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Abstract 

The Development of Resistance of Human Immunodeficiency Virus to RNA Interference 
Therapies: Understanding Mechanism and Developing Strategies to Overcome 

 
by 
 

Priya Shirish Shah 
 

Doctor of Philosophy in Chemical Engineering 
 

University of California, Berkeley 
 

Professor David V. Schaffer, Chair 
 

 
Human immunodeficiency virus (HIV) possesses a prolific ability to mutate and adapt to an 
ever-changing environment. This intrinsic capacity for mutation not only allows HIV to evade 
the immune response, but also allows the virus to develop resistance to antiretroviral therapies. 
As an approach that targets RNA sequence rather than protein structure, RNA interference 
(RNAi) offers the potential for faster drug development and fewer side effects for treating HIV 
infection. However, the very sequence-specificity that gives RNAi-based therapies these 
advantages also makes the therapy susceptible to HIV escape, and the development of resistance 
to RNAi has been extensively documented. The work presented in this dissertation 
systematically analyzes how therapy delivery limitations, properties of RNAi targets, 
combinatorial approaches and existing HIV diversity can affect therapy efficacy and the 
development of resistance to RNAi.  
 
We have demonstrated that HIV can escape RNAi by indirect mechanisms of resistance to 
RNAi. When HIV was exposed to a RNAi therapy targeting the highly conserved trans-
activation response (TAR) hairpin of the long terminal repeat (LTR), we failed to isolate any 
viral clones with mutations in the target site. Instead, we identified many mutations in the U3 
region of the LTR that served to tune viral gene expression and overwhelm the RNAi pathway. 
 
One method to combat resistance is to use combinations of siRNAs in a manner similar to the 
existing highly active antiretroviral therapy (HAART). Combinations inhibit the virus at multiple 
loci, making it highly unlikely that a variant resistant to all components of the combination will 
emerge. While combinatorial RNAi therapy may delay the onset of resistance, our results 
indicate that the distribution or compartmentalization of the combination within cellular 
subpopulations may not be a critical factor in determining therapy efficacy. While we isolated 
several viral clones with mutations with the RNAi targeted regions, extensive sequence analysis 
indicated that these mutations were not fixed. We again identified mutations in the U3 region of 
the LTR, many of which were fixed and unique to virus that was exposed to a RNAi selective 
pressure. When compared to HIV that was propagated in the absence of a RNAi selective 
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pressure, a significantly higher number of mutations in the U3 region correlated with the degree 
of sequence conservation of the RNAi target site. Taken together, these data suggest that high 
degrees of sequence conservation at the RNAi target site could divert selective pressure to the 
U3 region of the LTR.   
 
Finally, we have explored how existing global sequence diversity of HIV can affect a sequence-
specific therapy such as RNAi. We identified two regions of the HIV genome that could 
potentially serve as targets for a global RNAi therapy and we developed a cell culture system 
that could serve as the foundation of any long-term studies of the evolution of different HIV 
subtypes in response to a RNAi therapy.  
 
In summary, RNAi is a promising therapy for HIV; however, a number of challenges concerning 
viral escape remain. We have developed a number of systems to study HIV evolution in response 
to RNAi therapies, and our findings emphasize that one must look “outside the target” when 
searching for resistance as this may represent a more general mechanism by which viruses adapt 
to selective pressure and escape antiviral therapy. 
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"Now, here, you see, it takes all the running you can do, to keep in the same place.”  
–The Red Queen 

 
Through the looking-glass, and what Alice found there  

by Lewis Carroll 
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Chapter 1: Introduction 
 
Since its identification in 1983 [1, 2], human immunodeficiency virus (HIV) has infected more 
than 60 million people, and it killed nearly 2 million in 2009 alone [3]. A heroic effort to 
improve access to highly active antiretroviral therapy (HAART) has helped stem the HIV 
epidemic [3]; however, the high cost of HAART and the lack of an effective vaccine have 
allowed AIDS to ravage populations in developing countries [4]. Additionally, the high mutation 
rate of retroviruses can enable the emergence of resistant strains before treatments can extinguish 
the virus [5], and new therapies cannot be developed fast enough to stay one step ahead of viral 
resistance. In the face of growing drug resistance [6], novel therapies that are easily designed and 
tested have clear advantages in the drug development race. 
 
RNA interference (RNAi) is a recently discovered, evolutionarily conserved mechanism for 
regulating gene expression that has the potential to be harnessed as a therapeutic alternative to 
antiviral small molecule drugs. This process, in which cells can be primed to identify and 
degrade RNA in a sequence-specific manner, was first observed in petunias [7]. Shortly 
thereafter, a similar phenomenon was found to have natural antiviral activity in plants [8, 9], and 
the pathway responsible for this activity was identified in C. elegans as RNAi [10]. The natural 
antiviral activity of RNAi demonstrated in C. elegans, D. melanogaster, and A. aegypti [11-13] – 
and conservation of the pathway in vertebrates [14] – makes RNAi a particularly attractive 
antiviral therapy strategy.  
 
In this study, we focus on the therapeutic application of RNAi targeting HIV. While RNAi 
therapy shows promise in treating chronic diseases such as HIV, delivery limitations will present 
the virus with reservoirs of unprotected cells in which virus can replicate and escape may be 
rapid. Targeting highly conserved regions of HIV and the use of combinations can reduce the 
risk of viral escape, but implementation can be technically challenging. We have studied the 
effects of delivery limitations on the efficacy of RNAi monotherapies and combination therapies 
using a quantitative in vitro approach. Our results suggest that HIV can evolve resistance to 
RNAi in novel ways and the precise mechanism of resistance utilized by the virus may be 
modulated by properties of the RNAi target. A better understanding of mechanisms of resistance 
and factors contributing to the use of one mechanism over another can aid in the development of 
better therapy strategies. 
 
Background and motivation 
 
The biology of HIV 
 
HIV, a member of the lentivirus genus, is a single-stranded RNA virus. Viral structural proteins 
enclose two single-stranded RNA (ssRNA) molecules, each measuring approximately 104 
nucleotides (nt) in length and comprising the entire HIV genome. The viral genome (Figure 1-
1a) is flanked by two long terminal repeats (LTRs), each containing an U3, R and U5 region (in 
the DNA form) that serve as scaffolds for important events within the viral lifecycle [15]. 
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The HIV life cycle (Figure 1-1b) begins when the virus binds a target cell, most often a CD4+ T 
cell, and its membrane fuses with the host cell membrane. The viral core is then released into the 
host cell. After uncoating, the viral genomic RNA is copied into “proviral” DNA in a process 
called reverse transcription [15]. The viral enzyme Reverse Transcriptase (RT) catalyzes this 
event and importantly is very error prone, generating approximately 0.2 errors per 104 nt [5]. (By 
contrast, human DNA polymerases involved in cell division generate approximately 1x10-4 

mutations per 104 nt [16]). In addition to a high number of point mutations, recombination occurs 
approximately three times during each reverse transcription event, when RT jumps between the 
two ssRNA templates packaged within a single virus particle. If these templates are not identical, 
or the points of recombination are not perfectly aligned, point mutations, deletions, and 
insertions can be introduced into the proviral DNA [17]. Understanding and contending with 
reverse transcription is critical for combating HIV infection since the viral sequence diversity 
resulting from point mutation and recombination drive viral evolution and thereby allow HIV to 
escape immune surveillance and therapies. 
 
After reverse transcription, the proviral DNA is transported to the nucleus along with the viral 
protein Integrase (IN). IN facilitates the insertion of the proviral DNA into the host cell’s 
genomic DNA. Upon insertion, the promoter region of the LTR, which contains binding sites for 
a number of host transcription factors, drives the production of viral messenger RNA (Figure 1-
1c). Initially, the host cell’s transcription factors govern this rate of production [18-21]; however, 
early transcription leads to the production of the viral transcriptional transactivator, Tat. Tat 
binds to the bulge of the trans-activation response (TAR) hairpin loop, a highly conserved 
untranslated sequence in the upstream, 5’ region of the viral mRNA. Tat then recruits the cellular 
factors cyclin T1 (CycT1) and cyclin-dependent kinase 9 (Cdk9) to TAR, which in turn 
phosphorylate RNA Polymerase II (Pol II) to greatly increase the viral mRNA transcription rate 
[22, 23]. The resulting strong positive feedback loop, or transactivation, drives the production of 
viral structural proteins and accessory proteins required for replication. Once all of the structural 
proteins are translated, daughter virions assemble at and bud from the host cell membrane [15]. 
Interestingly, when multiple virions infect a single cell, non-identical proviruses are integrated 
into the host cell DNA, meaning the two strands of genomic RNA packaged into a daughter HIV 
virion need not be identical. Upon reinfection, different point mutations, deletions, and insertions 
on different strands packaged in the same virion can be recombined when RT jumps between 
templates. In this way, multiple infection events within a single cell prime the viral population 
for greater diversity through recombination [24]. 
 
The high error and recombination rates of reverse transcription mean that no single genome 
sequence can adequately describe the genetic diversity present in a patient. Instead, the virus 
exists as a swarm of sequences, or a “quasispecies” [25]. The advantage of such a quasispecies 
for the virus is obvious when one takes into account a patient’s immune system, which 
constantly adapts to clear an infection. The existence of a swarm of diverse viral sequences 
increases the likelihood that some viruses escape immune detection and thus carry on the viral 
infection. A prediction of the quasispecies hypothesis is that the optimal error rate for a virus lies 
somewhere between zero and some positive value. The error rate must be low enough that the 
virus does not extinguish itself through the decay of genetic information over several generations 
[26, 27]; however, it must be sufficiently high to ensure that enough sequence space is sampled 
to allow for the generation of new variants that are more fit in a changing environment [28].  
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Figure 1-1. The biology of HIV. (a) Schematic of HIV genome. LTRs flank the genome, which encodes nine genes. 
(b) HIV life cycle. 1. HIV binds to the relevant host cell receptors. 2. The viral and host cell membranes fuse. 3. The 
genome is released from the virus. 4. The genome is reverse transcribed into "proviral" DNA. 5. The proviral DNA 
is integrated into the host cell genome. 6. Viral transcripts are produced using host cell machinery and transcription 
factors. 7. Viral transcripts are translated into proteins. 8. New virions assemble at the cell membrane. 9. Daughter 
virions bud from the host cell membrane. (c) Schematic of viral transcription. Transcription is mediated by cellular 
transcription factors bound to the U3 region (black), RNA Pol II (purple) and interactions with Tat (green), Cdk9 
(blue) and CycT1 (red), all of which bind to the transcribed TAR loop. 
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Current therapies 
 
Small molecule anti-retroviral drugs function by targeting essential HIV proteins involved at four 
different points in the viral lifecycle: membrane fusion, reverse transcription, integration, and 
processing of structural proteins [29]. When combined as a cocktail, known as highly active anti-
retroviral therapy (HAART), these drugs inhibit several points of the viral lifecycle 
simultaneously, thereby increasing their overall efficacy and decreasing the risk of viral escape, 
since the virus would have to mutate itself in multiple locations to escape the combination 
therapy. HAART plays an essential role in delaying the onset of AIDS and prolonging the lives 
of HIV-positive patients; however, it is extremely expensive to administer to millions of patients 
as a lifelong therapy, its side effects can be severe, and resistant viral strains can eventually 
emerge. Unfortunately, drug-resistant strains with increased infectivity and higher replication 
rates have been documented recently, and these have been transmitted to and have persisted in 
untreated patients [5]. Even more alarmingly, strains resistant to first line therapies are predicted 
to cause self-sustaining epidemics resulting from transmitted drug resistance, which is 
particularly problematic as the low cost of these first line therapies are largely responsible for 
improved global access to HAART [6]. HIV patients therefore urgently need new classes of 
drugs that are less prone to viral escape and can be developed quickly. 
 
RNA interference: mechanism and applications 
 
A new alternative to small molecule drugs is RNAi. The RNAi pathway is a highly conserved 
cellular mechanism for regulating gene expression. In invertebrate animals (Figure 1-2a), long 
double-stranded RNA (dsRNA) is processed into ~19-22 nt short interfering RNA (siRNA) 
duplexes by a cellular RNase-III enzyme called Dicer [30]. One strand of this duplex is loaded 
into the RNA-induced Silencing Complex (RISC) as the guide strand, and the choice of this 
strand is made based on the thermodynamic properties of the siRNA duplex [31]. The guide 
strand is then used to direct RISC to complementary RNAs. Perfectly complementary RNAs are 
“sliced” by the RNase H-like activity of Argonaute [32], the major component of RISC [33]. In 
vertebrates (Figure 1-2b), the presence of long dsRNA precursors induces a non-specific 
interferon response in addition to RNAi [34], and RNAi can be triggered specifically by directly 
introducing siRNA duplexes to cells [35], or through expression of smaller RNAs such as short 
hairpin RNAs (shRNAs) that can be processed by Dicer into siRNA duplexes [36]. 
 
In a pathway with many similarities to RNAi, endogenously expressed microRNAs (miRNAs) 
also serve to regulate gene expression in plants and animals [37-39]. miRNAs are generally 
expressed as longer hairpin RNAs called primary miRNAs (pri-miRNAs) and contain several 
mismatches in the ~33 nt stemloop [40]. This pri-miRNA is processed by the cellular complex of 
Drosha and DGCR8 in animals [41] to generate a shRNA-like molecule called a precursor 
miRNA (pre-miRNA). The pre-miRNA is then processed by Dicer [42] and loaded into RISC in 
a manner similar to siRNAs [31]. A defining property of miRNAs is that there are typically 
mismatches between the miRNA guide and the target mRNA, and as a result, miRNAs generally 
regulate gene expression through repression of translation rather than direct “slicing” of the 
target [43, 44], though RNA degradation can occur via alternate mechanisms such as decapping 
and deadenylation [45]. 
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Figure 1-2. The RNAi pathway. (a) Conventional RNAi. Dicer (red) processes long dsRNA into siRNA duplexes. 
The antisense strand is used by RISC (green) to degrade target RNAs of complementary sequence. (b) Gene 
therapy-mediated RNAi. The RNAi pathway is primed with shRNA expression cassettes, producing shRNAs that 
are processed into siRNA duplexes by Dicer. 
 
