndrome 

Single HLC-C 
mismatched (7/8 
match) HSCs 
from unrelated 
donor; HLA-
matched HSCs 
from sibling 

WT; WT  84 days before 
rebound; 225 
days before 
rebound 
 

163,164 
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Though none of these patients have shown viral rebound, trace detections of HIV-1 DNA 

have been observed in some samples of CD4+ T cells and tissues from each patients165,166. Due to 

limitations in the sensitivity of detection methods, whether these signals are false positives or 

indicative of a reduced but persistent viral reservoir is impossible to know without taking large 

tissue biopsies. IciStem is an international effort to compile all known cases of viral suppression 

after allogeneic HSCTs (icistem.org, accessed on 15 November 2022)167. Two patients registered 

in this study died a few months after transplant and their tissues were analyzed with digital droplet 

PCR to investigate the existence of reservoirs. Proviral DNA was undetectable in peripheral blood 

mononuclear cells (PBMCs), but non-negligible copies of HIV-1 DNA were found in the lungs, 

spleen, and liver168. Without functional tests such as viral outgrowth assays, whether they are 

replication-competent cannot be ascertained, but these outcomes show that tissue reservoirs are 

present after allogeneic HSCT and may be a source for viral rebound.  

There are major caveats to using stem cell transplants to cure HIV-1 infection. First, given 

the cost and resources required for the transplant and its aftercare, the procedure is not scalable to 

the millions of people living with the virus, particularly for those living in under-resourced 

communities that shoulder most of the disease burden. Second, HSCTs have risks and side effects; 

the most common cause of death after allogeneic HSCT, apart from relapse of the original disease, 

is graft versus host disease (GVHD) but patients are vulnerable to infections and respiratory and 

cardiovascular diseases as well169. Currently, use of HSCT to treat HIV-1 is reserved as a last-

resort for individuals who are also diagnosed with a blood cancer. Finally, ccr5 32/32 cells 

remain penetrable to X4 and X4/R5 viruses. R5 viruses dominate early stages of infection but they 

are known to switch coreceptor use to CXCR4 in later stages170-172 and in cART-treated patients173. 

Transplants with ccr5 32/32 cells may subject X4 or X4/R5 viruses to selection pressure, 

promoting their emergence. An example of this case was demonstrated with the Essen patient who 

underwent ATI before transplantation with ccr5 32/32 cells. Prior to the transplant, genotypic 

analyses of the gp120 V3 loop, the amino acid architecture that determines coreceptor use, revealed 

viral preference for CCR5, but the patient experienced a viral rebound in CXCR4-tropic viruses 

20 days post-transplantation162. Interestingly, in Brown’s case, X4 viruses were also detected at 

low levels in plasma but they did not lead to a rebound152. Given the heterogenous nature of HIV-

1 infection between individuals, it is possible that replication-competent X4 viruses existed in a 

larger proportion in the Essen patient and were able to reseed infection in the reconstituted immune 
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system. Ultimately, this case cautions against universal application of transplants as a cure, 

especially for individuals with advanced infection or treatment-experienced individuals.  

 

1.4 RNA-based gene therapies for a functional cure 

1.4.1 RNA interference (RNAi)  

The discovery that exogenous dsRNA can interfere with mRNA expression was discovered 

in C. elegans in 1998174. dsRNA is processed through the RNA interference (RNAi) pathway to 

generate a double-stranded small-interfering RNA (siRNA) with one strand complementary to a 

sequence on the original dsRNA. First, the dsRNA is cleaved into a short, double-stranded siRNA 

by the RNase Dicer. The Dicer-siRNA complex associates with other cellular proteins to form the 

RNA-induced silencing complex (RISC), where one strand of the siRNA is removed by an 

Argonaute RNase (Ago2). The remaining guide strand leads the complex to the complementary 

sequence in the target mRNA which is cleaved by Ago2. In plants and invertebrates, RNAi serves 

as a defense mechanism against viruses. In mammalian cells, this pathway may be harnessed to 

target specific foreign RNA pathogens.  

 

1.4.2 Harnessing shRNAs for gene therapy 

While there have been major advances in the development of siRNAs as drugs, their short 

half-lives and difficult delivery limit their success as a drug, particularly for HIV-1. An alternative 

is to harness the antiviral properties of RNAi instead with shRNAs to precisely target HIV-1 

transcripts or host mRNAs for degradation, ultimately preventing production of new virions in a 

gene therapy setting. shRNAs consist of a ~19 bp stem that form the sense and antisense strands, 

a ~9 nucleotide (nt) hairpin loop, and a 2 nt 3’ UU overhang175. Early studies showed that they are 

more accurately and efficiently expressed from RNA pol III promoters, results which were later 

corroborated by comparisons studies175-177. They can be transiently introduced into mammalian 

cells with vectors either by cell transfection with DNA plasmids or with viral vectors that do not 

persist in cells, such as adeno-associated viruses. They can also be permanently expressed in cells 

through transduction with retroviral vectors. Upon transcription, these small single-stranded RNA 

molecules spontaneously rearrange into dsRNA hairpins that are processed into active ~19 bp 

siRNAs through Dicer cleavage of the loop structure. Dicer in complex with the siRNA and the 

TAR RNA binding protein (TRBP) then associates with Ago2 to form the RISC. One strand is 
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cleaved by Ago2, leaving an active guide that is complementary to the target which is subsequently 

degraded by Ago2. In addition to this canonical shRNA format, up to three targeting moieties can 

be designed into a single extended shRNA. The extended stem is cleaved into separate siRNAs by 

Dicer before being further processed in the RISC. Furthermore, shRNAs with shorter stems can 

directly complex with Ago2 (Ago-shRNAs) to avoid cleavage by Dicer178. With polyA-specific 

ribonuclease (PARN), Ago2 promotes degradation of the strand on the 3’ end of the shRNA, 

resulting in a single-stranded guide RNA (gRNA). Absence of a second strand eliminates concerns 

over off-target activity by the passenger strand therefore reducing its cellular toxicity, but also 

reduces RNAi activity178. 

1.4.3 Delivery  

To be used in a curative manner, the DNA sequences for antiviral shRNAs need to be 

permanently inserted into the host cell genome to prevent their dilution in subsequent generations 

of cells. Insertion can be achieved with viral vectors based on retroviruses that integrate their 

payload into the host genome without disturbing essential functions. The replication cycle of 

retroviruses is unique in its generation of a dsDNA intermediate that is then integrated into the 

host genome. All retroviruses code for at least three genes, gag, pol, and env, that are necessary 

for generating new virions. Their viral genomes also contain LTRs at the 5’ and 3’ ends that contain 

transcriptional elements required for replication and reverse transcription. Retroviral systems are 

a collection of vectors that only generate replication-competent virus when expressed concurrently 

in a cell. The gag, pol, and env genes are supplied on separate vectors, as are the LTRs and the 

therapeutic gene of interest. The vector carrying Env is often pseudotyped with the coding 

sequence for glycoprotein G from vesicular stomatitis virus (VSV-G) to increase the recombinant 

virus’s tropism across a greater number of cell types 179. Early clinical gene therapy trials in HSCs 

used vectors based on murine leukemia viruses (MLVs) to correct immune disorders180,181. While 

one study successfully demonstrated the safety and durability of gene therapy181, the other saw 

five patients develop leukemia as a result of insertional oncogenesis180,182. Additional studies with 

gamma-retroviruses such as MLVs showed that they preferentially insert into transcriptionally 

active sites and can activate oncogenes183. This redirected focus to a different retrovirus genus, the 

lentiviruses, which are less likely to insert in the vicinity of oncogenes and led to the development 

of self-inactivating vectors184. Lentiviral systems are typically derived from HIV-1 and consist of 
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different plasmids that carry the transgene and LTRs, as well as genes encoding Env and packaging 

proteins. These systems have been extensively improved over the years. The most current iteration 

are the self-inactivating, third generation lentiviral vectors that lack HIV-1 accessory virulence 

factors, separate gag and pol from env and rev, and contain deletions in the 3’ LTR to disrupt its 

promoter/enhancer function185. Such modifications are meant to reduce insertional oncogenesis 

and prevent formation of replication competent lentiviruses (RCL), virions that could newly infect 

cells. Third generation systems have been used in gene therapy trials to treat HIV-1 infection186, 

genetic diseases187-189, and lymphomas190-193 by modifying T cells and HSCs. None of these studies 

observed adverse events related to the lentiviral vector. A recent study combed through 460 

transduced cell products across 26 clinical trials for RCL and found none194. The first HIV-1 gene 

therapy trials in autologous CD4+ T cells showed persistence of modified cells for up to 5 years in 

some patients, integration enrichment in non-oncogenic regions, and absence of RCL195,196.  

 

1.5 Direct gene editing for a functional cure  

1.5.1 Zinc finger nucleases (ZFNs)  

The first programmable editing systems developed were the zinc finger nucleases (ZFNs). 

These enzymatic complexes are engineered from the DNA-binding sites of zinc finger proteins 

(ZFPs) and the nuclease domain of the bacterial Fok1 restriction enzyme197. The DNA-binding 

sites of ZFPs consist of repeated amino acid motifs that each fold into conserved beta-hairpin and 

alpha helix modules in the presence of zinc, forming Cys2-His2 “fingers”198 (Figure 4). A tandem 

series of fingers, each separated by a linker region, contact a segment of DNA through noncovalent 

interactions between residues on the alpha helix and DNA nucleotides. Canonically, each finger 

docks onto a nucleotide triplet but some may contact four base pairs199. Each finger may be 

modified by changing alpha helical residues to bind a nucleotide of choice, resulting in an 

engineered ZFP that targets a desired sequence. The endonuclease domain of Fok1 cleaves non-

specifically when it is dimerized around DNA. When coupled with the DNA-binding zinc fingers, 

enzymatic activity is limited to a specific region defined by the ZFP, thus yielding a molecular 

tool for cleaving any desired sequence. Upon expression in the cell, ZFNs generate double-

stranded breaks (DSBs) at the target sequence which are subsequently rejoined by cellular DNA 

repair mechanisms including non-homologous end joining (NHEJ) and homology directed repair 

(HDR).  
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Figure 4. Schematic of a zinc finger nuclease. ZFNs consist of alpha-helix/beta-hairpin modules 
(three per ZFN are illustrated here) fused at its C-terminal with the Fok1 endonuclease. The tertiary 
structure of each zinc-finger module is stabilized through interactions with a zinc ion, represented 
by a blue circle. Each module corresponds to a triplicate of nucleotides which taken together, 
comprise the target sequence flanking the cleavage site. ZFNs function as homodimers to generate 
a DSB.  