The sequence-specific nature of RNAi provides this technology with several advantages in 
developing antiviral treatments. First, since RNAi acts at the nucleotide level, the only 
information necessary to begin designing RNAi therapeutics is the target sequence itself, a 
consideration that can accelerate the rate at which potential therapies enter a drug development 
pipeline. Second, antiviral small molecules generally act by specific biochemical inhibition of a 
viral protein function, but accompanying non-specific interactions with host factors can result in 
detrimental side effects that negatively impact the long-term patient health and compliance [29]. 
RNAi can certainly have off-target effects through interactions with host mRNAs close in 
sequence to the viral target [46]; however, unlike small molecule-protein interactions, nucleotide 
sequence and Watson-Crick base pairing provide a straightforward means to differentiate 
between the host (whose genome sequence is of course now known) and pathogen. Furthermore, 
by leveraging the degree to which a specific position and the nature of mismatch between the 
guide strand and target RNA can affect siRNA activity and specificity, one can potentially 
distinguish the target from off-target regions that exhibit high degrees of sequence similarity 
[155]. In principle, a more specific inhibition of viruses could potentially be achieved and reduce 
the incidence of side effects. Finally, viruses infecting a variety of hosts, ranging from 
mosquitoes to humans, have been therapeutically targeted by RNAi (Table 1-1). The ability of 
RNAi to target many types of viruses (ssDNA, dsDNA, RNA(+), RNA(-) and dsRNA) means 
this versatile mechanism could be harnessed very broadly as an antiviral therapy.  
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Virus* Target Mode Model Reference 
ALCV L Polymerase, Z mRNA si-, shRNA HEK 293T, Vero, A549 [47] 
ALV tvb, env(B) shRNA DF-1 cells [48] 
BDV VP1 shRNA Vero cells [49] 

Coxsackie CRE (2C) shRNA BALB/c [50] 
Coxsackie 3C pro siRNA Rhabdomyosarcoma cells [51] 

Dengue pre-membrane CDS IR RNA Aedes aegypti [52] 
Dengue Env siRNA Human DCs, NOD/SCID humanized mice [53] 

EAV ORF1, ORF2b, ORF7 si-, shRNA APH-R, BHK-21 cells [54] 
EBV Zta shRNA NA NPCs, 293A [55] 

ENT-70 3Dpol siRNA Rhabdomyosarcoma cells [56] 
ENT-71 3'UTR, 2C, 3C, 3D siRNA Rhabdomyosarcoma cells [57] 

ENT-71 3Dpol 
si-, sh-, 
lhRNA Suckling mice [58] 

ENT-71 VP1, VP2 siRNA Rhabdomyosarcoma cells [59] 
FMDV 1D, Pol3D shRNA Guinea pig, Pigs [60] 
FMDV VP1 shRNA BHK-21 cells, suckling mice [61] 
FMDV 3P, 3D siRNA BHK-21 cells [62] 
GBV-B 5' UTR siRNA Marmoset primate model [63] 
HBV HBsAg/POL shRNA HepG2.2.15 cells [64] 
HBV pre S2/S shRNA Huh-7 cells [65] 
HBV Core, Pol, X shRNA C57BL/6J, NOD SCID mouse model [66] 
HBV X, Core shRNA Huh-7 cells [67] 
HBV Pol, X shRNA Huh-7,  [68] 
HBV HBsAg, pre-genomic RNA shRNA HepG2.2.15 cells, BALB/c [69] 

HCMV UL54, IE2 siRNA primary fibroblasts, U373 cells [70] 
HCV 5' NTR, IRES siRNA En5-3, 2-3c cells [71] 
HCV IRES, NS5b, CD81 shRNA Huh-7 cells [72] 
HCV NS3, NS5B siRNA Huh-7 cells [73] 
HCV NS5B siRNA Huh-7 HCV Replicon cells [74] 
HCV C shRNA HepG2 [75] 
HCV La, PTB, hVAP-33 shRNA Huh-7 cells [76] 
HCV NS5b siRNA Huh-7 [77] 
HCV IRES, NS5b, CD81 shRNA Huh-6, Huh-7, NOD/SCID mice [78] 
HCV E2, NS3 tsiRNA Huh-7 [79] 
HCV IRES, NS5b siRNA Huh-7, HepG2, HeLa [80] 
HEV helicase, replicase, 3'CAE shRNA HepG2 [81] 
HIV-1 Tat shRNA H9 cells [82] 
HIV-1 Gag siRNA PBMCs [83] 
HIV-1 TRBP siRNA HeLa cells [84] 
HIV-1 Nef shRNA SupT1 cells [85] 
HIV-1 Tat shRNA human [86] 
HIV-1 ALIX, ATG16, TRBP shRNA HEK293T, SupT1 cells [87] 
HIV-1 RT siRNA HeLa [88] 
HIV-1 Vif, TAR, Nef siRNA Magi cells, PBMCs [89] 
HIV-1 CCR5 siRNA BLT mice [90] 
HIV-1 TAR shRNA SupT1s [91] 
HIV-1 Tat shRNA CD34+ HSCs [92] 
HIV-1 LTR, Gag, Pol, Vif, Tat, Env, Vpu shRNA HEK 293A [93] 
HIV-1 LTR, Gag, Pol, Vif, Env, Nef siRNA HeLa [94] 
HIV-1 Pol, U3 sh-, lhRNA MT-4, PBMCs [95] 
HIV-1 Gag, Pol, Vif, Rev, Env, Gag shRNA HeLa, HEK293FT [96] 
HIV-1 Tat, Nef, LTR, Pol lhRNA HEK 293T [97] 
HIV-1 5' UTR, Gag, Pol, Tat/Rev shRNA SupT1, PBMCs [98] 
HIV-1 5' UTR, Gag, Pol, Vif, Tat/Rev Nef/LTR shRNA SupT1 [99] 
HIV-1 CycT1, CDK-9 siRNA HeLa [100] 
HIV-1 CXCR4, FasL siRNA SX22-1, HEK293-005 [101] 
HIV-1 PARP-1 siRNA HeLa, J111 [102] 
HIV-1 Arp2/3 shRNA HEK293, H9 cells [103] 
HIV-1 Sam68 shRNA HEK293T, HeLa SSKH [104] 
HIV-1 hRIP siRNA HeLa, HL2/3, Jurkat, primary macrophages [105] 
HIV-1 CCR5, Vif, Tat siRNA ND/SCID/IL2rgamma-/- Hu-PBL mice [106] 
HIV-1 CD4, CCR5, CXCR4 shRNA Magi, PBMCs [107] 
HIV-1 Int, mut-Int shRNA SupT1 [108] 
HIV-1 Pol, Tat, Rev, Nef esh-, lhRNA SupT1 [109] 
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Virus* Target Mode Model Reference 
HIV-1 5'LTR, Gag, Pol, Tat/Rev shRNA SupT1 [110] 
HIV-1 Gag, Pro, Int, Tat/Rev shRNA SupT1 [111] 
HIV-1 Env/Rev shRNA SupT1 [112] 
HIV-1 Nef, mut-Nef shRNA SupT1 [113] 
HPV E6, E7 siRNA Human cervical carcinoma cells [114] 
HPV E6 si-, shRNA HeLa [115] 

HRV-16 5'UTR, VP1-4, 2A, 2C, 3A, 3C, 3D, 4B, 5B siRNA HeLa [116] 
HSV-1 glycoprotein E siRNA human keratinocytes, in vitro [117] 
HTLV-1 Gag, Env siRNA HEK293 [118] 
HTLV-1 TORC3 siRNA HEK293T [119] 
HV-6B U38 DNA Polymerase siRNA SupT1 [120] 

Influenza A NP, PA, PB-1,  siRNA C57BL/6 [121] 
Influenza A M2, NP shRNA MDCK [122] 
Influenza A NP, PA siRNA BALB/cAnNR [123] 
Influenza A PB1, PB2, PA, NP, MP siRNA A549 cells [124] 
Influenza A NP, M2 siRNA MDCK cells, BALB/c [125] 
Influenza A Caveolin-1 shRNA MDCK cells [126] 

JEV Env si-, shRNA BHK-21, Neuro2A, Vero cells, BALB/c [106] 

JEV Env 
siRNA-
peptide Neuro2A cells [127] 

Marburg NP, VP35, VP30 siRNA HeLa CCL-2, Vero cells [128] 
MDV gB, UL29 shRNA chicken embryo fibroblasts, chickens [129] 

Monkeypox A6R, E8L siRNA LLC-MK2 cells, in vitro [130] 
NDV Matrix shRNA Chicken embryo fibroblasts [131] 

ONNV P3 dsRNA  Anopheles gambiae [132] 
Parainfluenza P siRNA A549 cells, BALB/c [133] 
Parainfluenza F, HN siRNA A549 cells [134] 

PCV-1 Rep shRNA PK15 cells [135] 
PCV-2 ORF1, ORF2 shRNA PK15 cells, BALB/c [136] 
PCV-2 Rep shRNA PK15 cells [135] 
PEMV 2C, 2B, 3C and 3D siRNA BHK-21 cells [137] 
Polio Capsid, P3 siRNA HeLa S3, P19 mouse carcinoma cells [138] 
Polio Capsid, P3 siRNA HeLa S3, MEFs [139] 
PPV P1, HC-Pro IR RNA Nicotiana benthamiana [140] 

PRRSV ORF 7 shRNA MARC-145 [141] 
Rabies Nucleocapsid shRNA Neuro2A cells [142] 

Rotavirus VP4, VP7 siRNA MA104 [143] 
Rotavirus VP4 siRNA MA104 [144] 

RSV P siRNA A549 cells, BALB/c [133] 
RSV Nucleocapsid siRNA human [145] 
RSV P,F siRNA A549 cells [146] 

SARS-CoV Replicase 1A siRNA FRhk-4 cells [147] 
SARS-CoV S, E, M and N shRNA FRhk-4 cells [148] 
SARS-CoV RdRP shRNA 293, HeLa, Vero-E6 cells [149] 
SARS-CoV Leader, TRS, 3'UTR, Spike siRNA Vero E6 [150] 
SARS-CoV ORF1b, ORF2 siRNA FRhk-4 cells [151] 

VSV M, RdRP siRNA HEp-2 [134] 
WNV 3' UTR siRNA Vero cells, in vitro [152] 
WNV Nucleocapsid si-, shRNA BHK-21, Neuro2A, Vero cells, BALB/c [153] 
YHV Protease, Polymerase, Helicase dsRNA Shrimp Primary Cells [154] 

* abbreviations: Arenavirus Lymphocytic Choriomeningitis Virus (ALCV), Avian Leukosis Virus (ALV), Bursal Disease Virus (BDV), 
Enterovirus 70 (ENT-70), Enterovirus 71 (ENT-71), Epstein Barr Virus (EBV), Equine Arteritis Virus (EAV), Foot and Mouth Disease Virus 
(FMDV), GV Virus B (GVB-B), Hepatitis B Virus (HBV), Human Cytomegalovirus (HCMV), Hepatitis C Virus (HCV), Hepatitis E Virus (HEV) 
Herpesvirus 6B (HV-6B), Herpes Simplex Virus 1 (HSV-1), Human Immunodeficiency Virus 1 (HIV-1), Human Papilloma Virus (HPV), 
Human T Lymphotropic Virus 1 (HTLV-1), Human Rhinovirus 16 (HRV-16), Japanese Encephatilits Virus (JEV), Marek's Disease Virus 
(MDV), Newcastle Disease Virus (NDV), O'nyong nyong virus (ONNV), Porcine Circovirus 1 (PCV-1), Porcine Circovirus 2 (PCV-2), Porcine 
Encephalomyocarditis Virus (PEMV), Plum Pox Virus (PPV), Porcine Reproductive and Respiratory Syndrome Virus (PRRSV), Respiratory 
Syncytial Virus (RSV), Severe Acute Respiratory Syndrome Corona Virus (SARS-CoV), Vesicular Stomatitis Virus (VSV), West Nile Virus 
(WNV), Yellow Head Virus (YHV). 

 
Table 1-1. Animal viruses targeting using RNAi. Virus, gene target, mode of RNAi induction and system 
used in the study are indicated. This table is by no means comprehensive, but meant to provide a general idea 
of the broad range of viruses targeted using RNAi. 
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Complications 
 
The ease of RNAi design can increase the number of therapies in a development pipeline by 
providing a large number of potential siRNA targets within a single viral gene that can readily be 
tested in cell culture and preclinical animal models; however, these therapies face the same 
challenges that conventional antiviral therapies encounter in the clinic: viral escape. A single 
nucleotide substitution in a RNAi target site within the viral genome can result in complete loss 
of interference, depending on the location and the nature of the resulting mismatch [156]. In 
addition to nucleotide substitution in the target (Figure 1-3), viral resistance has emerged by 
deletion of the target, and indirect structural rearrangement of the targeted region [157]. Such 
viral escape from RNAi suppression has been documented in HIV, hepatitis C virus (HCV), and 
poliovirus [77, 82, 139]. In addition, both RNA and DNA viruses pose the additional problem of 
pre-existing quasispecies diversity [150, 158], such that RNAi-resistant clones may already be 
present within the host prior to therapeutic RNA administration [159]. 
 
 

 
 
Figure 1-3. Previously identified mechanisms of escape from RNAi. (a) Point mutation (red star) of the target 
(blue) interrupts base pairing with the guide strand (black), (b) deletion of the target eliminates base pairing with the 
guide strand or (c) point mutation outside of the target results in a structural rearrangement of the target making it 
inaccessible for base-pairing with the guide strand. 
 
Another complication arises from delivery limitations. For RNAi to be an effective antiviral 
therapy, HIV-susceptible cells must harbor protective siRNAs throughout the course of an 
infection. Repeated delivery of exogenous siRNAs is costly, time-consuming, and can become 
less effective over time if the delivery vehicle elicits an immune response such that the vehicle is 
cleared before it can reach their target cells. Thus, for a chronic infection such as HIV, 
endogenous expression of shRNAs is ideal. A lentiviral expression cassette [160] can be used to 
create a population of protected cells that is capable of long-term anti-HIV shRNA expression 
due to the ability of these vectors to infect and integrate into the genome of dividing and non-
dividing cells with very high efficiencies [57, 161, 162]. 
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Cells can be transduced with shRNA expression cassettes in two ways, ex vivo or in vivo. For ex 
vivo transduction, cells from the patient are harvested and infected with the lentiviral vector in a 
culture dish (Figure 1-4). For in vivo transduction, the cells are infected by directly injecting the 
patient with the lentiviral vector. While both ex vivo and in vivo transduction with lentiviral 
vectors can be efficient, it is not possible to protect every cell within a patient using either 
method. As a result, patients will have a mixed population of RNAi-protected and -unprotected 
cell. This heterogeneity may be a critical determinant of anti-HIV RNAi therapeutic efficacy, 
since unprotected cells may provide HIV with a reservoir for viral replication. Thus, resistant 
virus could develop in unprotected reservoirs and then go on to infect and overwhelm RNAi-
protected cells [163]. 
 

 
 
Figure 1-4. Ex vivo gene therapy delivery. Unprotected target cells (white with dashed black line) are harvested 
from the patient and transduced with a viral vector harboring a shRNA expression cassette (orange star) to produce 
RNAi-protected cells (orange with solid black line). A mixture of unprotected and protected cells and transplanted 
back into the patient. 
 
 
Given the highly mutagenic nature of HIV and the delivery limitations associated with sustained 
RNAi therapies, designing an anti-HIV RNAi therapy that does not result in rapid viral escape 
has proven to be extremely difficult. The work presented in the following chapters serves to 
elucidate how delivery limitations, combination strategies, and properties of RNAi targets may 
influence HIV evolution and escape from a RNAi therapy. Ultimately, a better understanding of 
the parameters that can affect viral escape will result in smarter therapies for HIV patients. 
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Chapter 2: Indirect escape from RNAi targeting TAR 

 
Introduction 
 
The goal of the work presented in this chapter was to identify how HIV evolves in response to 
RNAi targeting a highly conserved and essential region of the HIV genome. Our findings 
demonstrate that HIV can develop resistance to RNAi therapies in indirect ways when the target 
region cannot be mutated directly [1].  
 
Like many viruses, HIV can rapidly evolve when placed under selective pressure, including 
immune surveillance or the administration of antiretroviral drugs. The virus typically acquires 
resistance by mutating the targeted proteins. Accordingly, when HIV has been suppressed with 
RNA interference (RNAi) directed against viral RNAs, it has escaped by acquiring mutations at 
the target region that circumvent RNAi-mediated inhibition while conserving necessary viral 
functions. However, when RNAi was directed against the viral TAR hairpin, which cannot be 
altered without severely impairing viral replication, HIV did not mutate the target site. Instead 
we identified several mutations that indirectly compensated for the RNAi-mediated antiviral 
activity through upregulation of viral transcription. This represents a novel mechanism by which 
viruses can tune viral transcriptional regulation to compensate for viral suppression indirectly. 
 
HIV gag, pol, tat, rev, env, vif and nef have been successfully targeted for RNAi-mediated 
inhibition of viral replication in cell culture [2, 3], and an anti-HIV RNAi therapy recently 
completed phase I clinical trials to evaluate its safety and efficacy [4]. However, since one or two 
nucleotide mismatches between the antisense guide strand and the target RNA can disrupt RISC-
mediated cleavage [5], HIV’s capacity for mutation also threatens the long-term efficacy of 
RNAi-based therapies [6]. In cell culture, HIV has already been shown to evolve resistance to 
RNAi directed against tat, gag, nef, or pol via direct point mutation of the target sequences [7-9]. 
Similarly, HIV evolved resistance to RNAi directed against nef by mutating or deleting the 
target, which is dispensable in cell culture [8], or by a local structural rearrangement of the target 
mRNA that likely results in the exclusion of RISC [10]. It has been proposed that directing 
RNAi against HIV sequences that cannot be mutated without compromising viral functionality 
may preclude viral escape. While highly conserved sites within HIV transcripts have been 
targeted [3, 9, 11, 12], escape from RNAi directed against these targets has still occurred in 10-
20 days [9, 13]. Combinations of shRNAs may also suppress viral replication for extended 
periods without escape [9]. In practice, however, this combinatorial RNAi approach has 
constraints, because the total siRNA dose must be limited to avoid inducing interferon-mediated 
responses [14], and ineffective siRNAs can compete with effective ones for incorporation into 
RISC and thereby decrease overall RNAi efficacy [15]. Alternatively, RNAi may be coupled 
with other RNA-based strategies to enhance suppression [16]. However, in all cases, RNAi 
targets must be selected carefully to both maximize inhibition and prevent viral escape. 
 
One attractive RNAi target is the TAR hairpin, an untranslated and highly-structured sequence. 
TAR is present twice in every viral RNA and is characterized by a high degree of nucleotide 
sequence conservation resulting from the indispensable role that TAR plays in viral transcription. 
As mentioned in Chapter 1, following reverse transcription and semi-random integration into a 
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host cell chromosome [17], transcription of all viral RNA from a HIV provirus is driven by the 
5’ LTR. Initially, basal transcription is relatively inefficient and is governed by cellular 
transcription factors through a balance of positive and negative regulators that bind to cis 
regulatory elements within the 5’ LTR [18-21]. Although this basal transcription is relatively 
inefficient, it leads to the accumulation of the HIV transcriptional transactivator, Tat. Tat binds 
to the “bulge” of TAR [22], which is present at the 5’ end of every nascent viral transcript, and 
recruits the cellular factors CycT1 and Cdk9 [23] to lead to a greatly increased viral RNA 
transcription rate [24]. The resulting Tat/TAR positive feedback loop is essential for producing 
the viral regulatory and structural proteins and genomic RNA required for assembling progeny 
virions [25]. Furthermore, the TAR hairpin is present at both the 5’ and 3’ ends of both spliced 
and full-length HIV transcripts, such that every HIV RNA molecule contains two copies of this 
potential RNAi target and would thus have to mutate twice to be fully resistant to a RNAi 
therapy. 
 
We isolated HIV mutants that were capable of replication in the presence of the previously 
identified and potent TAR4 shRNA targeting the TAR hairpin of HIV. However, when these 
viral strains that were potentially resistant to the RNAi therapy were sequenced and 
characterized, not one contained mutations in the RNAi-targeted region of TAR or was predicted 
to significantly alter RNA secondary structure in a way that would make it less susceptible to 
RNAi, indicating that resistance to RNAi was not acquired via previously described mechanisms. 
Instead, HIV accumulated promoter mutations and sequence duplications that appeared to 
compensate for RNAi-mediated inhibition, rather than escape it outright, by upregulating viral 
gene transcription. This represents a previously uncharacterized mode of viral evolution in 
response to inhibition by RNAi. 
 
Results 
 
A novel anti-TAR shRNA conferring long-term suppression of HIV replication  
 
It was previously shown that the TAR4 shRNA (targeting nucleotides 28-47) was capable of 
potent inhibition of HIV replication. Virus was cultured long-term in mixed populations of 
unprotected and TAR4-protected cells, which served to mimic in vivo delivery limitations in 
which a population of cells will likely remain unprotected by the RNAi gene therapy and 
potentially act as a reservoir for viral replication and mutation. While viral replication was 
inhibited across a range of mixtures of unprotected and protected cells, replication eventually 
recovered [1]. These results confirmed computational predictions that there exists a critical 
threshold of unprotected cells, above which productive HIV replication is highly likely [26], and 
this threshold appears to be approximately 20% unprotected cells in an in vitro system designed 
to model RNAi gene therapy delivery limitations in vivo [1]. 
 
Sequence analysis of potentially resistant virus indicates an indirect mechanism of escape 
 
We sought to determine whether viral populations from the previously mentioned long-term HIV 
cultures had rebounded due to mutational adaptation. To date, viral escape from RNAi has been 
found to occur only by mutation in the targeted site, or in nearby regions that modulate RNA 
folding at the targeted sequence [7-10, 27]. Intriguingly, sequence analysis of the LTRs of 
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putative escape viral populations revealed no mutations in the RNAi target sequence within TAR 
that would be expected to alleviate RNAi-mediated suppression. Many mutations were instead 
present within or adjacent to transcription factor binding sites in the LTR, including NF!B, Sp1, 
UBP/LBP, AP-1, and NFAT (Figure 2-1).  

 
 
Figure 2-1. Summary of potential escape mutants. (a) Locations of LTR mutations in isolates from “escaped” 
wells are indicated by black arrows. Region targeted by RNAi is highlighted in blue. (b) A summary of individual 
mutants, with bold text indicating mutants that were selected for further analysis, is shown. Mutant names indicate 
where the mutant arose (“20D5” = isolate from a culture with 20% unprotected cells, culture replicate D, isolate #5 
from this culture). ! indicates a deletion, “ins” an insertion, and “dup” a duplication. Individual mutations are 
numbered using +1 for the transcriptional start site. Complete mutant LTR sequences are available in Appendix A. 
Frequencies of each mutant are listed in Table 2-1. 
 
Importantly, no mutants were predicted to alter the structure and therefore accessibility of the 
target sequence itself (Appendix A). Only one mutant expanded to dominate its viral population 
(culture 20H), and many viruses isolated from other cultures possessed the wild type (WT) 
sequence in the region analyzed (Table 2-1). Collectively, these data suggest that the virus did 
not directly escape anti-TAR RNAi but instead accumulated alterations in both positive and 
negative regulatory elements that potentially enhance viral replication in the presence of the 
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RNAi inhibition. In addition, the sequencing results suggest that WT virus expansion in 
unprotected cells may have contributed to the recovery of viral replication. 
 

Mutant Frequency Mutant Frequency 
0H2  1/22 20E5  1/6  
0H4  1/22 20H1  1/9  

0H16  1/22 20H4  1/9  
10A3  1/14 20H5  5/9  
10A5  1/14 20H15  1/9  
10A6  1/14 20H19  1/9  
10A8  1/14 30A3  1/10 
20D4  1/16 30A4  1/10 
20D5  1/16 30A5  1/10 
20D6  1/16 30A6  1/10 

20D11  1/16 30G3  1/7  
20D12  1/16 30G4  1/7  
20D16  1/16 30G5  1/7  
20D6  1/6  30G8  1/7  

 
Table 2-1. Mutation frequency per culture. The frequency of each mutation as listed in Figure 2-1b is given as a 
fraction of the total number of samples sequenced. The remaining fraction of each culture contained no mutations 
within the LTR. 
 
Mutations outside the anti-TAR RNAi target provide HIV with resistance 
 
Fourteen mutants were selected for further analysis, based on several criteria. First, because 
several regions of documented importance were mutated in multiple variants, these variants were 
selected for analysis. These included mutations in the NF!B elements (variants 10A3 and 30A5), 
Sp1 elements (20D5, 20H4, 20H5, 20H15, 30A6 and 30G4), and adjacent to the TATA box 
(30G8). In addition, a set of variants whose mutation occurred within the R region of the LTR 
was chosen (10A6, 20D6 and 30G5), given their proximity to the RNAi-targeted region. Mutants 
(0H2 and 0H16) were also chosen to represent isolates from the various culture compositions (0, 
10, 20 and 30% unprotected).  
 
To tests these mutants, we cloned them into HIV"3, the “triple-deletion” strain of HIV pNL4-3, 
which contains deletions (in vpu, nef, and part of the U3 region) that do not impair replication in 
cell culture but enhance safety considerations [28, 29]. We developed and utilized a viral 
genomic plasmid containing a single LTR (psLTR), analogous to a system developed previously 
[30] (Figure 2-2). The psLTR platform consists of a LTR followed by the 5’ half of the HIV 
genome. The genome is then interrupted by the bacterial origin of replication (ori) and ampicillin 
resistance gene (ampR), which are required for plasmid amplification in E. coli, and are removed 
prior to viral production. The remaining 3’ half of the HIV genome follows the bacterial DNA 
interruption to complete the plasmid. This greatly facilitated mutant cloning, as only one LTR 
must be replaced to generate each mutant. Furthermore, viral production was simplified while 
maintaining the safety achieved from disrupting the HIV genome with bacterial sequence. To 
generate virus, the bacterial sequence is excised with a single restriction endonuclease digest, 
and the plasmid is ligated/recircularized. The resulting circular DNA is introduced into HEK 
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293Ts via transfection, viral RNA is transcribed, HIV is produced, and the resulting virus is 
amplified in SupT1s. This protocol for viral packaging can be accomplished in one week with 
minimal variation in the timescale of viral production, making it an ideal platform for generating 
viral stocks for many mutants. 
 
 

 
 

Figure 2-2. Generation of HIV using a single-LTR platform (psLTR HIV). (a) In the hemigenomic method, the 
p210-19 and p210-8 plasmids are linearized and rejoined to form linear full-length HIV (black). The linear DNA is 
introduced into HEK 293Ts and transcribed for viral production. (b) In the psLTR HIV method the HIV genome 
(black) is interrupted by bacterial sequence (grey). The 3' half of the HIV genome and 3' LTR from p210-8 were 
fused immediately upstream of the 5' half of the genome, plasmid origin of replication and ampicillin selection gene 
from p210-19 (replacing the 5' LTR). Each psLTR HIV variant was digested with EcoRI, to excise the non-HIV 
sequences, and recircularized with T4 DNA ligase to produce full-length HIV with a single LTR (U3, red; R, blue; 
U5, yellow). The LTR is transcribed once at the beginning and once at the end of each transcript in HEK 293Ts. 
GFP was also inserted into the nef open reading frame to track HIV replication in cell culture. 
 
Homogeneous cultures of unprotected or TAR4-protected cells were initially challenged at a 
ratio of infectious virus to cells (multiplicity of infection, MOI) of 0.015. Viral titers were 
tracked using an indicator cell line (CEM GFP) that measures active viruses rather than the 
accumulation of viral proteins [31]. Briefly, the indicator cells contain an integrated copy of the 
HIV LTR followed by GFP. In the presence of Tat, supplied by HIV infection, these cells 
express GFP and can be measured via flow cytometry to determine the infectious titer [32, 33].  
 