 

1.5.2 Transcription activator-like effector nucleases (TALENs) 

Another class of designer nucleases are the transcription activator-like effector nucleases 

(TALENs). Like ZFNs, TALENs are enzymatic chimeras engineered to cleave the genome 

through protein-DNA interactions. The DNA-binding domain is derived from transcription 

activator-like effectors (TALE), proteins naturally produced by Xanthomonas bacteria to induce 

infection susceptibility in plant cells200. DNA recognition is achieved through interactions between 

the genomic sequence and an array of TALE modules, each containing 33-34 repeating residues; 

a pair of variable residues located at positions 12 and 13 determines the nucleotide specificity of 

each module201,202 (Figure 5). TALEs customized at the two variable residues can be combined 

with the Fok1 endonuclease to generate TALENs that cleave a target sequence. TALENs host a 

series of advantages over ZFNs. They are easier to synthesize and may be designed against a wider 

range of targets than ZFNs because the specificity of a TALE module for a nucleotide residue is 

one-to-one, whereas each zinc finger binds to a nucleotide triplet and may overlap203. Neighboring 

zinc fingers influence the orientation of residues on the binding interface, thus potentially reducing 

the specificity of ZFNs compared to TALENs204. Imprecise binding of zinc fingers to DNA 
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coupled with non-specific Fok1 endonuclease activity can cause a high rate of genome-wide off-

target effects, resulting in cytotoxicity203. On the other hand, the large size of TALENs205 makes 

cellular delivery more difficult compared to ZFNs206.    

 

Figure 5. Schematic of a transcription activator-like effector nuclease. TALENs are composed 
of a Fok1 endonuclease fused with 13-28 modular TALE proteins that each correspond to a single 
nucleotide (6 modules per TALEN are illustrated as an example). All modules are identical in their 
~34 amino acid makeup except for two variable residues present at positions 12 and 13. These 
variable residues determine the nucleotide specificity of the module. Variable residues “NN” have 
high specificity to guanine; variable residues “NI” have high specificity to adenine; variable 
residues “HD” have high specificity to cytosine; variable residues “NG” have high specificity to 
thymine. Upon binding to the target sequences flanking the cleavage site, TALENs function has 
homodimers to generate DSBs. 

 
1.5.3 Clustered regularly interspaced palindromic repeats (CRISPR)  

The most recent additions to designer nucleases are the CRISPR (clustered regularly 

interspaced palindromic repeats) associated (Cas) nucleases. Although they arrived later to the 

scene as a functional genome-editing tool, their comparative ease of use catapulted this technology 

to the forefront of genome engineering. There are two CRISPR-Cas systems (Class 1 and 2) 

subdivided into several types, and CRISPR-Cas9, a member of the Class 2 type II family, is the 

best-characterized and most widely used. CRISPR-Cas9 was derived from an RNA-guided defense 

mechanism in Streptococcus pyogenes that protects the bacterium against foreign DNA, most often 

of a viral origin. Canonically, fragmented sections of invading DNA are incorporated into a 

CRISPR locus consisting of multiple foreign-derived sequences interspaced by short repeats207. 

Post-transcriptional processing of the RNA expressed from this locus yields CRISPR RNAs 

(crRNAs) complementary to invading DNA. Type II systems require that crRNAs mature by 
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duplexing with a trans-activating RNA (tracrRNA), a small RNA encoded upstream of the 

CRISPR locus208. Upon colocalization with Cas9, the duplexed RNAs guide the nuclease to target 

and destroy complementary invading DNA. Molecular engineering has simplified the RNA 

requirements and produced an easily manipulated CRISPR-Cas gene editing system that involves 

two components: a single guide RNA (sgRNA) formed by hybridizing the crRNA and tracrRNA, 

and the Cas endonuclease that generates a DSB209 (Figure 6). sgRNA target selection is limited by 

the requirement of a protospacer adjacent motif (PAM) next to the target site, which is determined 

by the chosen variant of Cas.  

 

Figure 6. Schematic of Cas9-sgRNA ribonucleoprotein targeting DNA. CRISPR/Cas9 has 
been engineered to require only a sgRNA to guide the Cas9 enzyme to a target site adjacent to a 
PAM sequence, a set of 3 nucleotides necessary for enzymatic activity. The hairpin structure at the 
3’ end of the sgRNA binds Cas9, while the single-stranded 5’ sequence mediates binding to the 
complementary DNA region. Recognition of the target sequence and the PAM triggers DNA 
melting and sgRNA invasion to form an RNA-DNA heteroduplex. The catalytic RuvC and HNH 
domains of Cas9 mediate a double-stranded break. 

 

1.6 Targets for HIV-1 gene therapy 

1.6.1 Viral targets  

shRNAs have massive potential as anti-HIV-1 agents because of their ease of design and 

specificity of action. Some of the early siRNAs sequences were then adapted to be delivered with 

lentiviral vectors and to determine if their promising activity was maintained during long-term 

expression in lymphocytes or in HSCs. Early attempts targeted either HIV-1 sequences or the 
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coreceptors210-213. To ensure global activity against all HIV-1 strains, they must target conserved 

regions of the HIV-1 genome. In the first genome-wide screen to identify conserved target sites, 

the authors aligned 20 nt sequences in the HIV-1 subtype B LAI isolate to 170 complete HIV-1 

sequences in the Los Alamos HIV-1 database and looked for complete sequence homology in at 

least 75% of the 170 genomes214. 86 shRNAs were designed targeting 19 regions, and 21 

demonstrated strong inhibitory effects against HIV-1 replication. The four most effective shRNAs 

were cloned into a lentiviral vector and tested in vivo in a mouse model; one was immunotoxic but 

the combined expression of the remaining three was shown to safely inhibit HIV-1 replication215. 

A second genome-wide screen evaluated sequence homology in 19 nt windows across HIV-1 full 

length and partial fragments in the Los Alamos database216. Target sites were selected based on 

perfect matches and highest conservation estimates, resulting in the design of 96 shRNAs. 

Approximately two thirds were highly active against HIV-1 strain NL4-3 production. A third set 

of 26 shRNAs was designed by probing HIV-1 RNA architecture and identifying accessible target 

regions217. The majority of these shRNAs reduced HIV-1 production in cell assays, and eight were 

found to completely inhibit or significantly delay replication in a human T lymphocytic cell line. 

Safety evaluations showed that five out of these eight shRNAs did not have effects on cell growth. 

Using shRNAs identified from previous screens the efficacy of four top-performing candidates in 

mouse models reconstituted with transduced human HSCs was evaluated and three of them did 

not affect normal hematopoiesis218. Using a ribozyme screen to identify a highly accessible 

antisense target site in HIV-1 RNA, an shRNA was identified targeting a conserved region in the 

gag coding sequence of HIV-1 RNA that significantly reduced viral production in diverse HIV-1 

strains from different clades219. Like cART, effective shRNAs will need to be combined with each 

other or with other antiviral molecules to ensure lasting protection against new infections because 

HIV-1 will quickly develop escape mutations against single shRNA regimens220,221.  

1.6.2 Cellular targets 

In addition to targeting viral genes, shRNAs may be developed against host factors that 

mediate viral infection such as CCR5. Given its critical role as an HIV-1 entry receptor, disrupting 

the interaction between HIV-1 Env and CCR5 would prevent infection. The efficacy of targeting 

this protein has been demonstrated with the FDA-approved CCR5 antagonist maraviroc, which is 

used to treat HIV-1 infection particularly in patients who failed to respond to or are intolerant to 
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cART regimens106. One study showed that a CCR5 shRNA combined with C46, a membrane-

bound fusion inhibitor, significantly suppressed CCR5-tropic viral infection in cell lines and 

PBMCs222. This combination has been transduced into CD4+ T cells and CD34+ HSCs in a clinical 

trial (NCT01734850). However, the preliminary results published on the clinical trials website 

show that it did not reduce viral load by 48 weeks, likely because the shRNA and C46 were not 

stably expressed as neither was detectable by qPCR at the end of the study period. A separate 

phase I/II trial currently underway aims to transduce human HSCs with a CCR5 shRNA in 

combination with a human-rhesus macaque tripartite motif chimeric protein (TRIM5α-HRH) and 

a TAR decoy (NCT02797470). Another host factor that has been shown to be a cofactor of HIV-

1 replication is lens epithelium-derived growth factor (LEDGF)/p75223. Interactions between 

LEDGF/p75 and HIV-1 integrase is important for supporting infection as demonstrated in cell 

knockout experiments223. Because LEDGF/p75 also mediates critical host genome-protein 

interactions, prudence is required to disrupt only its interactions with HIV-1, which has been 

achievable with specific missense mutations223.  

Other cellular factors that support HIV-1 replication may be identified using genome-wide 

siRNA libraries assaying for genetic targets that, when knocked down, result in reduced viral 

production. Three such siRNA screens have been performed, each identifying between 224 and 

295 factors not previously associated with HIV-1 replication224-226. While these screens may not 

be comprehensive because they failed to identify known cofactors such as LEDGF/p75, they did 

independently flag overlapping mediator proteins that play a role in the interactions between Tat 

and the transcription machinery. Indeed, the knock-down of some mediator proteins induce an 

inhibition of HIV-1 production, but sustained knocking-down of these factors may affect long-

term cellular functions and should be considered cautiously227. A meta-analysis of cofactors 

involved in HIV-1 replication implicate pathways related to transport across the nuclear pore, GTP 

binding, and protein complex assembly as therapeutic targets228. While targeting cellular factors 

to prevent HIV-1 replication is an interesting method that could lead to a more constant target than 

the viral genome, besides CCR5, there is currently no other gene that can be considered for a long-

term inhibition without affecting cellular functions. 
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1.7 Hypothesis and Objectives  

1.7.1 Rationale 

The success of the only reported cures of HIV-1 are based on the absence of cell-surface 

CCR5 coreceptors on HSCs and their progeny. Additionally, mutations in ccr5 have no known 

negative effects. Thus, recapitulating the mutant ccr5 genotype in patient cells may prevent entry 

of R5 viruses. Inhibition would not be complete because of the presence of X4 and R5/X4 viruses. 

This thesis aims to determine the feasibility of generating cells that are resistant to R5 and X4 

viruses by using CRISPR-Cas9 to generate a homozygous mutation in the ccr5 gene, then further 

modifying these cells with an effective and non-toxic shRNA to inhibit production of CXCR4-

tropic isolates.   