Over a 10-day period, nine of the fourteen mutants showed significantly enhanced replication in 
protected cells compared to WT virus (Figure 2-3). However, the replication of these mutants in 
protected cells was delayed compared to their expansion in unprotected cells, indicating that they 
are still susceptible to RNAi-mediated inhibition. Interestingly, six of the nine mutants with 
enhanced replication in protected cells (0H2, 20D6, 20H5, 20H15, 10A3 and 30G8) also 
exhibited faster than WT replication in unprotected cells. This resulted in an earlier peak in titer 
for three of these six mutants (relative to the WT virus peak) and a significantly accelerated 
decay in viral titer for all six mutants. 
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Figure 2-3. Altered replication of mutants. TAR4-protected or unprotected SupT1 cells were challenged with either 
WT virus or each potential escape mutant at an MOI of 0.015 and titers were assayed every two days. Mutants are 
labeled in the upper left corner of each graph. Experiments were performed in biological triplicate, error bars 
represent one standard deviation, and (*) indicates a significantly different titer as compared to WT virus replicating 
in the same cell type (p<0.05). 

 
This rapid decay can be explained by accelerated syncytia formation and cell death, as observed 
by light and fluorescence microscopy (Figure 2-4). Since premature cell death may limit the 
number of progeny virions produced, it is likely that these mutants are less fit for replication in 
unprotected cells. 
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Figure 2-4. Viral replication-mediated cell death. Overlays of GFP and bright field images of HIV replication in 
unprotected cells. 
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To quantitatively compare the ability of mutant and WT virus to produce progeny, we summed 
or integrated the infectious viral titers measured every two days over a 10-day period (the half 
life of infectious virus is ~8 hours [34]), such that the result was a measure of viral “burst size” 
over the time course of the experiment (Figure 2-5). The nine variants with enhanced replication 
kinetics also yielded significantly larger burst sizes in protected cells than did WT virus, 
indicating they are escaping RNAi. Intriguingly, several mutants with the largest burst sizes in 
protected cells also had significantly decreased burst sizes in unprotected cells, compared to WT 
virus. These mutants thus apparently gained the ability to replicate in protected cells at the cost 
of reduced replication in unprotected cells, indicating that the acquired genetic changes can result 
in a fitness loss in some contexts. 
 
 

 
Figure 2-5. Enhanced burst sizes of escape mutants. Total viral yield (burst size) was calculated by integrating the 
titers from Figure 2-3 and normalizing to WT virus (in identical cells). Experiments were performed in biological 
triplicate, error bars represent one standard deviation, and (*) indicates a significantly burst size as compared to WT 
virus replicating in the same cell type (p<0.05). 
 
HIV escapes anti-TAR RNAi by an indirect upregulation of gene expression 
 
Next, we tested whether the nine RNAi-escape mutants possessed altered transcriptional activity 
that may compensate for RNAi-mediated inhibition (Figure 2-6). First, basal LTR-driven 
transcription was measured in unprotected cells by QPCR of GFP mRNA. All mutants except 
mutant 20D6 exhibited higher basal activities when measured as the RNA level. Since Tat-
transactivated transcription is essential for viral replication, we also measured LTR activities in 
the presence of Tat. Mutants 0H2, 10A3, 20H5, 20H15, 30A6 and 30G8 had enhanced 
transcription in the presence of Tat compared to the WT LTR with Tat. Interestingly, mutant 
20D6 appears to be virtually unresponsive to Tat. A luciferase assay confirmed these trends. 
Collectively, these results suggest that HIV acquired the ability to replicate in RNAi-protected 
cells through indirect compensatory mutations that increase the basal and/or transactivated 
transcription rate, rather than by directly escaping RISC-mediated downregulation of gene 
expression. This represents a novel mechanism of viral escape from RNAi. 
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Figure 2-6. Enhanced transcriptional activity of mutant LTRs: a new model for resistance. (a) Tat-expressing or 
naïve SupT1 cells were transduced with vectors expressing GFP and luciferase from either WT or escape mutant 
HIV LTRs at MOIs of ~1.5. Basal and transactivated transcription rates of each mutant were measured by QPCR of 
GFP mRNA using the ""CT method [35]. All values were normalized for amplification efficiency and MOI. (b) 
Basal and transactivated transcription rates of each mutant were measured by luciferase assay. All values were 
normalized by MOI and protein content. Experiments were performed in technical triplicate. Error bars represent 
one standard deviation and (*) indicates a statistically different value from the respective WT value (p<0.05). (c) A 
model for indirect escape from RNAi. For the WT virus, the promoter has a given transcriptional activity that results 
in a moderate rate of transcription. The resulting transcripts (grey) harbor the RNAi target (blue) and therefore are 
identified by RISC (green) and degraded. For the mutant virus, the promoter has a stronger transcriptional activity 
that results in a high rate of transcription. The large number of transcripts still harbor the RNAi target and can be 
identified by RISC; however not all transcripts can be degraded before being translated into HIV proteins and 
producing more virus. 
 
Since many of these mutants appeared to escape RNAi at the transcriptional level, we next 
measured the production of initiated versus fully elongated transcripts for each mutant using a 
previously developed method [36] (Figure 2-7). All mutants produced more initiated transcripts 
than WT virus in the absence of Tat. In addition, mutants 0H2, 10A3 and 20H15 exhibited 
enhanced initiation in the presence of Tat. Both of these scenarios suggest that elongation has 
become more efficient under for these mutants in the absence and perhaps even the presence of 
Tat. In contrast, mutant 20D6 showed an increase in initiated transcription in the absence of Tat, 
while fully elongated transcription was not enhanced compared to WT in either situation. This 
implies that a large number of transcripts are truncated for mutant 20D6. 
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Figure 2-7. QPCR determination of production of initiated and elongated transcripts by mutant LTRs. The 
number of initiated and fully elongated transcripts were measured in the (a) absence and (b) presence of Tat using 
QPCR as in Figure 2-6. All values were normalized for amplification efficiency and MOI. The difference between 
these two values is considered the number of truncated transcripts [36]. Experiments were performed in technical 
triplicate. Error bars represent one standard deviation and (*) indicates a statistically different value from the 
respective WT value (p<0.05). 
 
It should be noted that the type of duplication of Sp1 binding sites identified in culture 20H has 
been observed during the long-term passage of the triple-deletion HIV strain used in this study 
[37]. We therefore sought to address the possibility that this mutation is a consequence of in vitro 
culturing of attenuated HIV. We confirmed that in the full-length HIV-1 strain NL4-3 the Sp1 
duplication mutant 20H5 confers a significant replication advantage compared to WT virus in 
protected cells. Furthermore, the inclusion of this mutation in the full-length strain results in 
accelerated replication kinetics in unprotected cells and a lower total burst size over 10 days 
compared to the WT virus (Figure 2-8).  
 

 
 
Figure 2-8. Enhanced replication of Sp1 duplication mutants in full-length and triple deletion (!3) virus. (a) 
Unprotected and protected cells were infected with the indicated virus at a MOI of 0.015 and 0.002 for "3 and full-
length virus, respectively. (b) Burst size was calculated as in Figure 2-5. Experiments were performed in biological 
triplicate and error bars indicate one standard deviation, and (*) indicates a significantly different titer (or burst size) 
as compared to WT virus replicating in the same cell type (p<0.05). 
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While the differences in replication are less pronounced in the full-length strain compared to the 
HIV"3 strain, the phenotypes are consistent. These data further support the interpretation that the 
observed Sp1 duplications are an adaptation that helps HIV to overcome both RNAi-mediated 
pressure and attenuation by gene deletion, since this adaptive advantage can be observed in both 
the wild type and attenuated HIV strains used in this study. However, to eliminate any possibility 
that the purported evolution is not specific to selection by RNAi, all additional studies involve 
the use of the full-length NL4-3 strain unless otherwise noted. 
 
Combinatorial therapies for enhanced antiviral activity 
 
Since our mutants appear to escape RNAi by a general increase in gene expression, we 
investigated whether enhanced suppression of mutant viral replication could be achieved by 
using a combination of RNAi and a small molecule HIV inhibitor. One such combination 
strategy has demonstrated improved inhibition of both WT and drug-resistant HIV; however, in 
this study the siRNA and the small molecule antiviral targeted RT mRNA and protein, 
respectively [38]. We analyzed whether targeting different viral loci simultaneously, in a manner 
similar to HAART, may also enhance viral inhibition. In particular, we measured viral 
replication in TAR4-protected and unprotected SupT1 cells cultured with the nucleoside RT 
inhibitor (NRTI) zidovudine (AZT). Combinatorial inhibition enhanced the viral suppression 
exerted by either RNAi or the NRTI alone (Figure 2-9). When AZT was combined with TAR4 
RNAi, complete suppression of HIV"3 WT viral replication was observed over 10 days, even at 
AZT concentrations that were unable to inhibit viral replication alone. HIV"3 mutant 10A3, 
which was able to escape RNAi, was also able to replicate in unprotected cells in the presence of 
low concentrations AZT. However, when AZT was combined with RNAi, no viral replication 
was observed over 10 days. Similar trends were observed for mutants 0H2, 10A3, 20H5, and 
20H15 at higher MOIs (data not shown). 
 
 

 
 
Figure 2-9. Combinatorial inhibition of HIV with anti-TAR RNAi and antiviral drugs. TAR4-protected or 
unprotected SupT1s were infected with WT or mutant 10A3 virus at a MOI of 0.015 in the presence of AZT. Titers 
were assayed every 2 days for 10 days. Experiments were performed in biological triplicate. Error bars represent one 
standard deviation, and (*) indicate statistically significant titer as compared to WT virus replicating in the same cell 
type (p<0.05). 
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Engineering the RNAi pathway for enhanced activity 
 
If the RNAi pathway is truly being overwhelmed by a large number of HIV transcripts, it may be 
possible to engineer the pathway to deal with this higher RNA burden and thus subvert or 
circumvent HIV escape. Not only would this more definitively prove our theory, it would also 
provide the field with a method to guard against more general types of escape from RNAi 
therapies. 
 
One possible way to enhance the activity of the RNAi pathway is to identify bottlenecks in the 
pathway in a manner similar to metabolic flux analysis [39, 40]. For example, if there is a 
bottleneck in the export of shRNAs into the cytoplasm for processing by Dicer, an increase in the 
protein responsible for shRNA export, exportin5, could alleviate this bottleneck [41, 42]. This 
very bottleneck in shRNA export was thought to be culprit for oversaturation of the RNAi 
pathway seen in mice [43]; however, additional work suggests that it may not be the only 
bottleneck [15], and Argonaute proteins may also play a role [41]. Furthermore, exportin 5 
overexpression was associated with hepatotoxicity in vivo [41], and consequently may not be an 
ideal target for pathway engineering.  
 
It was previously shown that higher expression of the TAR4 shRNA did not result in enhance 
HIV suppression, indicating that shRNAs were not limiting [44]. While we cannot rule out the 
export of shRNAs from the nucleus was rate limiting, it should be noted that the enhanced HIV 
replication in the presence of higher shRNA concentrations may be a result of off target affects 
that favor HIV replication [44]. Given these previous findings and the potential hepatotoxicity of 
exportin 5 overexpression, we chose to engineer the catalytic member of the RNAi pathway for 
compounded results. RISC, which is made up of the guide strand and a RNAse-like Argonaute 
enzyme [45], is responsible for the catalytic degradation of target RNA. We chose a strategy to 
overexpress Argonaute 2 (Ago2), the core component responsible for this slicer activity in 
mammals [45].  
 
In order to overexpress Ago2, we first cloned the gene into an inducible expression vector called 
pSLIK [46]. This vector was originally designed for shRNA expression but was modified to 
express transgenes of interest. The vector relies on the Tet Responsive Element (TRE) to drive 
expression of the transgene using Tet-ON circuit logic (Figure 2-10). Briefly, the cell 
constitutively expresses the reverse Tet Transactivator (rtTA) using the Ubiquitin promoter. rtTA 
is a chimeric protein fusing the C terminus of the Tet Repressor to VP16 of HSV-1. The Tet 
portion of this chimera allows selective binding by the small molecules doxycycline or 
tetracycline and specificity for the TRE, while the VP16 portion provides the molecule with 
transcriptionally activating properties. When doxycyline or tetracycline is added to the culture 
medium, the small molecule enters the nucleus of the cell and binds to rtTA. This results in a 
conformation change in rtTA, allowing it to bind to the TRE and activate transcription [47, 48]. 
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Figure 2-10. Schematic of Tet ON system. rtTA (red) is produced by the constitutively active Ubiquitin promoter. 
When doxycyline (yellow) is added to the culture medium, the doxycycline binds to rtTA and induces a 
conformational change in the protein that allows it to bind to the TRE and activate transcription of the transgene 
Ago2 (green). 
 
The pSLIK vector was used to drive the expression of a mCherry-T2A-Ago2. mCherry is a 
fluorescent protein with excitation at 590 nm and emission at 620 nm. T2A, a small peptide 
element derived from Thosea asigna virus, is capable of self-cleaving and produces two separate 
proteins from a single transcript in an equimolar ratio [49]. This approach allows us to quantify 
exogenous Ago2 expression using flow cytometry or microscopy without risking decreased 
Ago2 activity due to a protein fusion. We packaged the resulting expression plasmid into a 
lentiviral vector for cell transduction and produced homogeneous populations of unprotected and 
TAR4-protected Ago2 overexpressers by sorting based on mCherry expression. 
 
We then tested the ability of WT and mutant strains of HIV to replicate in Ago2 overexpressing 
cells. Unprotected and protected cells trandsuced with the Ago2 vector were maintained in media 
with 0 ng/mL or 1000 ng/mL of doxycycline for negative controls or maximum induction of 
Ago2, respectively. Cells were infected with WT or 20H15 strains at a MOI of 0.001. Infectious 
titer was measured every two days using CEM GFP indicator cells, and doxycycline 
concentrations were maintained when fresh media was added to cultures. Unfortunately, there 
was no significant effect of Ago2 expression (Figure 2-11). Possible explanations include 
reduced Ago2 activity, resulting from inefficient splicing by T2A. Correct splicing of Ago2 and 
mCherry, along with the activity of exogenous Ago2 should be verified. Furthermore, there 
seems to be enhanced HIV replication for both WT and 20H15 strains in unprotected and 
protected cells with the addition of the Ago2 vector. This may be the result of an increased 
metabolic burden on the cells from the Ago2 vector, and elimination of the Neomycin selection 
marker may reduce this burden. 
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Figure 2-11. Engineering of the RNAi pathway by over-expression of human Ago2. Human Ago2 was over-
expressed in unprotected and TAR4-protected SupT1s infected with WT or mutant 20H15 HIV at an MOI of 0.001. 
Titers were assayed every 2 days for 10 days. Experiments were performed in biological triplicate. Error bars 
represent one standard deviation, and (*) indicate statistically significant titer as compared to same virus replicating 
in the same cell type without doxycycline induction (p<0.05). 
 
An alternative to directly engineering the RNAi pathway that is potentially more readily 
implemented and translated to the clinic is to use biochemical approaches to modulate pathway 
activity. A number of small molecules or peptides exist to perturb many biological systems 
including cytoskeletal components [50], ion channel function [51], and protein degradation [52]; 
however, only recently was such a molecule identified for the RNAi pathway [53]. This 
molecule, known as enoxacin (Figure 2-12a), is a member of the fluoroquinolone family of 
compounds, which have been used as antimicrobials [54]. Enoxacin has been shown to enhance 
the activity of RNAi-mediated degradation by promoting siRNA processing and the assembly of 
RISC through an interaction with the TAR RNA binding protein (TRBP) [53]. Thus, enhancing 
the formation of RISC could result in more effective HIV suppression without the additional 
metabolic burden of Ago2 overexpression or elevated TAR4 shRNA expression. It should be 
noted that there is evidence that enoxacin may have anti-HIV effects [55] (that may in part rely 
on its recently established interaction with TRBP), and this may make it difficult to deconvolve 
the RNAi-enhancing effects from the more general antiviral effects; however, this anti-HIV 
activity has been debated [56]. 
 
We infected unprotected and TAR4-protected cells with full-length WT or 20H15 HIV at a MOI 
of 0.001 in the presence of increasing concentrations of enoxacin (Figure 2-12b). Infectious titer 
was measured every two days as described earlier, and enoxacin concentrations were maintained 
when fresh media was added to cultures. We saw a decrease in HIV replication in protected cells 
with increasing concentrations of enoxacin; however, these effects were difficult to dissect from 
the general antiviral effects of enoxacin independent of RNAi.  
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Figure 2-12. Enhancement of the RNAi pathway by enoxacin. (a) The chemical structure of enoxacin. (b) 
Unprotected and TAR4-protected SupT1s were cultured in the presence of up to 50µM enoxacin and infected with 
WT or mutant 20H15 HIV at an MOI of 0.001. Titers were assayed every 2 days for 10 days. Experiments were 
performed in biological triplicate. Error bars represent one standard deviation, and (*) indicate a significantly 
different titer as compared to WT virus replicating in the same cell type (p<0.05). (c) Burst size was calculated as in 
Figure 2-5 and normalized to the same viral strain in the same cell type in the absence of enoxacin. Error bars 
represent one standard deviation, and (*) indicate significantly different burst size as compared to the same viral 
strain in the same cell type in the absence of enoxacin (p<0.05). 
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Additionally, it seems that the MOI in this experiment was not tuned for adequate inhibition of 
full-length WT virus in protected cells. Nonetheless, it appears that there is a clear enhancement 
of RNAi in protected cells when cultured with enoxacin, and this enhancement of RNAi 
outweighs the general antiviral response of enoxacin. By calculating the burst-size of the virus 
and normalizing to the burst size same virus in the same cell type in the absence of enoxacin, it 
appears that the relative decrease in viral production in protected cells is greater than the 
corresponding relative decrease in unprotected cells at an enoxacin concentration 50µM (Figure 
2-12c). Thus, enoxacin could offer a biochemical means for enhancing RNAi activity and 
reducing the emergence of resistant HIV strains. 
 
Discussion 
 
Here we describe a novel mechanism of HIV evolution when its replication is inhibited by 
RNAi. Mutants capable of escaping RNAi emerged in long-term culture, particularly in mixtures 
of RNAi-protected and unprotected cells, and the replication of WT virus may have played a role 
in escape. Interestingly, no variants escaped RNAi directly, but the virus instead upregulated its 
gene expression to compensate for this inhibition. Importantly, these results reveal that HIV can 
adaptively tune its gene regulation to enable viral escape. 
 
Existing HAART drugs interfere with viral replication via binding directly to target HIV proteins 
and inhibiting their function by either competing for catalytic sites or blocking conformational 
changes required for activity. Consequently, mutations in the targeted proteins may alter the 
physical interactions with antiviral drugs and thereby allow these proteins to function in the 
presence of the associated inhibitors. While viral resistance mutations may initially impair the 
function of these proteins, additional compensatory mutations in the targeted protein (or in other 
viral proteins) can restore overall viral fitness. For example, mutations in HIV Protease results in 
virus that is resistant to protease inhibitors, and compensatory mutations in Protease’s viral 
substrate, Gag, restores viral fitness (reviewed in [57]). However, in all such cases of resistance 
to existing HIV therapies, the underlying mutations occur exclusively within the protein-coding 
sequences affected by the therapy. Likewise, in all cases of evolved resistance to RNAi described 
to date, viruses have acquired point mutations or deletions in the target sequence [7-10, 27, 58] 
or have structurally arranged the target sequence to render it inaccessible to RISC [10]. In each 
case, resistance was conferred by a direct alleviation of RNAi-mediated inhibition. 
 
We describe a distinct mechanism of viral evolution in response to RNAi. No direct escape from 
RNAi occurred, presumably because TAR is essential for replication, and neither the primary 
RNA sequence nor secondary structure can be modified without severely compromising viral 
function [59]. Instead, we identified variants harboring mutations within the HIV LTR promoter 
that confer the ability to replicate in the presence of the anti-TAR shRNA. However, all mutants 
continue to be partially inhibited by this RNAi. Several mutants (0H2, 10A3, 20D5, 20H5, and 
20H15, 30A5, 30A6 and 30G8) acquired increased basal or Tat-transactivated transcription rates 
relative to the WT promoter, suggesting that they persisted by overwhelming the RNAi 
machinery with viral transcripts. Thus, when RNAi is directed against a highly conserved viral 
target, such as TAR, the virus adapts by modulating genetic elements that regulate overall levels 
of viral gene expression. Interestingly, the concept that viruses can overwhelm endogenous 
pathways has some parallels in protein translation in adenovirus biology [60]; however, to our 
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knowledge, this type of viral evolution to escape a therapeutic inhibitor has not been previously 
described, and more broadly M. tuberculosis is the only pathogen reported to acquire drug 
resistance through a promoter mutation [61].  
 
An examination of the mutations that conferred enhanced viral replication suggests several 
possible mechanisms by which HIV may modulate its genetic regulation. One class of mutations 
occurred in sites that can either enhance or suppress expression. The HIV LTR contains two 
NF!B binding sites. In mutants 10A3 and 30A5, NF!B site II was mutated to sequences shown 
to impair binding of the repressive homodimer [62], which may tip the regulatory scales in the 
favor of transcription. The LTR also contains binding sites for Sp1, which again recruits both 
positive (p300) and negative (HDACs) regulators [63, 64]. Mutants 20H5 and 20H15 contain 
tandem Sp1 site duplications, apparently acquired through sequential recombination events 
during viral replication. While p300-bound Sp1 is known to have a reduced affinity for DNA 
relative to Sp1 or HDAC-bound Sp1 [64], the cooperative nature of Sp1 binding to DNA [65] 
may again push the balance towards activation of transcription. 
 
The observed increase in initiated transcription in a number of mutants in the absence of Tat, 
coupled with enhanced basal elongation rates, suggests that some mutants may “jump-start” viral 
gene expression by producing a large number of initiated transcripts. Notably, none of the 
observed mutations were predicted to alter the structure of the TAR hairpin in a substantial 
manner, suggesting that target accessibility to RISC should not be decreased. However, mutant 
20D6 contains a mutation below the Tat-binding “bulge”, which may increase the size of the 
bulge, as predicted by mFold. This mutant exhibited reduced initiation and basal transcription 
rates, and it remains unresponsive to Tat, suggesting that the larger bulge may affect Tat binding 
and transactivation. Additionally, the large difference in initiated vs. elongated transcripts 
produced by this mutant suggests that truncated transcripts may also serve as decoys that saturate 
TAR4-loaded RISC machinery. Finally, seemingly non-adaptive mutants (and apparently WT 
virus) may have propagated through coupled replication with adaptive variants, and it remains 
possible that some variants possessed adaptive mutations outside of the analyzed region. 
 
Engineering the RNAi pathway proved to be more difficult that originally anticipated, yet the use 
of enoxacin to perturb the pathway provided some insight. Additional fine-tuning of the MOI 
and enoxacin concentration may offer more conclusive evidence of the enhancement of RNAi 
activity in protected cells, confirming our hypothesis that the RNAi pathway is overwhelmed by 
a large number of transcripts. 
 
Conclusions 
 
We have shown that RNAi directed against TAR can inhibit HIV replication; however, viral 
escape occurred via novel mechanisms involving compensatory upregulation of gene expression. 
It remains to be seen whether similar behavior exists in vivo, but our results combining inhibitory 
RNAi with antiviral drugs suggest a strategy for suppressing replication, and correspondingly, 
viral escape. We used genetic engineering and biochemical perturbation of the RNAi pathway 
and our results suggest that enoxacin-mediated enhancement of RISC could provide a method for 
contending with this generalized, indirect mechanism of escape. In summary, evolution of viral 
gene regulation may represent a general mechanism by which viruses adapts to evolutionary 
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pressure and escape antiviral therapy, and combinatorial therapies could be useful in avoiding 
this outcome. 
 
Methods 
 
Cell culture 
 
HEK 293T cells (ATCC) were cultured in IMDM (Mediatech) with 10% FBS (Gibco), and 100 
U/mL penicillin and 100 µg/mL streptomycin (Gibco). SupT1 cells and CEM GFP cells (NIH 
AIDS Research and Reference Reagent Program) were cultured in RPMI (Mediatech) containing 
10% FBS, and antibiotics as above. 
 
Cell line generation 
 
For stable transduction, the lentiviral vectors were packaged as previously described [66]. SupT1 
and SupT1-TAR4 cells were infected with Ago2-T2A-mCherry lentiviral vectors at a MOI of 0.1 
and sorted into Ago2-positive populations using mCherry expression as a marker for cell sorting. 
Ago2 and mCherry expression were induced using doxycycline at a concentration of 1000 
ng/mL. 
 
Isolation and sequencing of HIV genomic DNA  
 
Cellular genomic DNA was also harvested from HIV-infected cells using a phenol/chloroform 
extraction and ethanol precipitation as previously described [67, 68], and 5’ LTR sequences were 
recovered by PCR (Tables 2-2 and 2-3) and inserted into pBS SK+ with EcoRI and BamHI and 
conventional cloning techniques. Inserts were sequenced using conventional M13 Reverse 
primer. 
 

Name Sequence 

RCHIV U3-2 all (+) 5'-CGGGATCCTGGAAGGGCTAATTCACTCCC-3' 
RCHIV Gag-1 (-) 5'-CGGAATTCGAATCGTTCTAGCTCCCTGCTTGC-3' 

 
Table 2-2. Oligonucleotides for amplification of HIV genomic DNA. The 5’LTR was amplified using 
oligonucleotides that primed the U3 region of the LTR and gag.  

 
 

Temperature            Time 

95C 2 min  

95C 30 sec  
55C 30 sec x35 

72C 1 min  
72C 10 min 

 
Table 2-3. PCR amplification protocol for HIV genomic DNA. Oligonucleotides from Table 2-2 were used for 
priming. 3% DMSO, a 1:1 mixture of Vent and Taq and ~100ng genomic DNA template were used for each 
reaction. 
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 psLTR platform generation 
 
The psLTR platform was generated by a series of cloning steps (Table 2-4 and 2-5). First, a KasI 
restriction site was introduced into p210-8 (NIH AIDS Research and Reference Reagent 
Program) via QuikChange PCR (Stratagene) and an oligonucleotide linker was used to introduce 
a XbaI restriction site into the EcoRI site. The nef start codon was mutated into an AgeI 
restriction site using QuikChange PCR and GFP was cloned into p210-8 via PCR using AgeI. 
Sequential XbaI and PacI restriction sites were introduced downstream of the NcoI restriction 
site into p210-19"U3 (NIH AIDS Research and Reference Reagent Program) using PCR and 
subcloning of the LTR. Finally, the 3’ half of the HIV genome in the modified p210-8 was 
subcloned into p210-19"U3 using XbaI and KasI. The full-length psLTR without deletions was 
generated in a similar manner using p83-2 and p83-10 (NIH AIDS Research and Reference 
Reagent Program). 

 
Name Sequence 

p210-8 KasI (+) 
5'-GTGTGGAAAATCTCTAGCAGTGGCGCCCCCCCCAGGAGGT 
AGAGG-3' 

p210-8 KasI (-) 
5'-CCTCTACCTCCTGGGGGGGGCGCCACTGCTAGAGATTTTC 
CACAC-3' 

p210-8 AgeI (+) 5'-GCTATAAGACCGGTGGCAAGTGGTC-3' 
p210-8 AgeI (-) 5'-GACCACTTGCCACCGGTCTTATAGC-3' 

XbaI Linker 5'-GGGGAATTCTCTAGAGAATTCCCC-3' 
AgeI-NotI-GFP (+) 5'-GGTACCGGTGCGGCCGCTATGGTGAGCAAGGGCGAG-3' 

GFP-PacI-AgeI (-) 
5'-GGTACCGGTCTTAATTAATTACTTGTACAGCTCGTCCATG 
-3' 

NcoI-XbaI-PacI-LTR 
(+) 

5'-GGTCCATGGTCTAGAGCAGCATTAATTAATGGAAGGCTAA 
TTCACTCCC-3' 

KasI-LTR (-) 5'-GGTGGCGCCACTGCTAGAGATTTTCCACACTG-3' 
 
Table 2-4. Oligonucleotides for psLTR cloning. Oligonucleotides for introducing restriction sites, cloning GFP and 
mutant LTRs are shown. QuikChange PCRs followed the PCR protocol in Table 2-7, while GFP and LTR PCR 
amplifications were executed according to the protocol in Table 2-5. 