 

1.7.2 Aim 1: Determine the efficacy and toxicity of promoter-shRNA cassettes 

shRNAs are typically expressed from one of three human type 3 RNA pol III promoters, 

7SK, U6, or H1. Each of these promoters has a different transcriptional efficiency that affect the 

potency and toxicity of its downstream gene. Additionally, each shRNA may have sequence-

specific potencies and toxicities which may be modulated by the promoter from which it is 

expressed. Our lab had previously showed that sh1498, a shRNA we identified as being highly 

conserved and effective at inhibiting HIV-1 production in HEK293T cells219, and sh5983, a 

shRNA targeting the tat/rev region that is undergoing clinical trials186, are more potent when 

expressed from the 7SK and U6 promoters176. We had also compiled a panel of shRNAs that target 

regions in the HIV-1 genome with high sequence conservation and identified three, L1, P2, and 

S3, that significantly delayed viral replication in a T cell line when expressed from the H1 promoter. 

Because we found that promoter selection can modulate shRNA potency, it is worthwhile to 

investigate whether these three shRNAs can be optimized with a different promoter. Thus, the first 

aim is to determine an optimal promoter-shRNA cassette by comparing the efficacy and toxicity 

of L1, P2, and S3 expressed under each of the three promoters. 

 

1.7.3 Aim 2: Generate R5 and X4 resistant cells with ccr5 gene editing and a shRNA 

Individuals with a heterozygous 32/WT or homozygous 32/32 mutation in the ccr5 

gene are, respectively, partially or completely resistant to infection with R5 viruses. This deletion 

results in a truncated protein that is not expressed at the cell surface, thus preventing viral entry. 
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CRISPR/Cas9 can be used to induce DSB in ccr5 that, when resolved by cellular repair machinery, 

may result in indels that cause frameshift mutations and an early stop codon that truncate 

translation of the protein. Because the collection of indels produced by cellular repair machinery 

are heterogeneous, a pair of gRNAs may be used to better control the anticipated deletion. Two 

different pairs of guide RNAs (gRNA) with minimal off-target activity that bind sequences in the 

protein coding region of the ccr5 gene have been shown to restrict viral replication in primary 

human HSCs, primary human CD4+ T cells, or T cell lines 229-231. However, modifying cells with 

these deletions will not restrict CXCR4-tropic strains. Thus, the second aim is to generate a 

monoclonal T cell line with a homozygous deletion in ccr5 then determine whether these cells, 

when further transduced with an antiviral shRNA, can restrict entry of R5 viruses and replication 

of X4 viruses.  
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Chapter 2: Materials and Methods  

2.1 Cell culture maintenance  

HEK293T cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) (HyClone). 

SUP-T1 (ATCC) and PM-1 (NIH AIDS Reagent Program) cells were grown in Roswell Park 

Memorial Institute (RPMI) medium (HyClone). Both media were supplemented with 1% 

penicillin-streptomycin (Life Technologies) and 10% heat-inactivated, filtered fetal bovine serum 

(FBS) (HyClone). Media supplemented in this manner are termed “complete”. All cell lines were 

maintained in a 37oC incubator supplemented with 5% CO2.  

 

2.2 Sequence conservation of shRNA target sites 
 20 nt shRNA target site sequences were input into the QuickAlign tool on the Los Alamos 

National Laboratory website (https://www.hiv.lanl.gov/content/sequence/QUICK_ALIGNv2 

/QuickAlign.html). Sequences were entered using the conventional option and “Web alignment” 

was selected to align them against all complete sequences in the database. Percent conservation 

was calculated for all sequences in the database as well as for subtype B or C sequences only. 

  

2.3 Construction of promoter-shRNA constructs 

shRNAs were cloned into psiRNA4-h7SKGFP::Zeo and psiRNA-hH1GFP::Zeo 

(Invivogen) under the 7SK and H1 promoters, respectively. A third vector expressing U6 was 

generated by replacing H1 from psiRNA-hH1GFPzeo with U6 from the pSIREN-shuttle vector 

(Clontech Laboratories, Mountain View, CA, USA). Complementary DNA oligonucleotides of 

each shRNA were ordered from ThermoFisher and annealed in a 40 l reaction (1.25 M of each 

oligonucleotide, 75 mM NaCl, ddH2O to 40 l). The reaction was incubated at 80oC for 5 min, 

after which the temperature was allowed to decrease to 37oC, at which point the reaction was 

removed. 100 ng of the resulting dsDNA oligos were ligated with 100 ng of BpiI-digested psiRNA 

vectors with T4 ligase following the manufacturer’s protocol (ThermoFisher). Ligations were 

transformed into high efficiency chemically competent DH bacterial cells (Invitrogen). Single 

transformed colonies were selected by zeocin-resistance and loss of X-galactose blue staining from 

the β-galactose gene in the empty vector that is replaced by the shRNA insert. Selected colonies 

were incubated at 37oC, 220 rpm for 12 h in LB broth (Miller) (Sigma-Aldrich) supplemented with 

https://www.hiv.lanl.gov/content/sequence/QUICK_ALIGN​v2%20/QuickAlign.html
https://www.hiv.lanl.gov/content/sequence/QUICK_ALIGN​v2%20/QuickAlign.html
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zeocin. Vectors were purified with a Miniprep kit (Qiagen) and confirmed with Sanger sequencing 

(Genome Quebec) before large-scale purification with a Maxiprep kit (Qiagen).  

 

2.4 Cotransfection assay  
The efficacy of promoter-shRNA cassettes was determined by cotransfecting HEK293T 

cells with 100 ng of the HIV-1 molecular clone pNL4-3 and 100, 10, 1, 0.1, or 0.01 ng of each 

shRNA vector. 150 l cells were seeded at a concentration of 250,000 cells/ml in 96 well plates. 

After 24 h, the cells were cotransfected with a mixture of shRNA vectors and pNL4-3. Briefly, 

TransIT LT1 transfection reagent (Mirus Bio) was mixed with DNA in OptiMEM (ThermoFisher) 

at a ratio of 3 l reagent to 1 g DNA. The mixture was incubated at room temperature for 20 min 

to allow formation of TransIT-LT1:DNA complexes before it was evenly pipetted over the cells. 

Supernatants were harvested 48 h after cotransfection and assessed for RT activity.   

 

2.5 Lentivirus production  
Promoter-shRNA cassettes were cloned from the psiRNA vectors into the lentiviral transfer 

vector HIV7-EGFP with PCR using the forward primer 5’-TATGCGGCCGCAGGGATTTTGGT 

CATGTTCTTAATCGATACTA-3’ and reverse primer 5’-GTAACGCCTGCAGGTTAATTAA 

GTCTAGAAGCTTTTCCAA-3’. Purified PCR products were digested with NotI and XbaI. 400 

ng of the digested products were ligated with 100 ng of NotI- and XbaI-digested HIV7-EGFP 

using T4 ligase according to the manufacturer’s protocol. Plasmids were purified with a Miniprep 

kit and confirmed with Sanger sequencing (Genome Quebec) before large-scale purification with 

a Maxiprep kit. To generate lentiviruses carrying the cassettes, 20 ml of HEK293T cells were 

seeded at 275,000 cells/ml in T75 flasks. After 24 h, cells were transfected with 9 g HIV7-EGFP, 

3.4 g envelope plasmid CMV-G (gift from Dr. J. Rossi, City of Hope, Duarte, California), and 

50 g Pax2 packaging plasmid (Addgene #12260). Plasmids were incubated for 15 min with 

polyethylenimine (PEI) and Optimem (ThermoFisher). The plasmid mixture was then pipetted 

evenly over the plated cells and incubated at 37oC for 48 h. Supernatants were filtered once through 

a 45 mm filter to remove debris before lentiviruses in the supernatant were concentrated with the 

Lenti-X concentrator (Takara Bio) and harvested according to the manufacturer’s protocol. 
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Lentiviruses were collected in 700 l RPMI, separated into 100 l aliquots, and stored at -80oC 

until use. 

 

2.6 Lentivirus titration 
Lentiviruses were titrated by measuring % GFP expression in SUP-T1 cells on a dilution 

curve. 8 g/ml of polybrene (Sigma-Aldrich) was added to SUP-T1s at a concentration of 175,000 

cells/ml, then 200 l of these cells were seeded in a 96 well plate. Lentiviruses were serially diluted 

and added to the cells. In the first dilution, 50 l original lentivirus stock was diluted in 150 l 

RPMI. Nine two-fold dilutions were then made. GFP expression was measured with flow 

cytometry on a LSR Fortessa machine (BD Biosciences). Untransduced SUP-T1 cells were used 

as a negative control to set GFP+ gates. 

 

2.7 Infection and competitive growth assays  

To determine how well shRNA constructs inhibited viral replication over the long-term, 

transduced cells were infected with HIV-1 strain NL4-3 and their RT activity in cell culture 

supernatants was followed over time. SUP-T1 cells were transduced with lentiviruses at a 

multiplicity of infection (MOI) of 1 using 8 g/ml of polybrene. GFP+ cells were obtained with 

fluorescence-activated cell sorting (FACS) on a FACSAria Fusion cell sorter (BD BioSciences). 

100 l sorted cells were plated at a concentration of 200,000 cells/ml in 96 well U-bottom plates. 

After 24 h, cells were infected in triplicate with 100 l of high dose (10 l stock NL4-3 in 5 ml 

RPMI) or low dose (5 l stock NL4-3 in 5 ml RPMI) of HIV-1 NL4-3. Sorted, untransduced cells 

and cells transduced with lentiviruses carrying an empty cassette (absent of promoter-shRNA) 

were also infected to serve as positive controls for infection. Supernatants were harvested 3 times 

a week and assessed for RT activity. The harvested volume was replaced with fresh RPMI.  

To probe for toxicity of the shRNA constructs, 100 l of sorted, transduced GFP+ cells 

were plated in triplicates with 100 l of sorted, untransduced GFP- cells in 96 well U-bottom plates. 

Both were plated at a concentration of 200,000 cells/ml. 200 l of sorted, untransduced GFP- cells 

were plated as negative controls for GFP expression. GFP+ samples included cells transduced with 

lentiviruses carrying an empty cassette which served as negative controls for toxicity. Percent GFP 

expression was measured with flow cytometry 24 h later (day 1) after which it was assessed weekly 
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for 4 weeks, then assessed biweekly thereafter. Declining GFP expression indicates death or a 

growth defect of cells transduced with the shRNA construct.   