 
 

Temperature 
Time  
(GFP) 

Time  
(LTR) 

95C 2 min  2 min  

95C 30 sec  30 sec  
55C 1 min x25 1 min x25 
72C 1 min  1 min  
72C 10 min   10 min   

 
Table 2-5. PCR amplification protocol for psLTR cloning. Oligonucleotides from Table 2-4 were used for priming 
and Vent was used for amplification to minimize errors introduced by PCR. LGIT plasmid was used as template for 
the GFP PCR and p210-19"3 plasmid was used for the LTR PCR. 
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HIV stock preparation and titering 
 
Individual mutant viruses were produced using a psLTR platform. Mutations were introduced 
into psLTR HIV by direct cloning of pBS SK+ insert using restriction sites BspEI and KasI and 
conventional cloning techniques or by QuikChange PCR (Table 2-6 and 2-7). For mutants 
generated by QuikChange PCR, each mutant LTR was sequenced and subcloned back into the 
parental plasmid to avoid unintended mutations using BspEI and KasI restriction sites. To 
generate HIV stocks, HEK 293Ts were transfected with appropriately EcoRI (New England 
Biolabs) digested and T4 DNA ligase (New England Biolabs) ligated psLTR templates and 
helper plasmids (pcDNA3 IVS VSV-G, pMDLg/pRRE, pRSV Rev, and pCLPIT-tat mCherry) to 
increase packaging efficiency. The resulting virus was amplified on SupT1s for less than one 
week and titered with CEM GFP indicator cells [31]. To titer virus, 100-300 µL of viral 
supernatant was used to infect 1x105 CEM GFP cells using 2 µg/mL polybrene (Millipore) and 
0.1 µM saquinivir (NIH AIDS Research and Reference Reagent Program). After 3 days, CEM 
GFP cells were fixed in 2% paraformaldehyde (Sigma-Aldrich), and transduction efficiency was 
assessed by flow cytometry and used to calculate infectious viral titer. 
 

Mutant Sequence 

0H16 (+) 5'-CATCGAGCTTGCGACAAGGGACTTTC-3' 
0H16 (-) 5'-GAAAGTCCCTTGTCGCAAGCTCGATG-3' 
10A3 (+) 5'-CTTGCTACAAGAGACTTTCCGCTGGG-3' 
10A3 (-) 5'-CCCAGCGGAAAGTCTCTTGTAGCAAG-3' 
20D5 (+) 5'-GATATCCCATCCGGGGTACTTCAAG-3' 
20D5 (-) 5'-CTTGAAGTACCCCGGATGGGATATC-3' 
20D6 (+) 5'-GGTTAGACCAAATCTGAGCCTGGGAG-3' 
20D6 (-) 5'-CTCCCAGGCTCAGATTTGGTCTAACC-3' 
30A6 (+) 5'-CGGGACGGGGGAGTGGCGAGCCCTC-3' 
30A6 (-) 5'-GAGGGCTCGCCACTCCCCCGTCCCG-3' 
30G4 (+) 5'-CTTTCCAGGGAGGCGTGACCTGGGC-3' 
30G4 (-) 5'-GCCCAGGTCACGCCTCCCTGGAAAG-3' 
30G5 (+) 5'-GGTTAGACCAGATTTGAGCCTGGGAG-3' 
30G5 (-) 5'-CTCCCAGGCTCAAATCTGGTCTAACC-3' 
30G8 (+) 5'-GCAGCTGCTTTTGCCTGTACTGGGTC-3' 
30G8 (-) 5'-GACCCAGTACAGGCAAAAGCAGCTGC-3' 

 
Table 2-6. QuikChange oligonucleotides for generation of mutants. The positive (+) and negative (-) strand for 
each mutant is shown. The QuikChange reaction was carried out as in Table 2-7. Mutants 0H2, 10A6, 20H4, 20H5, 
20H15 and 30A5 were generated by direct subcloning of the pBS SK+ insert into the psLTR plasmid. 
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Temperature  Time   

95C 2 min  

95C 30 sec  
55C 1 min x12 

68C 8 min  
      

 
Table 2-7. QuikChange PCR amplification protocol psLTR mutant generation. Oligonucleotides from Table 2-6 
were used for priming and Pfu Ultra was used for amplification to minimize errors introduced by PCR. p210-19 was 
used as a template. 
 
LTR transcription assays 
 
A lentiviral vector (LLIG) was created by modifying LGIT to place a luciferase-IRES-GFP 
cassette under the transcriptional control of the HIV LTR. Mutants were produced as above and 
packaged as previously described [69]. SupT1s were infected with LLIG variants, and Tat 
expression was induced by transduction with a lentiviral vector expressing Tat from an Ubiquitin 
promoter. Cells were cultured for 3 weeks to allow transcription to reach steady-state, and 
transcriptional activity was measured by detection of luciferase activity or GFP mRNA using 
QPCR. Values were normalized for LLIG infection efficiency was quantified by QPCR of viral 
stocks using GFP primers. 
 
Luciferase assay 
 
The luciferase assay was conducted as previously described [70]. Approximately 4x105 cells 
were lysed using cell lysis buffer and centrifuged at max speed for 10 minutes to remove cell 
debris. The lysate was frozen at -80C until analysis. For analysis, 10 µL of lysate was added to 
100 µL of luciferase assay buffer in a polypropylene tube and read by the luminometer. The 
luminometer was blanked with plain luciferase assay buffer and calibrated such that the highest 
value was within the linear range of the device. All values were normalized by total protein 
content using a BCA protein assay. 
 
RNA extraction and quantification by QPCR 
 
Total RNA from SupT1 cells was isolated using Trizol (Invitrogen) and transcripts were 
quantified using the QuantiTect SYBR Green RT-PCR kit (Qiagen) on the Bio-Rad iCycler with 
the ""CT method [35] with gene-specific primers (Table 2-8). Initiated transcripts were detected 
with primers specific for TAR [36], and elongated transcripts were detected with primers specific 
for GFP [69]. For each sample, measurements were normalized by the corresponding levels of #-
Actin mRNA [69]. Triplicate RT-QPCR measurements were performed for all samples for each 
primer set and melt curves were performed on the Bio-Rad iCycler for all samples to confirm the 
specificity of QPCR reaction. 
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Name Sequence 
HIV TAR (+) 5′-GTTAGACCAGATCTGAGCCT-3′ 
HIV TAR (-) 5′-GTGGGTTCCCTAGTTAGCCA-3′ 

GFP (+) 5′- AGCAAAGACCCCAACGAGAA-3′ 
GFP (-) 5′- CGTCCATGCCGAGAGTGAT-3′ 
#-actin (+) 5′-ACCTGACTGACTACCTCATGAAGATCCTCACCGA-3′ 
#-actin (-) 5′-GGAGCTGGAAGCAGCCGTGGCCATCTCTTGCTCGAA-3′ 

 
Table 2-8. Gene specific primers for QPCR. cDNA was amplified with TAR-, GFP- or #-actin-specific primers. 
 
 
Ago2 cloning 
 
Human Ago2 was obtained from Addgene [71]. Ago2-T2A-mCherry was created using splice 
overlap extension (SOE) PCR. Briefly, an Ago2 PCR product with partial overlap with T2A and 
a mCherry PCR product with complete overlap with T2A were generated (Tables 2-9 and 2-10). 
These PCR products were gel extracted and mixed in a secondary PCR using Spe-Cherry (+) and 
Mfe-Ago2 (-) primers to generate the complete product, which was cloned into the modified 
pSLIK plasmid with SpeI and MfeI using conventional cloning techniques. The lentiviral vector 
was packaged as described above. 
 

Name Sequence 

Spe-Cherry (+) 5’-GGTACTAGTATGGTGAGCAAGGGCGAGGAG-3’ 
Cherry T2A (-) 

 
 

5’-CGGGCCCGGGTTTTCTTCCACATCGCCGCAGGTCA 
GCAGGCTGCCGCGGCCTTCGCCGCTGCCCTTGTACAGC 
TCGTCCATGCCG-3' 

Ago2-T2A partial (+) 
 

5’-GCGGCGATGTGGAAGAAAACCCGGGCCCGATGGGC 
GGTAGGCGTGTACGGTGGGAGG-3' 

Mfe-Ago2 (-) 5’-GGTCAATTGTTATCAAGCAAAGTACATGGTGCG-3’ 
 
Table 2-9. PCR primers for Ago2 cloning. Oligonucleotides for generating the Ago2-T2A-mCherry SOE PCR are 
shown.  Spe-Cherry (+) and Cherry T2A (-) were used to generate the mCherry fragment, and Ago2-T2A-partial (+) 
and Mfe-Ago2 (-) were used to generate the Ago2 fragment using the protocol shown in Table 2-10. 
 

Temperature Time 
(mCherry) 

Time  
(Ago2) 

Time  
(SOE) 

95C 2 min  2 min  2 min  

95C 30 sec  30 sec  30 sec  
55C 30 sec x25 30 sec x25 30 sec x30 

72C 45 sec  3 min  3.5 min  

72C 
10 
min   10 min   10 min   

 
Table 2-10. PCR amplification protocol for generation of Ago2-T2A-mCherry. Oligonucleotides in Table 2-9 
were used to amplify mCherry and Ago2, and then used to generate a SOE product for cloning into pSLIK. 
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Statistical analysis 
 
All statistical analysis was conducted using the Student’s t-test (p< 0.05). 
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Chapter 3: RNAi-associated mutation of the HIV promoter 

 
Introduction 
 
Here, we describe a more rigorous analysis of viral escape when targeting regions outside of the 
HIV LTR coupled with an alternative approach to delivering combinations of RNAi therapies. 
We find that compartmentalization of a combination may not affect therapy efficacy but the 
degree of sequence conservation of the target, among other differences, may affect the 
mechanism of escape. 
 
Despite the many promising characteristics of RNAi therapies, rapid viral sequence evolution 
and the resulting emergence of strains resistant to therapy remain major therapeutic limitations of 
RNAi [1-6], and strategies to avoid resistance are of great interest to the HIV gene therapy field. 
We recently showed in silico that despite the development of HIV resistance to a therapy, a 
therapeutic benefit may exist if the development of resistance is coupled to a severe loss in viral 
fitness [7]. Targeting essential regions of HIV could theoretically provide such a constraint on 
viral escape and fitness; however, pursuing this strategy can still result in escape, and many 
escape mutants have been shown to have fitnesses similar to that of WT [3, 4]. In addition, 
resistance can arise in unpredictable ways, and we recently showed that HIV can use an indirect 
mechanism of escape by manipulating its promoter and gene expression properties when direct 
mutation of the targeted region is not possible (see Chapter 2) [3]. This result further complicates 
RNAi therapy design, as one may need to think “outside the target” when considering possible 
escape routes. 
 
One strategy that could potentially delay the onset of resistance is to target multiple factors with 
RNAi in a manner similar to HAART. The combinatorial RNAi approach can result in 
synergistic suppression of viral replication, and it has been demonstrated to delay the onset of 
escape in HIV [4]. It has been computationally estimated that at least four RNAi targets would 
be required to successfully circumvent viral escape [8, 9], yet maintaining expression and 
activity of multiple siRNAs is not trivial or always recommended.  
 
In the case of chronic infections such as HIV, in which sustained and long-term expression is 
desirable, expression of multiple siRNAs from a single vector or plasmid can be difficult to 
engineer and maintain. Several strategies to accomplish this have been pursued, each with its 
own advantages and drawbacks. The most straightforward strategy is to include repeated 
expression cassettes in a single backbone, as was done for up to 7 H1-shRNA cassettes targeting 
7 different regions in HIV [9]. While this approach is elegant in its ease of design, it suffers from 
difficulties in implementing the therapy, as repeated sequences can be eliminated via 
recombination during the reverse transcription stage of viral infection [10, 11]. In an effort to 
reduce repeated sequences that are prone to elimination through recombination, alternative 
promoters have been used in place of canonical RNA Polymerase III (Pol III) H1 and U6 
promoters that are traditionally used to drive small RNA expression. The 7SK Pol III promoter, 
along with U1, TRE and CMV Pol II promoters, can all be used to drive siRNA expression [11, 
12]. While these options reduce the amount of repeated sequence present in any single construct, 



 46 

each promoter may require fine-tuning for optimized expression [13, 14] and thus complicate 
therapy design. 
 
Multiple siRNAs can also be expressed from a single promoter using long hairpin RNA (lhRNA) 
or polycistronic miRNA expression strategies [15, 16]. These approaches reduce the likelihood 
of cassette deletion, but the activity of each siRNA is dependent on efficient processing, which 
can vary with the location of a given shRNA within the extended RNA product. For a therapy 
whose advantages lie in ease and speed of design, the extensive engineering required for each 
combination would likely slow development.  
 
Furthermore, it was shown in vivo that high levels of exogenous siRNAs can interfere with the 
endogenous activity of miRNAs and the natural function of the RNAi pathway [17], meaning 
there may be a therapeutic limit to shRNA expression levels, beyond which saturation of the 
RNAi pathway could result in unwanted side effects. Finally, competition among the various 
exogenous siRNAs themselves for RNAi machinery may lower the overall benefit attained from 
using multiple siRNAs by biasing the interference towards a single siRNA that is selectively 
incorporated into RISC [18], thus eliminating any advantage gained from a combinatorial 
approach. Therefore, RNAi targets must be selected and combined carefully to maximize their 
therapeutic impact. 
 
With such pitfalls in mind, we sought to investigate the relative efficacy of two strategies for 
combinatorial shRNA delivery: equal delivery of all shRNAs to all cells in a population versus 
compartmentalized delivery of individual shRNAs to a fraction or subpopulation of the cells. 
While the former is the strategy explored to date, the latter offers some advantages such as ease 
of delivery, such that each shRNA can readily be delivered to subpopulations of cells with a 
simple set of delivery vectors (Figure 3-1). This set of vectors, each encoding a single shRNA, 
would not only be easier to engineer, but it could potentially circumvent the risks of overloading 
the natural miRNA pathway and competition between shRNAs for loading into RISC by limiting 
the number of unique shRNAs expressed in any given cell. It could also prove easier to improve 
an existing combination by swapping vectors in and out of the compartmentalized therapy as 
better therapies become available. Furthermore, we recently test this alternative 
compartmentalized combinatorial strategy in silico for a more general gene therapy [7]. 
Depending on the efficacy of the therapy and the relative fitness of escape mutant, our results 
indicate that this strategy could provide therapeutic benefits similar to those of an equally 
distributed combination therapy derived from a single vector. 
 
Finally, we recently demonstrated that HIV is able to escape from RNAi using a general 
upregulation of viral gene expression through mutation of the LTR (see Chapter 2) [3]. While 
this study elucidated a novel mechanism of escape, there are several caveats one must consider. 
First, the RNAi target used in the previous study, TAR, is an indispensible component of the 
HIV promoter and regulator of viral gene expression (see Chapter 1). Targeting an element that 
plays a crucial role in transcription could potentially bias mutation and selection towards the 
promoter in particular. Given this complication, we questioned if targeting protein coding 
sequences outside of the HIV promoter with RNAi could result in this general mechanism of 
escape, as these types of RNAi targets are currently entering clinical trials. Additionally, for 
safety concerns, the original study was conducted with an attenuated strain of HIV, and it was 
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suggested that the mutations we identified in the promoter may simply be due to adaptation of 
the attenuated strain to in vitro cell culture conditions. While we performed many controls to 
validate our findings (see Chapter 2), an additional study with full-length NL4-3 HIV with 
similar results would remove any doubts about the generality of the mechanism of escape. 
Finally, with the exception of one culture, we were unable to identify any fixed mutations that 
may imbue the virus with resistance. While a diverse viral quasispecies has been demonstrated to 
be more pathogenic than a genetically constrained viral quasispecies [19], more extensive 
sequence analysis of potentially resistant virus could lead to the identification of fixed mutations 
with strong resistant phenotypes. 
 

 
 
Figure 3-1. Schematic of alternative delivery strategies. In the conventional “equally distributed” combination, a 
single vector (green star) delivers the combination (two shRNAs). Therefore, all transduced cells (green cells) 
express the complete combination equally. In the “compartmentalized” combination, individual therapy vectors 
(yellow and blue stars) are mixed to deliver the combination. Therefore, transduced cells (yellow or blue cells) 
express only a part of the therapy. 
 
Here, we use a combinatorial shRNA gene therapy model system to investigate how the nature of 
a gene therapy combination may affect its efficacy and mechanism of escape, using the simplest 
combination of two shRNAs targeting protein coding sequences within HIV. We demonstrate 
that two shRNAs as individual monotherapies show similar abilities to inhibit HIV replication at 
various levels of induction in short-term culture. Despite these short-term similarities, the 
shRNAs exhibit markedly different rates of viral escape in long-term cultures, and these long-
term differences can only be identified in heterogeneous cultures that mimic in vivo conditions 
by including both RNAi-protected and unprotected cells. Interestingly, when the two shRNAs 
are combined, we observe that the compartmentalized combination resulted in long-term 
inhibition of HIV replication at levels similar to that of the conventional, equally distributed 
combination. Thus, a compartmentalized combination strategy may facilitate the development of 
combination gene therapies. Most interestingly, extensive sequence analysis of potentially 
resistant HIV indicates that the degree of sequence conservation within a RNAi target correlates 
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with an active selective pressure in the U3 region of the LTR. Furthermore, we identified several 
fixed mutations within the U3 region of the LTR that were unique to virus subjected to RNAi, 
suggesting that these mutations may have some functional role. Taken together, these data 
support our previous findings that the transcriptional activity of the HIV promoter may be tuned 
to overwhelm the RNAi machinery as an indirect mechanism of escape (see Chapter 2) [3]. 
 
Results 
 
Validation of RNAi targets in a tunable system for shRNA expression 
 
We cloned previously tested shRNAs targeting regions of the packaging signal (psi)/gag, pol, vif, 
and tat/rev (Table 3-1) [4, 20] into the tunable, doxycycline-regulated lentiviral expression 
system called pSLIK [21]. For each region of interest a number of RNAi targets that overlap the 
previously tested 19 nt regions were tested, as the pSLIK vector is predicted to yield a 21 nt 
siRNA [22].  
 

Name 
Target 
Gene Target Sequence 

Target 
Position 

Ldr3 psi/gag GGAGAGAGATGGGTGCGAGAG 329-349 
Ldr4 psi/gag GAGAGAGATGGGTGCGAGAGC 330-350 
Ldr5 psi/gag AGAGAGATGGGTGCGAGAGCG 331-351 
Ldr8 psi/gag GAGATGGGTGCGAGAGCGTCG 334-354 
Ldr9 psi/gag AGATGGGTGCGAGAGCGTCGG 335-355 

Ldr10 psi/gag GATGGGTGCGAGAGCGTCGGT 336-356 
Pol0 pol TACAGGAGCAGATGATACAGT 1874-1894 
Pol1 pol ACAGGAGCAGATGATACAGTA 1875-1895 
Pol2 pol CAGGAGCAGATGATACAGTAT 1876-1896 
Vif1 vif AGTTCAGAAGTACACATCCCA 4741-4761 
Vif2 vif GTTCAGAAGTACACATCCCAC 4742-4762 
Vif3 vif TTCAGAAGTACACATCCCACT 4743-4763 

TatB1 tat/rev TATGGCAGGAAGAAGCGGAGA 5515-5535 
TatB2 tat/rev ATGGCAGGAAGAAGCGGAGAC 5516-5536 

 
Table 3-1. Potential RNAi targets. Nucleotide sequence for the regions targeted by RNAi are shown. Four regions 
of the HIV genome were tested as RNAi targets using the tunable Pol II system. Candidate targets were chosen 
based on previous work using Pol III-derived shRNAs [4, 20]. Several variations were considered for each region 
when converting the Pol III-derived shRNA into a Pol II-derived shRNA. Target sequence and position is based on 
HIV NL4-3 RNA. 
 
A shRNA designed to target firefly luciferase was used as a negative control. We generated 
populations of protected cells via lentiviral transduction and neomycin selection, and then 
challenged unprotected and protected cells with HIV at a MOI of 0.0005, a level capable of 
generating high titers in unprotected cultures without resulting in massive cell death within an 
initial 8-day assay (data not shown). Upon HIV challenge, we found that the different shRNAs 
showed variable levels of activity at maximum induction of the pSLIK system, and effective 
shRNAs were identified for each region except vif (Figure 3-2). We also confirmed previous 
results indicating that minor shifts of only one nucleotide in the target site could significantly 
alter activity [4], as shown with shRNAs Pol0 and Pol1 and TatB1 and TatB2, respectively.  
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Figure 3-2. Effective knockdown of HIV by several shRNAs. Stably-transduced, shRNA-protected cells were 
challenged with HIV at a MOI of 0.0005 and infectious titers were measured 8 days post-infection (dpi). Cells 
expressing no shRNA (unprotected) and a non-specific shRNA targeting firefly luciferase (Luc) were included as 
negative controls. Experiments were conducted in biological triplicate, error bars represent standard deviation and 
(*) indicates a significantly different titer compared to the Luc shRNA (p<0.05). 

 
We chose the shRNAs Ldr3 (targeting psi/gag) and TatB2 (targeting tat/rev) for our long-term 
studies, as these shRNAs provided similarly high levels of inhibition of HIV replication in a 
short-term 8-day replication assay. The two targets differ in several respects; most notably that 
Ldr3 targets a partially coding (gag) and partially non-coding structural feature (psi) and TatB2, 
on the other hand, targets two overlapping reading frames, tat and rev. Additionally, while both 
shRNAs target essential regions of the HIV genome, Ldr3 is significantly more conserved than 
TatB2 based on an analysis of 956 sequences that are publicly available at the Los Alamos 
National Lab HIV database (Figure 3-3). 
 
To create cells protected by both Ldr3 and TatB2 for the equally distributed combination, we 
transduced the Ldr3-expressing, neomycin-resistant cells with a TatB2 vector containing the 
fluorescent protein Venus as selection marker and sorted Venus-positive cells. This serial 
transduction and selection strategy mimics the equally distributed combination in which all 
protected cells express the complete combination from a single vector while allowing us to more 
accurately compare the equally distributed and compartmentalized combinations by maintaining 
the expression of both shRNAs from identical promoters without risking recombination during 
the transduction process.  
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Figure 3-3. Sequence conservation of Ldr3 and TatB2 targets. 956 HIV sequences from the Los Alamos National 
Lab HIV sequence database (www.hiv.lanl.gov) were aligned and sequence conservation was analyzed in the Ldr3 
and TatB2 targets. (a) The frequency of mutation at each nucleotide is shown for the Ldr3 target (blue) and the 
TatB2 target (red). (b) Box and whisker plots of the number of mutations per sequence are shown for each 21 nt 
region. Outliers are shown as red circles and (*) indicates a significantly different median complexities according to 
Kruskal-Wallis rank test and Mann-Whitney U test (p<0.05). 
 
First, we tested the shRNAs individually and as an equally distributed combination in 
homogeneous cultures at varying levels of induction (Figure 3-4).  
 

 
Figure 3-4. Graded knockdown of HIV by a tunable shRNA expression system. Cells stably expressing the Ldr3, 
TatB2 or both Ldr3 and TatB2 shRNAs were cultured in increasing concentrations of doxycycline. Cells were 
challenged with HIV at a MOI of 0.0005 and infectious titers were measured 8 dpi. Unprotected cells cultured in the 
appropriate concentration of doxycycline were included as a negative control. Experiments were conducted in 
biological triplicate, error bars represent standard deviation and (*) indicates a significantly different titer compared 
to the unprotected cultures at a similar level of induction (p<0.05). 
 
The shRNAs were able to knock down HIV replication in a short-term 8-day replication assay at 
levels of induction as low at 10 ng/mL of doxycycline. These shRNAs also showed similar 

0 

0.05 

0.1 

0.15 

0 5 10 15 20 Fr
eq

ue
nc

y 
of

 M
ut

at
io

n 

Nucleotide 

Ldr3 
TatB2 

1.E+00 

1.E+01 

1.E+02 

1.E+03 

1.E+04 

1.E+05 

1.E+06 

1.E+07 

10 50 250 1000 

Ti
te

r 
(IU

/m
L)

 

Concentration of doxycycline (ng/mL) 

Unprotected 
Ldr3 
TatB2 
Ldr3-TatB2 

a b 

* * * 

* * * 

* * * * * * 



 51 

potency individually and as an equally distributed combination at different levels of induction, 
indicating that the total shRNA activity is similar for the compartmentalized and equally 
distributed combination strategies. We chose the doxycycline concentration of 250 ng/mL for the 
long-term experiments, as this was the lowest concentration that we tested at which we observed 
potent short-term inhibition of HIV replication. 
 
Long-term inhibition in mixed Cultures elucidates differences in monotherapies  
 
We first tested the shRNAs individually to better understand the contribution of each shRNA to 
long-term inhibition of HIV replication. Due to delivery limitations, any clinical application of 
gene therapy will likely include a population of gene-transduced cells and unmodified cells. As 
mentioned in Chapter 2, the unmodified, or unprotected, cells could serve as a reservoir for viral 
replication and mutation. To more accurately reflect this heterogeneous environment, we mixed 
Ldr3- or TatB2-protected cells with unprotected cells at varying ratios. Furthermore, to account 
for the stochastic nature of long-term evolution studies, where in general viral resistance arises 
from random mutations, each mixture of unprotected and protected cells was tested in replicates 
of n=12. To start, we infected 4x105 cells of a given RNAi composition at a MOI of 0.0005. 
Infectious titers were measured every two days using CEM GFP indicator cells. After 8 days, we 
serially transferred viral supernatant to a new culture with an identical composition to the 
original. This was continued for a total of 32 days. We monitored HIV replication and designated 
cultures as “escape cultures” if the infectious titer exceeded 1000 IU/mL at any point in the 32-
day series. This threshold was chosen because virus in cultures that reached the 1000 IU/mL 
mark consistently went on to propagate to high titers. 
 
Although both shRNAs demonstrated similar levels of suppression of HIV replication in a short-
term 8-day trial, the Ldr3 shRNA showed markedly more effective long-term suppression of 
HIV replication at higher levels of unprotected cells compared to the TatB2 shRNA (Figure 3-5).  
 

 
 
Figure 3-5. Monotherapies result in differential escape when co-cultured with unprotected cells. Protected cells 
expressing shRNAs targeting (a) psi/gag (Ldr3, solid line) or (b) tat/rev (TatB2, dashed line) were co-cultured with 
various ratios of unprotected (UP) cells. Every eight days each culture was evaluated for active viral replication 
(escape). Individual cultures were considered to have escaped if the titers were above 1000 IU/mL based on tittering 
using the CEM GFP indicator cell line. Each time point is a digital readout of the number of cultures that have titers 
greater than 1000 IU/mL and therefore do not include error bars. Each condition represents data from 12 replicates.  
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Long-term inhibition of HIV using equally distributed and compartmentalized combination 
therapies 
 
In the compartmentalized combination, two populations of cells, each expressing a single 
shRNA, were mixed with unprotected cells at a ratio of 1:1:1. In the equally distributed 
combination, Ldr3- and TatB2-expressing cells were mixed with unprotected cells at a ratio of 
2:1. To even further improve our ability to identify trends in what is a stochastic process, we 
used replicates of n=48 for each condition. The infections and long-term culturing were 
conducted identically to the monotherapy study. Interestingly, we found nearly identical rates of 
escape over a 32-day series for the two scenarios (Figure 3-6). This suggests that, for this 
particular therapy, the exact nature of delivery for the combination may not be a major factor in 
determining the efficacy of long-term inhibition in vitro. 
 