 

2.8 RT assay 

Viral production and replication were assessed with RT assays. 2.5 l or 5 l of supernatant 

harvested from cotransfection and infection assays were incubated for 5 min with a non-radioactive 

cocktail (1% NP-40, 1.04 mM EDTA, 5mM MgCl2, 60 mM TrisCl, 75 mM KCl) to disrupt viral 

membranes and release RT. This mixture was subsequently incubated for 2 h at 37oC with 12.5 or 

25 l of a radioactive cocktail (10 g/ml polyA (Roche), 0.33 g/ml oligo(dT) (Life Technologies), 

65 mM DTT, 0.05 miC/ml a32P-TTP (3000 Ci/mmol, Perkin Elmer), 1.04 mM EDTA, 5mM 

MgCl2, 60 mM TrisCl, 75 mM KCl). 9  12 grids were drawn onto positively-charged nylon 

membranes (Hybond-N+, Amersham Biosciences), upon which 5 l of the reaction mixture were 

then pipetted on every other gridded square. Once dried, unincorporated [32P] dTTP were washed 

from the membranes with five 5 min washes in 2 saline-sodium citrate (SSC) buffer, followed by 

two 1 min washes with 95% ethanol. After drying for 24 h, the amount of RT in each sample which 

is proportional to the radioactivity readout was measured in counts per minute (CPM) with a 

microplate scintillation counter (MicroBeta TriLux, PerkinElmer).  

 

2.9 Generation of CRISPR-Cas9 plasmids  
Two pairs of published gRNAs229,230 targeting different regions in the ccr5 coding region 

were selected to produce a CCR5-ablated PM-1 cell line. The four gRNA sequences are listed in 

Table 3 and the expected results of the paired gRNA activity are presented in Table 4. ssDNA 

oligos were ordered from ThermoFisher (Table 3) and annealed according to the protocol 

described above. dsDNA fragments were then ligated into BpiI-digested mCherry vectors (pU6-

mCherry) containing Cas9 (Addgene #64324) or Esp31-digested GFP vectors (pLKO5-GFP) 

(Addgene #57822). Vectors were amplified with a Miniprep kit and sequenced to ensure proper 

cloning before amplification with a Maxiprep kit. The sequencing primers used for pU6-mCherry 

and pLKO5-GFP were 5’-GAGGGCCTATTTCCCATGATT-3' and 5’-

TTTGCTGTACTTTCTATAGTG-3’ respectively.  
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Table 3. gRNA sequences 

gRNA gRNA Sequence (5’ → 3’) 

 

ssDNA Oligo Sequence (5’ → 3’) Vector into which 

dsDNA oligo was cloned 

gRNA1 CAGAAUUGAUACUGACUGUA  

  

CACCGCAGAATTGATACTGACTGTA  pU6-mCherry (Addgene 

#64324) AAACTACAGTCAGTATCAATTCTGC 

gRNA2 AGAUGACUAUCUUUAAUGUC CACCGAGATGACTATCTTTAATGTC  pLKO5-GFP (Addgene 

#57822) AAACGACATTAAAGATAGTCATCTC  

gRNA3 GACUAUGCUGCCGCCCAGU  

 

CACCGGACTATGCTGCCGCCCAGT  pU6-mCherry (Addgene 

#64324) AAACACTGGGCGGCAGCATAGTCC  

gRNA4 GCAGAAGGGGACAGUAAGA CACCGGCAGAAGGGGACAGTAAGA  pLKO5-GFP (Addgene 

#57822) AAACTCTTACTGTCCCCTTCTGCC 

 

Table 4. Expected results from gRNA pairs 

gRNA Pair Name Expected Deletion Reference 

gRNA1 + gRNA2 Δ32-gRNA 32-bp Qi et al., 2018229 

gRNA3 + gRNA4 Δ35-gRNA 35-bp Xu, et al., 2017230 

 

2.10 Generation of monoclonal cells with a pair of gRNAs 
 gRNA1 and gRNA3 were individually cloned into pU6-mCherry while gRNA2 and 

gRNA4 were individually cloned into pLKO5-GFP. gRNA1 is paired with gRNA2 to generate a 

32 bp deletion, and gRNA3 is paired with gRNA4 to generate a 35 bp deletion. 7.5 mg of each 

pair of vectors were electroporated into 1  107 cells in 300 ml of RPMI without FBS or antibiotics 

using the Gene Pulser II (BioRad). The capacitance knob was set to high and a single pulse with 

time constant of ~21 ms with voltage of 0.250 kV and capacitance of 0.950 mF  1000 was 

delivered to the cell-plasmid mixture in a 4 mm cuvette (BioRad). Cellular debris and bubbles 

were removed with a pipette, and 1 ml of RPMI (absent of FBS and antibiotics) was added to the 

cells before they were transferred into 6 well plates with 2 ml complete RPMI. After 48 h, cells 

were filtered with 70  m filters and resuspended in 500 l RPMI with 2% FBS in preparation for 

sorting. Non-electroporated PM-1 cells were also prepared as a negative control for gating. Single 

cells double positive for mCherry and GFP signals (mCh+/GFP+) were isolated with FACS using 

the BD FACSAria Fusion cell sorter. Cells were plated in 100 l conditioned media. Conditioned 
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media was prepared by mixing fresh complete RPMI with 0.2 m-filtered supernatant of PM-1 

cells in the log stage of growth in a 1:1 ratio. 200 l of complete RPMI was added to the cells 4 

days after sorting. Plates were monitored for growth of monoclonal cell clusters which were 

expanded in 2 ml complete RPMI in 6-well plates. 

 

2.11 Generation of monoclonal cells with a single gRNA 
gRNA1 and gRNA3 were individually cloned into pU6-mCherry and separately 

transfected into PM-1 cells to generate indels or point mutations that might ablate CCR5 surface 

expression. 7.5 g of gRNA:pU6-mCherry were added to 1  107 cells in 300 l of RPMI without 

FBS or antibiotics. Cells were either electroporated with the Gene Pulser II or the Neon 

Transfection System (ThermoFisher). Using the Gene Pulser, an exponential decay system, the 

capacitance knob was set to high and a single pulse (time constant ~ 21 ms; voltage = 0.250 kV; 

capacitance = 0.950 F  1000) was delivered to the cell-plasmid mixture in a 4 mm cuvette 

(BioRad). Upon removal of cellular debris and bubbles, the cells were resuspended with 1 ml of 

RPMI (absent of FBS and antibiotics) and transferred to a 6 well plate with 2 ml complete RPMI. 

Using the Neon Transfection System, cells were washed with PBS and resuspended at a 

concentration of 2  107 cells/ml according to manufacturer’s protocol. The following parameters 

were input into the system: pulse voltage = 1325 V, pulse width = 10 ms, pulse number = 3. 

Electroporated samples were immediately put into 2 ml RPMI with 10% FBS and no antibiotics. 

All electroporated samples were incubated at 37oC. After 48 h, cells were filtered with 70 m 

filters and resuspended in 500 l RPMI with 2% FBS in preparation for sorting. Non-

electroporated PM-1 cells were also prepared as a negative control for gating. Single, mCh+ cells 

were sorted with FACS into 96 well plates with 100 l conditioned media. 200 l of complete 

RPMI was added to the cells four days after sorting. Plates were monitored for growth of 

monoclonal cell clusters. These were expanded in 2 ml RPMI in 6 well plates.  

 

2.12 Selection and validation of edited monoclonal cells  
DNA from monoclonal cells were assessed for genomic editing with PCR and Sanger 

sequencing. Briefly, 1 ml of cells were centrifuged and resuspended in 10 – 40 l TE buffer. Cells 

were incubated at 95oC then on ice for 5 min each. Cell debris were pelleted by centrifuging at 
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13000 rpm for 5 min before supernatant containing DNA was collected. For PCR, 12.5 l of Q5 

High-Fidelity 2 PCR MasterMix (New England BioLabs) was mixed with 1.25 l each of forward 

and reverse primers diluted to 10 mM (Table ), 5 l of DNA, and water for a total reaction volume 

of 25 l. PCR was performed with a thermocycler (Biometra T1 thermocycler, Jena, Germany) 

under the following conditions: preheated lid to 100oC, initial denaturation at 98oC for 3 min, 

followed by 35 rounds of denaturation (98oC for 30 s), annealing (67oC for 30 s for CRISPR-32 

primers and 55oC for 30 s for CRISPR-35 primers), and extension (72oC for 20 s), and ended 

with a final extension at 72oC for 2 min. PCR products were ran on a 1.5% low electroendosmosis 

(EEO) agarose gel (Fisher Bioreagents) prepared with 1 Tris-acetate-EDTA (TAE) buffer for 45 

– 60 min at 120 V.  

PCR products were purified with the QIAquick PCR purification kit according to the 

manufacturer’s instructions before they were sent to Genome Quebec for Sanger sequencing 

(primers listed in Table 6). Sequencing results were manually aligned using A Plasmid Editor 

(ApE) software (jorgensen.biology.utah.edu/wayned/ape/). Translation products were also 

predicted with ApE.  

 

Table 5. PCR primers for analyzing DNA from monoclonal cells 

Primer  Sequence (5’ → 3’) PCR Product Size (bp) 

CRISPR-Δ32 F GTGACAAGTGTGATCACTTGGGTGGTGGC  339 

CRISPR-Δ32 R GGTGTTCAGGAGAAGGACAATGTTGTAGGGAGC  

CRISPR-Δ35 F  ATGTGAAGCAAATCGCAGCC 416 

CRISPR-Δ35 R TGGGAGAGACGCAAACACAG 

 

Table 6. Sequencing primers for analyzing PCR products from monoclonal cells 

Primer  Sequence (5’ → 3’) 

CRISPR-Δ32 F GTGACAAGTGTGATCACTTGGGTGGTGGC  

CRISPR-Δ35 F  ATGTGAAGCAAATCGCAGCC 
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2.13 Statistical analyses 
Multi-group analyses were done with one-way ANOVA with a significance threshold set 

at p = 0.05. Tukey honestly significant difference (HSD) post-hoc tests were conducted on 

significant ANOVA results, with a significance threshold set at p = 0.05. Two-tailed student t-tests 

assuming equal variance with a significance threshold set at p = 0.05 were performed on pairs of 

independent samples.  

To generate the IC50 curves in Figure 10, RT activity from each construct within a single 

experiment was normalized against its corresponding empty vector (psiRNA-7SK, psiRNA-U6, 

or psiRNA-H1), averaged, then plotted against the construct dose. Data was fitted with a power 

curve, and the IC50 value was found using the equation y = mx-b by setting y to 0.5 where y is the 

relative RT activity, x is the dose, and m and b are constants. IC50 values were calculated from 

three independent experiments, averaged, then compared using one-way ANOVA with a 

significance threshold set at p = 0.05.  
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Chapter 3: Results 

3.1 Aim 1: Determining the efficacy and toxicity of promoter-shRNA cassettes 

3.1.1 Identifying potent shRNA candidates against HIV-1 molecular clone NL4-3 

Others have demonstrated that single or combinations of shRNAs designed to target 

conserved sequences within the HIV-1 genome exhibit potent inhibition against viral 

replication214,216,217. Our lab previously collated these results to identify a battery of 16 shRNAs 

whose targets had the highest sequence conservation, demonstrated high levels of inhibition in 

vitro, or were included in pre-clinical trials (Figure 7A). We included sh1498 which was identified 

by our lab232, and sh5983 which has advanced to clinical trials186, as positive controls for inhibition 

in our assays. These target the gag and tat/rev coding regions, respectively. We additionally 

included G5 as a positive control for T cell toxicity. sh582, sh688, sh4749, and sh7797 were newly 

designed for investigation as they target highly conserved regions in the 5’ LTR, psi, pol, and env 

coding regions, respectively. These 23 shRNAs were cloned into an expression vector under the 

H1 promoter then co-expressed at different quantities with the HIV-1 molecular clone pNL4-3 in 

HEK293T cells to compare their ability to inhibit viral production (Figure 7B). Ten candidates 

with the highest antiviral activity from this assay (sh1498, sh5983, G5, L1, LTR516, P10, P28, P2, 

T3, S3) were cloned into lentiviral vectors and expressed in SUP-T1, a human T cell line, to test 

for their ability to inhibit viral replication over the long-term (Figure 8A, B). In cells transduced 

with an empty control and a nonsense shRNA (shNS), relative RT activity had risen to near peak 

levels at 8 days post-infection (dpi). Notably, cells transduced with L1, P2, and S3 had suppressed 

RT levels until 17 dpi and peaked at 20 dpi, representing a delay in viral replication by 10 days 

compared to the empty control. When tested for toxicity in a competitive growth assay, all 

cocultures displayed constant levels of GFP, indicating that the shRNAs were not causing a growth 

disadvantage (Figure 8C). L1, P2, and S3 were thus selected for further investigation.  
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Figure 7. Screening the efficacy of the top 23 shRNA candidates. A) Sequence conservation of 
target sites of the selected 23 shRNA candidates. Target site conservation percentages were 
calculated among all HIV-1 sequences, all clade B HIV-1 sequences, and all clade C sequences in 
the Los Alamos National Laboratory HIV Sequence Database. B) HEK293T cells were 
cotransfected with 200 ng of the HIV-1 molecular clone pNL4-3 and 10 or 100 ng of each shRNA. 
Supernatants were harvested after 48 h and assessed for RT activity measured in counts per minute 
(CPM). Each CPM readout was normalized to the RT readout from cells cotransfected with an 
empty expression vector. Figure represents 2-4 independent experiments (n = 1-4). Error bars show 
SEM. Data from Figure 7B were collected by Camille Malard. 
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Figure 8. L1, P2, and S3 delay viral replication and do not exhibit cytotoxicity. A) Gating 
strategy for isolating GFP+ cells. SUP-T1 cells were transduced with lentiviral vectors carrying 
shRNA and GFP gene cassettes. Cells highlighted in purple were used in infection and competitive 
growth assays shown in B and C. B) HIV-1 replication kinetics. SUP-T1 cells were transduced 
with lentiviral vectors carrying a shRNA. Transduced cells were then infected with the HIV-1 
strain NL4-3. Supernatants were collected at multiple time points and assessed for RT activity, 
measured in CPM. Each CPM readout was normalized to a standard NL4-3 RT activity. C) 
Competitive growth experiment. Sorted, transduced cells (GFP+) were plated in a 1:1 ratio with 
sorted, untransduced cells (GFP-). % GFP expression was measured at multiple timepoints. All 
data from Figure 8 were collected by Camille Malard. 

 
3.1.2 Comparing the potency of promoter-shRNA cassettes against HIV-1 production 

Given the differential transcriptional efficiencies of the human type 3 RNA pol III 

promoters 7SK, U6, and H1176, we hypothesized that the efficacy of L1, P2, and S3 may change 

depending on the promoter from which they are expressed from. We cloned each shRNA into 

psiRNA expression vectors under the control of 7SK or U6 (Figure 9) then compared the efficacy 

of each of these cassettes to the H1-shRNA combinations.  



 41 

 
Figure 9. Workflow for cloning shRNAs into psiRNA expression vectors. A) Expression 
vectors containing the 7SK, U6, or H1 promoter were used. A vector containing 7SK is illustrated 
here as an example. The vector was digested with BpiI. ssDNA shRNA oligos were designed with 
overhangs complementary to BpiI restriction overhangs, annealed, then ligated into the expression 
vector. Expression vectors were verified with Sanger sequencing. B) The digested vector was 
separated from the 360-bp lacZ -peptide cassette site (light blue) between BpiI restriction sites 
(red) using gel electrophoresis.   

 

We cotransfected HEK293T cells with 0.01 – 100 ng of each cassette and with 100 ng of 

the HIV-1 molecular clone pNL4-3; supernatants were assessed for RT activity after 48 h (Figure 

10A). Empty expression vectors encoding the promoter without a shRNA were also cotransfected 

with virus to provide a baseline readout of vector activity against HIV-1 production. Empty vectors 

showed no significant inhibitory activity against viral production, and there was no difference in 

viral production between empty vectors containing 7SK, U6, or H1 promoters as determined by 

one-way ANOVA (F(2,15) = 3.193, p = 0.0699) (Figure 10B). Each promoter-shRNA cassette 

dose-dependently inhibited viral production. We plotted the dose of each shRNA against its 

resulting relative RT activity and fitted the data with a power curve trendline (Figure 10C, E, G). 

All but two had R2 values > 0.93; 7SK-L1 had a R2 value of 0.8643 and H1-S3 had a R2 value of 
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0.8202. We calculated the half maximal inhibitory concentration (IC50) for each cassette based on 

the equation of these trendlines. All shRNAs produced from U6 had a lower IC50 than when 

expressed from H1 (Figure 10D F, H), though the results are not significant. 7SK-P2 and 7SK-S3 

also had lower IC50s compared to H1-P2 and H1-S3, as does 7SK-L1 compared to H1-L1 but 

additional experimental repeats should be performed for 7SK-L1. Overall, these cotransfection 

experiments suggest that shRNAs expressed from the U6 promoter mediate greater inhibition 

against HIV-1 production compared to H1, and shRNAs promoted from 7SK are generally more 

potent compared to those promoted from H1.  
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Figure 10. shRNAs expressed from H1 show less potency against viral production compared 
to shRNAs expressed from 7SK or U6. A) Cotransfection workflow. 0.01, 0.1, 1, 10 and 100 ng 
of expression vectors containing either 7SK, U6, or H1 without shRNA (empty vector), or 
promoter-shRNA cassettes were cotransfected with 100 ng pNL4-3 in HEK293T cells. 
Supernatants were harvested 48 h after cotransfection and viral production was assessed with a RT 
assay. B) Empty vectors do not affect viral production at 100 ng (F(2,15) = 3.193, p = 0.0699). RT 
activity of each data point was standardized to the average RT readout of pNL4-3 transfection 
alone and the mean was plotted with n = 6 across two independent experiments. ns = not significant. 
C, E, G) RT activity of shRNAs at each dose was standardized to the average RT readout of its 
corresponding empty vector (7SK-psiRNA, U6-psiRNA, or H1-psiRNA) and the mean was 
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plotted. Each graph is one representative experiment. Dotted lines represent the line of best fit. 
The intersection of the solid red line and the line of best fit represent the IC50. Each data point 
represents the average standardized RT activity from one independent experiment with n = 2. Error 
bars show SEM. D, F, H) IC50 values were calculated from the equation generated from each line 
of best fit, then averaged across 3 independent experiments. Error bars shows SEM. Only 1 
experimental replicate was available for 7SK-L1 in D, therefore no error bar is shown. 

 

3.1.3 Long-term inhibition of NL4-3 replication using promoter-shRNA cassettes 

To assess the longitudinal efficacy of each cassette, we transduced the SUP-T1 T cell line 

with lentiviruses carrying each cassette at a MOI of 1. Cells were sorted to obtain similar levels of 

cassette insertion as determined by their GFP expression (Figure 11).  

 

 
Figure 11. Gating strategy for sorting GFP+ cells. Gates were set based on the negative control 
(untransduced; top left). Cells highlighted in purple were sorted out for use in the infection and 
competitive growth assays.  
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Following sorting, cells were infected with either a high or low inoculum of HIV-1 NL4-

3. We measured RT activity in harvested supernatants to assess viral kinetics in transduced cells 

over the long-term. In both high- and low-inoculum conditions, RT activity in untransduced cells 

and cells transduced with the empty vector rose rapidly after 8 dpi and exhibited a peak in infection 

15 dpi, indicating that the vector alone does not affect HIV-1 replication (Figure 12A, B). In the 

high inoculum condition, all cells transduced with H1-promoted shRNAs showed similar viral 

kinetics over 8-15 dpi (Figure 12A). At 8 dpi, there was no difference in relative RT activity 

between cells transduced with any promoter-shRNA cassette and the empty vector control (Figure 

12C). There was significantly less RT activity in H1-shRNA-transduced cells compared to empty 

vector-transduced cells at 12 dpi indicating replication suppression, but the difference is no longer 

significant by 15 dpi. On the contrary, during this time frame, all cells transduced with 7SK- and 

U6-promoted shRNAs exhibited notably lower RT activity compared to empty vector-transduced 

cells, and RT activity remained low for at least 21 dpi. These results indicate that 7SK- and U6-

promoted shRNAs are better at delaying HIV-1 replication compared to shRNAs expressed from 

the H1 promoter. In the low inoculum condition, all cells transduced with 7SK-and U6-promoted 

shRNAs also exhibited suppressed RT activity compared to cells transduced with H1-promoted 

shRNAs, but the viral kinetics between H1-promoted shRNAs were more variable compared to 

those seen in the high-dose condition (Figure 12B). Over 8-15 dpi, cells transduced with H1-L1 

display similar RT activity compared to empty and untransduced cells, but cells transduced with 

H1-P2 or H1-S3 show significantly reduced activity (p < 0.05) (Figure 12D). These results suggest 

that P2 and S3 may be more effective inhibitors of HIV-1 replication compared to L1, but this 

effect is only visible at low quantities of virus. Data from low- and high-inoculum conditions 

demonstrate that inhibition of a high quantity of virus by P2 and S3 is abrogated when promoted 

from H1 but is durable when promoted from 7SK or U6. Collectively, these assays suggest that 

7SK- and U6-promoted shRNAs better delay viral replication compared to H1-promoted shRNAs. 
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Figure 12. 7SK- and U6-promoted shRNAs better delay viral replication compared to H1-
promoted shRNAs. A) Infection with a high inoculum of NL4-3. Data is the result of one 
experimental replicate with each data point representing the mean RT activity of 3 repeats 
normalized to the activity of NL4-3. B) Infection with a low inoculum of virus. C & D) 
Comparison of RT activity in cells infected with a high (C) and low (D) inoculum of NL4-3 over 
8-15 dpi. The relative RT activity of each H1-promoted shRNA was compared to the relative RT 
activity of the empty vector on days 8, 12, and 15. Comparisons were made with two-tailed t-tests 
assuming equal variance. *p < 0.05; **p < 0.01; ***p < 0.001; ns = not significant. Error bars 
show SEM.  

 

3.1.4 Cytotoxicity of promoter-shRNA cassettes 

shRNAs can have cytotoxic effects from off-target binding, activating innate immunity, or 

saturating RNAi machinery233-235. We tested our promoter-shRNA cassettes for cytotoxicity by 

transducing them into SUP-T1 cells then co-culturing transduced cells with untransduced cells in 

a 1:1 ratio. We then measured GFP expression over time. Initial GFP expression for most 

cocultures fell between 40% and 50%, but 7SK-S3, U6-S3, and U6-L1 had an initial expression 

between 20 and 30% (Figure 13A). By 36 days after coculturing, all H1-promoted shRNAs 

retained similar GFP expression levels (Figure 13B), results which agree with the competitive 
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growth results shown in Figure 8B. GFP expression notably decreased in cells transduced with 

7SK and U6-promoted shRNAs, except for P2 which did not show a significant change in 

expression. These results suggest that L1 and S3 mediate cellular growth defects when expressed 

from 7SK or U6. Unexpectedly, cocultures with the empty vector control showed a significant 

increase in GFP expression. This may be the result of co-culturing transduced GFP+ cells with 

unhealthy GFP- untransduced cells, leading to an increased proportion of GFP+ cells over time. 

This may obscure the toxicity of the H1-shRNAs, 7SK-P2, and U6-P2. Indeed, a second 

experimental replicate showed that GFP levels in cells transduced with the empty vector remained 

steady at ~50% after four weeks of coculture (Figure 13C, D). Like the first replicate, the change 

in GFP expression levels in H1-promoted shRNAs were non-significant, but paired t-tests of GFP 

expression at day 1 and day 29 showed that all shRNAs expressed from the 7SK and U6 promoters 

had decreased significantly (p < 0.01) (Figure 13D). However, the change in GFP expression in 

cells transduced with 7SK-P2 and U6-P2 were not as large as those seen in cells transduced with 

other 7SK and U6 shRNA cassettes. These results indicate that shRNAs promoted from 7SK and 

U6 are associated with cellular growth defects, but not to the same degree.   
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Figure 13. Some shRNAs expressed from 7SK and U6 show signs of cytotoxicity. A & C) Two 
experimental replicates are shown. Transduced, GFP+ cells were sorted by FACS and plated in a 
1:1 ratio with untransduced, GFP- cells, then % GFP expression of each culture was measured after 
24 h with flow cytometry. Reduction in GFP+ cells is evident in cultures expressing L1 and S3 
from both 7SK and U6. Each data point represents the mean of 3 repeats in 1 experiment. B & D) 
Initial GFP expression (day 1) of cocultured cells were compared to the final GFP expression (B: 
day 36; D: day 29) with a paired two-tailed t-test. *p < 0.05; **p<0.01; ***p<0.001. Error bars 
show SEM. The experimental replicate in C & D was set up by Dr. Ryan Goguen; data from day 
8 onwards were collected by the candidate.  
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3.2 Combining ccr5 gene editing with a shRNA to generate R5 and X4 resistant cells  

3.2.1 Growing monoclonal PM-1 cell lines transfected with a pair of gRNAs 

HSCT with ccr5 32/32 donor cells have resulted in long-term remission from HIV-1, a 

phenomenon observed in five different individuals (see Table 2). However, it is rare to find human 

leukocyte antigen (HLA)-matched donors with the protective mutation and viral rebound is 

possible due to X4 emergence. Thus, we are interested to know whether a patient’s own HSCs 

may be genetically modified to recapitulate the naturally occurring homozygous mutation in ccr5, 

then further modified with antiviral promoter-shRNA cassettes to inhibit X4 replication. To 

generate CCR5-deficient cells, we selected two pairs of published guide RNAs that were shown 

to mediate deletion of a 32 bp (CRISPR-32 gRNAs) or 35 bp (CRISPR-35 gRNAs) segment 

within the protein-coding region of the ccr5 gene229,230. Their targets are illustrated in Figure 14A. 

The first pair guides a 32 bp deletion that exactly replicates the 32 bp deletion preventing CCR5 

surface expression found naturally in some humans, while the second pair guides a 35 bp deletion 

that also abrogates CCR5 surface expression. 35/35 HSCs generated with the second pair are 

currently undergoing clinical trials (NCT03164135)231. We attempted to replicate these precise 

deletions in PM-1 cells, a T cell line that expresses both CCR5 and CXCR4 coreceptors. We cloned 

each gRNA pair into a double vector system in which one vector encodes the Cas9 protein, a 

mCherry protein, and a gRNA scaffold, while the other encodes GFP and a gRNA scaffold (Figure 

14B). To reduce off-target effects mediated by constitutive expression of CRISPR machinery236, 

we transiently transfected the vectors into cells with standard electroporation and isolated 

mCh+/GFP+ single cells by FACS (Figure 15A). Out of 240 cells, only two that had been 

transfected with CRISPR-32 gRNAs were expanded. We analyzed their DNA with PCR, using 

DNA from non-electroporated PM-1 cells as a positive control for the WT gene and DNA from 

non-electroporated HEK293T cells as a positive control for a heterozygous mutation as they were 

shown by another group to contain a 32 bp deletion in one allele237. PCR products from the two 

colonies showed a single band with the expected 339-bp size, indicating that the desired 32 bp 

deletion had not been created (Figure 15B). 
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Figure 14. Generating monoclonal cells with a 32 bp or 35 bp deletion in the ccr5 gene. A) 
Schematic of gRNA pair binding sites. Yellow highlighted regions indicate the expected deletion. 
Green nucleotides denote the PAM while red arrows denote the DSB site. B) Workflow for 
obtaining single cells transfected with CRISPR/Cas9 machinery.  

 

 
Figure 15. Two monoclonal cells obtained from PM-1 transfected with CRISPR-32 gRNAs 
are WT. A) Gates for single, mCh+/GFP+ were established based on non-electroporated cells 
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(negative control). Blue (P1) indicates lymphocytes gated from the total population indicated in 
grey. mCh+/GFP+ cells are indicated in yellow (P4) and orange (P6). P4 is a more stringent gate 
compared to P6. B) D5 and G3 were the only two mCh+/GFP+ single cells that expanded into 
colonies. DNA from these cells were subjected to PCR with primers that generate a 339-bp band 
in WT PM-1 cells, and the products were ran on a 1.5% agarose gel. HEK293T cells which contain 
a 32-bp deletion in one ccr5 allele were used as positive controls for a heterozygous mutation. The 
WT band is not present in the left image for unknown reasons. PCR of DNA from HEK293T cells 
using the same primers was performed and the products were again separated with gel 
electrophoresis; an image of the gel is presented on the right.  

 

3.2.2 Growing monoclonal PM-1 cell lines transfected with a single gRNA 

We were unable to generate a significant number of monoclonal cells for analysis using 

standard electroporation which may have been due to poor cell recovery. We thus proceeded to 

compare this method with the Neon Transfection System which employs a unique electroporation 

chamber that generates a more even electric field and reduces the change in pH, properties that 

should collectively increase cell viability. For this test, we simplified the transfection protocol by 

transfecting only the pU6-mCherry vector into which we cloned either gRNA1 or gRNA3 (pU6-

mCherry:gRNA). First, we electroporated pU6-mCherry:gRNA into PM-1 cells by applying an 

exponential decay pulse (voltage = 0.25 kV, capacitance = 950 F, time constant = 21 ms) to 1  

107 PM-1 cells mixed with the vector. To obtain a monoclonal cell line, we used FACS to isolate 

single, mCh+ cells into 96-well plates containing conditioned media. The gating strategy is shown 

in Figure 16A. Cells were incubated at 37oC and assessed for growth. Of 240 single cells, none 

developed into viable clusters. Next, using the Neon Transfection System which applies a square-

wave pulse at intervals of 1 ms, we transfected the vector into 1  106 PM-1 cells, following the 

manufacturer’s recommendations. Single mCh+ cells were isolated with FACS (Figure 16B) and 

grown in conditioned media in 96-well plates. Four to five visible clusters of cells per plate began 

forming at approximately 2 weeks. When the cell cluster diameter was ~1 mm, we transferred 

them into 6-well plates with 2 ml of RPMI for further expansion.  
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Figure 16. Gating strategy for isolating single mCh+ cells transfected with 
CRISPR/Cas9:gRNA. PM-1 cells were transfected with expression vectors containing Cas9, 
gRNA1 or gRNA3, and a mCh fluorescent protein using A) standard electroporation or B) the 
Neon transfection system. White populations (P1) indicate lymphocytes gated from the total 
population indicated in grey; yellow populations indicate single cells; blue populations indicate 
live cells; red populations indicate mCh+ cells. Top: Non-electroporated cells were used as 
negative controls to set the mCh+ gate. Middle: Cells electroporated with gRNA1. Bottom: Cells 
electroporated with gRNA3.  

 

We performed PCR analysis on DNA from cells transfected with pU6-mCherry:gRNA3 

using the forward and reverse primers CRISPR-35 (Table 5) which yields a 416 bp product. 

Amplicons of most cells appeared at the expected band size. Notably, clone 9 showed two bands 

at ~416 bp and ~360 bp, indicating a heterozygous genotype (Figure 17A). We sequenced the PCR 

products by Sanger sequencing and manually aligned sequences around the DSB site with the WT 

sequence and found unreadable nucleotides (N) within 5 nt upstream and downstream the DSB 

site in six samples (Figure 17B). Chromatogram analysis showed that the predicted nucleotide at 

these sites matches the WT sequence. Additionally, we found a G to T mismatch mutation 2 nt 

downstream the DSB site in clone 7. Notably, we were unable to align the sequence from clone 9 

around the DSB but upon closer examination of the sequence, we found that it harboured a 59 bp 

deletion that spanned the PAM, DSB, and gRNA binding site (Figure 17C). We used ApE software 

to predict the amino acid (AA) sequence that results from translation of the ccr5 gene with the 59 

bp deletion and found that two thirds of the protein is predicted to be truncated (Figure 17D).  
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Figure 17. PCR and sequencing analysis of monoclonal cells transfected with gRNA3. A) 
DNA harvested from monoclonal cells 1-10 was amplified with PCR primers flanking the DSB 
site (expected product size of 416 bp). The products were resolved on a 1.5% agarose gel. A 
representative PCR of WT PM-1 cells is also shown. B) Purified PCR products were submitted to 
Genome Quebec for Sanger sequencing. 25 nt sequences upstream and downstream the DSB site, 
indicated by the red arrow, were aligned with the WT sequence in ApE. The open reading frame 
coding for the WT amino acid (AA) sequence is illustrated above the WT nucleic acid sequence. 
The highlighted three-letter sequence indicates the PAM. Bolded letters indicate a mismatch from 
the WT sequence. N indicates a low confidence read during Sanger sequencing. C) A 59 bp 
deletion was found in Clone 9. D) The 59 bp deletion was removed from the WT ccr5 sequence in 
ApE and the software was used to predict the AA sequence of the resulting protein. The blue 
highlighted sequence corresponds to the WT AA sequence shown in B.  

 

Upon PCR analysis, all DNA from cells transfected with pU6-mCherry:gRNA1 showed 

the expected band size of ~339 bp (Figure 18A). However, sequencing showed that clone 8 

harbours a single nucleotide insertion located 4 bp upstream the DSB site which disrupts the 

reading frame (Figure 18B). This results in an early stop codon that truncates the last 26 AA of the 

protein (Figure 18C). There is a notable drop in chromatogram quality at position 85 (Figure 18D) 

where the insertion takes place. This is indicative of a heterozygous DNA sample, suggesting that 

the indel may have occurred in one allele only. Single allele sequencing should be performed to 

confirm the genotype. 



 54 

 
Figure 18. PCR and sequencing analysis of monoclonal cells transfected with gRNA1. A) 
DNA harvested from monoclonal cells 1-10 was amplified with primers flanking the DSB site 
(expected product size of 339 bp). B) Clone 8 harbours a single nucleotide insertion, indicated by 
the red box. The highlighted three-letter sequence indicates the PAM. The red arrow indicates the 
DSB site. C) ApE software was used to predict the protein product that results from the single 
nucleotide insertion found in clone 8. D) Chromatograph of the DNA sequence 25 nt upstream and 
downstream of the DSB of clone 8. The red arrow indicates the position of the single nucleotide 
insertion.   
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Chapter 4: Discussion 

4.1 Selection of potent promoter-shRNA cassettes  

Multiple large-scale studies have determined that shRNAs show antiviral activity against 

HIV-1 production214,216,217. However, HIV-1 is highly mutable because of its error-prone RT and 

inhibition by a single shRNA is temporary220. Like cART, any RNAi-based therapy will require a 

combination of shRNAs, but individual shRNAs should be carefully selected for their ability to 

durably inhibit replication. The cited studies had used shRNAs targeting different regions of the 

HIV-1 genome and expressed from different promoters, making it difficult to determine the best 

promoter-shRNA cassette that may be pursued for anti-HIV-1 gene therapy. Our lab previously 

attempted to systematically assess shRNA efficacy by cloning 23 shRNAs under the control of the 

H1 promoter and investigating their ability to inhibit viral production, replication, and induce 

cytotoxicity in SUP-T1 cells (Figures 7-8). Out of this panel, we found that L1, P2, and S3, were 

most effective at delaying viral replication and did not cause defects in cell growth when tested in 

a competitive growth culture with untransduced cells.  

In addition to the shRNA target sequence, another factor that can affect shRNA potency 

and/or toxicity is the choice of promoter. In the literature, there is conflicting evidence for how the 

three type 3 RNA pol III promoters impact shRNA potency: three studies found that U6-promoted 

shRNAs are more active than H1-promoted shRNAs238-240; one study found contradictory results 

with H1-promoted shRNAs being more potent compared to 7SK- and U6-promoted shRNAs241; a 

fifth study found no difference in shRNA potency between the three promoters242. Using sh1498, 

a shRNA targeting a conserved sequence in gag219, and sh5983, a shRNA that targets the tat/rev 

coding region186, our lab previously showed that in HEK293T cells, the 7SK and U6 promoter 

drive expression of more potent shRNAs which correlated with an increased expression of the 

shRNA176. Given that L1, P2, and S3 outperformed sh1498 and sh5983 in delaying viral replication 

when expressed from the H1 promoter, it is worthwhile to further evaluate the efficacy of these 

three shRNAs by comparing their activity when expressed from 7SK and U6. Our cotransfection 

experiments showed that H1-promoted shRNAs generally exhibit less inhibitory activity compared 

to those expressed from U6 and 7SK. In cell cultures infected with a low inoculum of HIV-1, we 

found that the inhibitory activity between the three H1-promoted shRNAs could be better teased 

out: L1 was the least effective at delaying HIV-1 replication compared to P2 and S3 (Figure 12D). 

This suggests that the shRNA sequence itself offers an additional level of modulation – the 
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suppressive activity of the cassette therefore depends on both the promoter and the shRNA 

sequence. Overall, our cotransfection experiments strengthen the conclusion that 7SK and U6 

shRNA cassettes result in more potent shRNAs.   

Longitudinal infection assays in SUP-T1 cells provided corroborative data that 7SK and 

U6-promoted shRNAs are more effective at delaying viral replication. In the high-dose condition, 

cells transduced with H1-shRNAs showed an increase in RT activity at 12 dpi, while cells 

transduced with U6-S3, the least effective cassette from 7SK or U6, only began showing an 

increase in RT activity at 25 dpi. The H1-shRNAs showed some ability to delay replication near 

the beginning of infection (12 dpi, Figure 12C), but the delay was short-lived as RT levels were 

comparable to the empty control by 15 dpi. However, the overall RT activity at replication peak is 

reduced compared to infected untransduced cells, indicating that the H1-promoted shRNAs still 

display some antiviral activity. Given that all cells transduced with 7SK- and U6-promoted 

shRNAs are suppressed in this time frame, our infection experiments also lend credence to the 

conclusion that these promoters, by some mechanism, produce more potent shRNAs compared to 

H1. This apparent potency could be due to an increased production of shRNAs from the 7SK and 

U6 promoters, as was previously demonstrated in our lab using Northern blots176. Another possible 

mechanism involves the identity of the promoter’s transcriptional start site, which is defined by a 

certain nucleotide distance from the TATA box sequence. The 7SK and U6 promoters mediate 

transcription at or within 2 nt of the +1 start site, but the H1 start site is more variable and thus 

produces transcripts with greater variation in the 5’ end which can impact downstream shRNA 

processing and thus its efficiency243.  

It is worthwhile to note that each data point in Figures 12A and 12B is the average of three 

replicates. While assessing the replicates individually for each sample, we noticed that, in a 

minority of samples, the viral kinetics differed between replicates. For some, viral breakthrough 

appeared at different times, but for most anomalies infection simply did not take hold in one of the 

three replicates. Figure 12 includes these anomalous replicates. The distinct temporal signatures 

of viral peaks were consistent: the samples that peaked earlier did so in all replicates as did the 

samples that peaked later; the anomalies are mentioned here to acknowledge that they obscure the 

precise amplitude and width of viral peaks. Overall, these long-term data suggest that while H1-

promoted shRNAs exhibit some antiviral activity, it is not potent enough to delay replication 

breakthrough. Our past experiments comparing the most effective shRNAs (Figure 7B) show that 
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shRNA potency depends on the shRNA sequence itself, but the data here reveal that assessing 

shRNAs independent of promoter activity gives incomplete information of its overall performance. 

Together with results from the cotransfection experiment, our infection assays show that H1-

promoted shRNAs are less effective as they do not significantly delay the peak of viral replication, 

and that 7SK and U6 can be used to express shRNAs that durably inhibit HIV-1 replication. 

However, overexpression of transcripts from these promoters can be detrimental to cell health and 

thus each promoter-cassette should be tested for cytotoxic effects.  

 

4.2 Assessing the safety of optimized promoter-shRNA cassettes  
shRNA expression needs to be carefully optimized as overexpression can lead to cell death. 

Having determined that 7SK and U6 reduce the IC50 of our three shRNAs, we wondered whether 

the potency was to the detriment of cell health. We evaluated the toxicity of each promoter-shRNA 

cassette with a competitive growth assay. Co-culturing transduced cells (GFP+) with untransduced 

cells (GFP-) in a 1:1 ratio should yield a GFP expression of 50%. If the shRNAs were cytotoxic or 

caused defects that slowed cellular proliferation, the proportion of GFP fluorescence in cocultures 

would reduce over time. We observed this decreasing pattern in cocultures with 7SK-L1, 7SK-S3, 

U6-L1, and U6-S3. The same shRNAs sustained a steady GFP expression under transcriptional 

control of H1. However, our lab had previously tested the cytotoxic effects of sh1498 and sh5983 

expressed from each promoter and found that none of the cassettes impacted HEK293T cell 

proliferation though all cassettes were transfected at high amounts (1.5 and 2 g)176. Juxtaposition 

of these results suggest that toxicity may be sequence-specific, but we have not yet probed the 

mechanism for toxicity.  

Our lab’s past work with sh1498 and sh5983 showed that their potency correlated with 

increased expression of the guide strand – if the same is true for the three shRNAs tested here, the 

reason for cell death might be explained by the dysregulation from overexpression of shRNAs. 

This concept has been demonstrated in vivo in mice, where overexpression of shRNAs from adeno-

associated virus (AAV)8 vectors in hepatocytes resulted in severe liver injury and death235. 

Essential regulatory microRNAs (miRNAs) that are processed by the RNAi machinery are 

outcompeted by an overabundance of shRNAs; this dysregulation of miRNAs contributes to cell 

death. This mechanism could be tested by profiling miRNA expression with RNA sequencing in 

cells transduced with the cassettes. Another mechanism of cell death includes off-target binding 
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of transcripts through partial sequence complementarity, resulting in perturbations of essential 

gene functions; this may be tested through genome-scale expression profiling with microarrays. A 

final insight into the cytotoxicity mechanism comes from studies into tumour suppressive RNAs. 

The authors found that a higher GC content in the shRNA seed sequence, defined by positions two 

through seven at the 5’ end of the guide strand, correlated with greater cytotoxicity through off-

targeting of the 3’ UTR of a network of survival genes in cancer cell lines244. In a separate screen, 

they found that human and mouse cancer cells transfected with siRNAs containing G-rich seeds 

displayed the lowest viability, and that two major families of tumour suppressive miRNAs 

contained G-rich seeds that likely contributes to their cancer cell killing ability245. From these 

findings, we can hypothesize that the GC content in S3 and L1 contribute to declining GFP+ cell 

viability observed in our competitive growth assays, but only when expressed at high levels from 

the 7SK and U6 promoters as they do not show the same degree of cytotoxicity when expressed 

from the H1 promoter.  

Curiously, cells transduced with an empty vector that served as a negative control for 

toxicity displayed a significant increase in GFP expression over time (p = 0.004 by two-tailed t-

test). Selection for GFP+ cells may indicate that the untransduced GFP- cells were unhealthy at the 

seeding stage. Over time, the unhealthy cells would slowly die off and leave a greater proportion 

of GFP+ cells. This aligns with what is seen with the empty vector control, but we would also 

expect for the other samples to have increased GFP+ proportions. It could be possible that we do 

not see these results because the cytotoxic effects of the shRNAs compensate for the increased 

proportion of GFP+ cells. This would be problematic as the cytotoxic effects of seemingly safe 

shRNAs would be masked. Another replicate should be conducted to verify these results. However, 

from current data, we can confidently conclude that L1 and S3 are cytotoxic when expressed from 

7SK and U6, and that the same shRNA can have dramatically different cytotoxic effects depending 

on the promoter from which is expressed from. Tentatively, competitive growth and infection 

experiments collectively point to 7SK-P2 and U6-P2 as the best candidates to pursue for 

combination therapy.  

4.3 Generation of a CCR5-knockout cell line 
All individuals considered cured of HIV received stem cell transplants from donors with a 

natural homozygous mutation in the ccr5 gene that results in loss of cell-surface CCR5 expression. 

Given that this phenotype has no known detrimental effects, that the CCR5 coreceptor serves as 
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one of the first major points of contact required for infection, and that viral coreceptor switching 

can lead to emergence of CXCR4-tropic viruses, we began to investigate whether a combination 

of cellular modifications with the shRNAs described above and ccr5-gene editing could inhibit 

replication of R5 and X4 viruses. We first attempted to create a monoclonal CCR5-knockout cell 

line before proceeding with further modifications. We chose to set up this modification in PM-1 

cells, a T lymphocytic cell line that expresses both CCR5 and CXCR4. Clinical trials using 

CRISPR-Cas9 modified HSPCs are currently underway, and preliminary reports show no gene-

editing related adversities231. Given these results and its ease of use, we also chose to use CRISPR-

Cas9 to create homozygous deletions in the ccr5 gene. A double-stranded break by Cas9 is repaired 

through NHEJ which introduces indels at the repair site. These can cause frameshift mutations that 

result in truncated proteins. Truncated versions of CCR5 are not expressed at the cell surface, but 

because indels are randomly generated, we wanted to employ a CRISPR-Cas9 system that could 

generate a predictable deletion that reliably results in truncated CCR5. Two groups had published 

two different pairs of gRNAs that generate a 32 or 35 bp deletion in the ccr5 gene that results in 

early stop codons. Thus, we attempted to transfect PM-1 cells with these gRNA pairs by 

electroporating cells with a mix of two vectors, each cloned with one of the two gRNAs. One of 

the vectors, pU6-mCherry, also coded for the Cas9 protein as well as the mCherry fluorescent 

protein. The other vector coded for GFP.  

During our first attempt at transfecting cells with CRISPR machinery, we used a standard 

electroporation method with an exponential decay pulse to transfect 32-gRNA (Table 4). Though 

electroporation causes massive cell death, we attempted to allow the cells to recover by incubating 

them for 48 h before using FACS to isolate single, mCh+/GFP+ cells. Despite culturing single cells 

in conditioned media containing growth factors secreted by healthy WT cells, out of multiple 

rounds of electroporation and sorting with 240 single cells sorted per round, we were only 

successful in amplifying two samples in total. These were WT by PCR analysis (Figure 15B). 

Electroporation creates a cellular stress response246 and it is possible that the 48 h between 

transfection and sorting, another stressful event, was not enough for recovery. Because mCh and 

GFP expression deteriorates over time, the window we could provide between electroporation and 

cell sorting was limited.  

Hypothesizing that the electroporation method used was detrimental to cell health, we 

compared it to a second method using the Neon Transfection System where the electric current is 
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delivered in square wave pulses and a more uniform electric field is generated by a thinner 

electrode. Another group had achieved favourable transfection results on other T cell lines with 

this system247. We also opted to transfect a single gRNA (gRNA1 and gRNA 3, Table 3). Single 

cells were again cultured in conditioned media after FACS. With the Neon Transfection System, 

we found five to six monoclonal cell colonies per 96-well plate containing 60 sorted cells while 

standard electroporation resulted in at most one colony per plate. These results indicate that the 

Neon Transfection System induces less cellular stress, allowing cells to recover more quickly. We 

expanded the cells by transferring them from 96-well plates to 6-well plates but not all colonies 

grew after transfer. While the Neon Transfection System improved cell viability, the low 

percentage of amplification and the variable health of the colonies that did form indicate that 

electroporation parameters need to be carefully optimized. Transfection methods that further 

reduce cellular stress may increase cell viability and thus increase the probability of identifying 

the desired homozygous mutation.  

Of the 10 clones obtained from gRNA3, six (clones 1, 2, 3, 6, 7, 10) had at least one 

unreadable nucleotide within five nucleotides upstream and downstream the DSB site. Trace 

analysis of the chromatograms of clones 1, 2, 3, 6, 7, and 10 showed overlapping peaks in the 

unreadable regions. The nucleotides predicted by the software matches the WT sequence, but the 

presence of overlapping traces suggest that there were competing nucleotides at those positions, 

indicating that one of the alleles had been altered. Single allele sequencing should be performed 

to determine the genotype of the mutations. Regardless of whether the unreadable nucleotides are 

substitution mutations, unless they result in an early stop codon, they are less likely to cause a 

major protein truncation compared to a frameshift mutation or a large deletion. PCR analysis of 

clone 9 indicated that one of the alleles had a ~25 bp deletion, but sequencing more precisely 

revealed that the deletion spanned a 59 bp region that included the gRNA binding site and PAM. 

This is unusually large for NHEJ as indels are usually less than 10 bp248. An alternative NHEJ 

mechanism, microhomology-mediated end-joining (MMEJ), has been reported in human cells249 

and involves a more extensive resection of the exposed ends of the DSB to generate 

microhomologous arms that are annealed before gaps are filled in and ligated250.  Selection of 

MMEJ over NHEJ is influenced by the cell cycle and competition between the DNA repair proteins 

Ku and poly ADP-ribose polymerase 1 (PARP1). PARP1 is activated by DSB and plays a role in 

mediating MMEJ, which is most active during the S phase of the cell cycle251. Cell conditions that 
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favour MMEJ could be a possible explanation for the large deletion observed. Compared to the 

wild type 352 AA CCR5 protein, the predicted protein product is truncated at the 105th AA and 

unlikely to be expressed at the cell surface. Flow cytometry experiments should be performed to 

assess this hypothesis.   

Of the 10 clones obtained from gRNA1, all appeared to have WT bands. Sequencing data 

revealed a single nucleotide insertion in clone 8 four nucleotides upstream the DSB site, 

demonstrating that small indels can be easily missed with PCR and gel electrophoresis. 

Electrophoresis could be better optimized to detect indels, as another study reported that resolution 

as low as 3 bp is possible with gel electrophoresis using 4-6% low electroendosmosis agarose252. 

Like clone 9, the predicted protein product is also truncated and may indicate not be expressed at 

the cell surface. Chromatogram noise increased significantly at the site of the indel, indicating a 

heterozygous mix of alleles. Its genotype may be confirmed with single allele sequencing.  

Overall, results from single gRNA-editing points to the variability in repair products that 

result from Cas9-mediated DSB. Given that the Neon Transfection System results in greater cell 

viability post-FACS, future steps involve transfecting gRNA pairs into PM-1 cells with this system 

to generate more reliable deletions. We will select monoclonal cells homozygous for this deletion 

and confirm downregulation of surface CCR5 expression with flow cytometry. We expect that 

these cells will be resistant to R5 viruses and will determine whether they can also be resistant to 

X4 viruses upon transduction with 7SK-P2 or U6-P2.  
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Conclusions 
Antiviral molecules developed for use in HIV-1 gene therapy require stringent testing and 

optimization to ensure that they can durably inhibit viral replication and cause no harm to cells. 

All anti-HIV shRNA screens in the literature tested shRNAs from a single promoter and were 

performed in different cell lines. This thesis collated the best candidates from these screens and 

systematically tested the highest performing ones from three different human RNA Pol III Type 3 

promoters. We found that promoter choice significantly impacts shRNA efficacy with 7SK and 

U6 outperforming H1when it comes to inhibiting viral production and delaying viral replication, 

which confirms past findings by our lab. We also showed that shRNA toxicity is dependent on the 

sequence, as under a single promoter, not all shRNAs were cytotoxic to the same degree. Multiple 

shRNAs, either in combination with each other or with other classes of antiviral molecules, is 

required to prevent escape mutations. Our results indicated that 7SK-P2 and U6-P2 are the best 

candidates to pursue for combination testing but optimization is needed to minimize their toxicity. 

We showed that PM-1 cell survival post-sorting is compromised when they are electroporated with 

exponential decay pulses but improves when the Neon Transfection System is employed. Using 

the CRISPR/Cas9 system with a single gRNA, we identified two monoclonal cell colonies that 

potentially contain truncating mutations. These will be tested for their genotype and CCR5 surface 

expression but given the heterogenous nature of CRISPR/Cas9-mediated indels, we are more likely 

to obtain consistent deletion products when we use a pair of gRNAs. The results of this thesis 

guide toward a better understanding of developing a monoclonal CCR5-KO cell line that can be 

combined with safe and potent anti-HIV-1 shRNAs. These results may inform how future patient 

HSCs should be modified for autologous transplants to protect against both CCR5- and CXCR4-

tropic viruses.  
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