 
Figure 3-6. Equally distributed and compartmentalized combinatorial RNAi result in similar incidents of escape. 
Protected cells were combined with unprotected cells at a ratio of 2:1. For the compartmentalized combination, the 
protected population was split evenly between Ldr3- and TatB2-expressing cells. For the equally distributed 
combination, the entire protected population expressed both shRNAs. Every eight days each culture was evaluated 
for escape or active viral replication. Individual cultures were considered to have escaped if the titers were above 
1000 IU/mL based on tittering using the CEM GFP indicator cell line. Each time point is a digital readout of the 
number of cultures that have titers greater than 1000 IU/mL and therefore do not include error bars. Each condition 
represents data from 48 replicates.  
 
While the different combination strategies resulted in similar levels of long-term inhibition, the 
nature of the escape may differ. Given the relatively lower long-term potency of TatB2 
compared to Ldr3 observed in monotherapy cultures (Figure 3-5), it may be important to identify 
if resistance was developed to both shRNAs, or just TatB2, in the combinatorial studies. As 
mentioned earlier, resistance to TatB2 alone could provide an extra reservoir for replication in 
the compartmentalized combination. However, given that shRNAs can compete with each other 
for loading into RISC [18], it is possible that resistance to TatB2 would also be sufficient for 
HIV replication if TatB2 were preferentially loaded into RISC in the single vector combination. 
Such differences could have important implications for therapy design. For example, if the 
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compartmentalized combination resulted in escape from the TatB2 shRNA only, since it appears 
to be less effective as a monotherapy, the compartmentalized combination may still be effective 
in vivo as one subpopulation of cells still harbors an effective shRNA, and this subpopulation of 
cells may have a survival advantage over longer timescales. On the other hand, if the equally 
distributed combination resulted in escape from both shRNAs, no cells would be left with a 
selective advantage in vivo.  
 
Sequence analysis implicates U3 region as a hotspot for mutation  
 
With these competing theories in mind, we sequenced the Ldr3 and TatB2 target regions of HIV 
from cultures that escaped (i.e. showed titers above 1000 IU/mL) for three Ldr3-protected 
cultures, three TatB2-protected cultures, five cultures protected by the compartmentalized 
combination, and four cultures protected by the equally distributed combination (Figure 3-7). We 
also sequenced the Ldr3 and TatB2 target regions of HIV that was propagated in unprotected 
cells to survey the natural diversity that occurs after long-term replication in vitro without an 
external RNAi-mediated selective pressure.  
 

 
 
Figure 3-7. Schematic of regions chosen for sequence analysis. The LTR and psi were chosen for additional 
sequence analysis near the Ldr3 target. tat exon 1 and the portion of vpu that does not overlap with env were chosen 
for additional sequence analysis near the TatB2 target. The RNAi-targeted regions are highlighted in red, primer 
binding sites are highlighted with green arrows, and the regions amplified by PCR are highlighted in blue. 
 
Interestingly, there were no point mutations, insertions or deletions that became fixed or 
dominated the viral quasispecies within the Ldr3 and TatB2 target regions. Of the 204 sequences 
of the Ldr3 target, only 8 contained mutations in the target, and of the 187 sequences of the 
TatB2 target, only 13 contained mutations in the target (Table 3-2). Moreover, two of the TatB2 
sequences contained a large-scale deletion of the tat/rev and vpu reading frames. Importantly, no 
mutations occurred in the Ldr3 or TatB2 target unless the cultures contained shRNA targeting 
that region, indicating that both regions are attractive for RNAi-mediated inhibition. After 
normalizing for the total number of sequences available for analysis, the frequency of mutation 
in the Ldr3 region was 3.9% while the frequency of mutation in the TatB2 region was 7.0%. The 
higher frequency of mutation in the TatB2 region compared to the Ldr3 region further 
corroborates the results of the statistical analysis of 956 HIV isolates that the TatB2 region is 
more flexible that the Ldr3 region. Taken together, the relatively lower sequence conservation of 
TatB2 may account for its lower long-term efficacy compared to Ldr3 as a monotherapy.  
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Sample Ldr3 TatB2 
WT GGAGAGAGATGGGTGCGAGAG ATGGCAGGAAGAAGCGGAGAC 

L-A8 GGAGGGAGATGGGTGCGAGAG  
L-L6 GGAGAGAGGTGGGTGCGAGAG  

C-AL6 GGAGAGGGATGGGTGCGAGAG  
C-DK1 GGAGAGAGATGGGCGCGAGAG  
E-AC14 GGAGAGAGATGGGTGGGAGAG  
E-AE2 GGAGAGAGATGGGCGCGAGAG  
E-CI7 GGAGGGAGATGGGTGCGAGAG  
E-DC8 GGTGAGAGATGGGTGCGAGAG  
T-C3  ATGGCAGGAAGAGGCGGAGAC 
T-K13  ATGGCAGGAAGAAGCGGAGGC 
T-L8  ATGGCAGGAAGAACCGGAGAC 

C-AJ3  ATGGCAGGAAGAACCGGAGAC 
C-CK6  ATGGCAGGAAGAAGCGGGGAC 
C-DK3  ACGGCAGGAAGAAGCGGAGAC 
E-AC8  ATGGCAGGAAGAAGCGGAAAC 
E-AC9  ATGGCAG-------------- 

E-AC11  ACGGCAGGAAGAAGCGGAGAC 
E-AC12  ATGGCAG-------------- 
E-AE6  ATGGCAGGAAGGAGCGGAGAC 
E-AE8  ATGGCAGGAGGAAGCGGAGAC 
E-DC9   ATGGCAGGAGGAAGCGGAGAC 

 
Table 3-2. Mutations within Ldr3 and TatB2 targets. Mutations are highlighted in red. The first letter of the sample 
name corresponds to the treatment. Monotherapy cultures are abbreviated with L or T for Ldr3 or TatB2, 
respectively. Combination therapy cultures are abbreviated with C or E for compartmentalized or equally distributed 
combination, respectively. The letter(s) following the dash corresponds to the treatment replicate and the number 
corresponds to the mutant clone that was sequenced. 
 
We previously found that compensatory mutations in the HIV LTR could upregulate HIV 
transcription and thereby overwhelm the RNAi machinery with a large number of transcripts (see 
Chapter 2) [3]. Since direct mutation of the target did not seem to be a dominant mechanism of 
resistance, we investigated if similar compensatory mutations might be the dominant actors in 
this study as well. Two regions were analyzed using existing sequencing data adjacent to the 
shRNA targets Ldr3 and TatB2. These regions included the LTR and psi near the Ldr3 target, 
and exon 1 of tat and the portion of vpu that does not overlap with env near the TatB2 target 
(Figure 3-7).  
 
We first considered the diversity of virus isolated from each treatment using a metric called viral 
complexity. The viral complexity was plotted as distributions of the number of clones with n 
mutations with respect to the parental WT strain. We considered different functionally-relevant 
subsections of the sequenced regions. For the LTR and psi, these regions include the U3 (which 
is responsible for binding the majority of activating and repressive transcription factors that in 
turn regulate gene expression [23]), R, U5 and psi (the transcribed but non-coding portion of the 
LTR and psi sequence), and within the U3 we considered the upstream regulatory element (URE, 
spanning nucleotides -261 to -105) and the core promoter (consisting of NF!B, Sp1, and TFIID 
binding sites and spanning nucleotides -104 to -22) separately. Since the LTR and psi are 
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partially non-coding (the first 300 nt of the LTR overlap with nef at the 3’ end of the genome, but 
nef is not required for replication in vitro [24]), this sequence is not suitable for an analysis of the 
ratio of non-synonymous (dN) to synonymous (dS) substitutions as an indicator of positive 
selection. Using viral complexity as a proxy for positive selection, the U3 region from Ldr3 
monotherapy cultures and the equally distributed combination cultures have significantly higher 
median complexities compared to the U3 region from unprotected cultures (Figure 3-8). The U3 
region from compartmentalized combination cultures has an elevated median complexity 
compared to virus from unprotected cultures, but this difference is not statistically significant 
when applying the Holm-Bonferroni correction for multiple comparisons (p=0.013). Finally, the 
U3 region from TatB2 monotherapy cultures does not show an elevated median complexity 
compared to virus from unprotected cultures. Additional analysis of different functional regions 
of the LTR and psi did not show significant differences in median complexity compared to virus 
from unprotected cultures, with the exception of the URE, a part of the U3 region that may be 
anticipated to exhibit differences given the differences observed in the U3 region as a whole 
(Appendix B). On the other hand, the core promoter (which is also part of the U3 region) does 
not exhibit significant differences in median complexity, and this could be a result of analyzing a 
shorter region in which the frequency of mutation will be inherently low. In this case, extremely 
large sample sizes would be required to identify significant differences. The lack of significant 
differences in complexity in the longer transcribed region of the LTR and the entire LTR and psi 
combined suggests that the R, U5, and psi regions were not under a strong selective pressure 
from the RNAi therapies. 
 
For the tat and vpu regions, we considered the tat exon 1 coding sequence and the vpu coding 
sequence that did not overlap with env. Unlike the LTR and psi, we did not find any significant 
differences in median complexity in these regions for virus from shRNA-protected cells 
compared to virus from unprotected cultures (Figure 3-9). 
 
The presence of statistically higher numbers of mutations in the U3 region in shRNA protected 
vs. unprotected cultures indicates that these alterations may have contributed to the capacity of 
the virus to replicate. To gain a better understanding of which such mutations may be 
functionally important, we analyzed the sequence data for mutation frequency at each nucleotide 
among the various cultures. Within the LTR and psi (Figure 3-10) there are several regions in 
which mutations are fixed and unique to HIV from protected cultures, indicating that these 
regions may be functionally important and imbue the virus with an ability to replicate in RNAi-
protected cells. Within the U3 region, which we found to be the most diverse for HIV from 
RNAi-protected cultures compared to HIV from unprotected cultures, these include fixed 
mutations at several locations in a putative NFAT binding site in the URE and a fixed mutation 
in YY1/LSF and LBP-1 just upstream of TAR at the -1 position. Other fixed mutations occurred 
in psi and near or within U5 Ap1 binding sites. However, there are fixed mutations in the latter 
region in HIV from unprotected cultures as well, indicating that these regions are not specific for 
HIV replication in protected cells. Furthermore, other mutations that are not fixed may be 
relevant for escape because they fall within functionally important regions such as transcription 
factor binding sites for NF!B, Sp1, AP4 and YY1/LSF (Table 3-3). Within tat and vpu (Figure 
3-11) there were no fixed mutations unique to the HIV from protected cultures relative to the 
virus from unprotected cultures.  
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Figure 3-8. Viral complexity of LTR and psi. The distribution of clones with n mutations with respect to the wild 
type strain are displayed as box and whisker plots for HIV from unprotected (UP), Ldr3 monotherapy (Ldr3) 
protected, TatB2 monotherapy (TatB2) protected, compartmentalized combination therapy (Comp.) protected and 
equally distributed combination therapy (Equally) protected for (a) LTR and psi (b) U3 and (c) R, U5 and psi. 
Outliers are shown as red circles and (*) indicates significantly different median complexities according to Kruskal-
Wallis rank test and Mann-Whitney U test with the Holm-Bonferroni correction (p<0.05). For analysis for the URE 
and Core Promoter see Appendix B. 
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Figure 3-9. Viral complexity of tat and vpu. The distribution of clones with n mutations with respect to the wild 
type strain are displayed as box and whisker plots for HIV from unprotected (UP), Ldr3 monotherapy (Ldr3) 
protected, TatB2 monotherapy (TatB2) protected, pooled vector combination therapy (Pooled) protected and single 
vector combination therapy (Single) protected for (a) tat and vpu (b) the tat coding region and (c) the vpu coding 
region. Outliers are shown as red circles and (*) indicates significantly different median complexities according to 
Kruskal-Wallis rank test and Mann-Whitney U test with the Holm-Bonferroni correction (p<0.05). 
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Figure 3-10. Mutational frequency within LTR and psi. The frequency of mutation at each nucleotide is plotted for 
HIV LTR and psi sequence from (a) unprotected (UP), (b) Ldr3 monotherapy (Ldr3) protected, (c) TatB2 
monotherapy (TatB2) protected, (d) compartmentalized combination therapy (Comp,) protected and (e) equally 
distributed combination therapy (Equally) protected cultures. Important features are highlighted as follows: NFAT is 
in maroon, NF!B are in purple, Sp1 are in blue, TFIID is in green, YY1/LSF is in yellow, TAR is in orange, AP1 
are in white, psi is in black and the Ldr3 target is in red. 
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Figure 3-11. Mutational frequency within tat and vpu. The frequency of mutation at each nucleotide is plotted for 
HIV LTR and psi sequence from (a) unprotected (UP), (b) Ldr3 monotherapy (Ldr3) protected, (c) TatB2 
monotherapy (TatB2) protected, (d) compartmentalized combination therapy (Comp.) protected and (e) equally 
distributed combination therapy (Equally) protected cultures. Important features are highlighted as follows: the tat 
coding sequence is in blue, the Arginine rich motif is in green, the Q-rich motif is in yellow, the vpu coding 
sequence is in orange and the TatB2 target is in red. 
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TF NFAT NF-!B II NF-!B I Sp1 III Sp1 II AP-4 YY1/LSF Others 

Nucleotides 
-254 to    

-216 -104 to -95 -90 to -81 
-77 to      

-68 -66 to  -57 -21 to  -16 -17 to +25  
Sample         

L-A1      A-20G  1 Ap1 III 
L-K7 G-226A* T-99C      1 U5 

L-K11 G-226A*  A-87G     

1 Ets-
1/RBE-1,     

1 TAR 

L-L2        
1 URE,      
1 USF 

T-C19  G-103A      1 U5 

T-C27    T-71G†    
1 TAR,       
1 Ap1 

T-K27     A-58G†   2 Ap1 

T-L18  
A-101G,     
C-100T       

T-L27   T-85C     1 U5 

C-AA3      T-17G 
T-17G,     
T-12C 

1 Ap1 II,                
1 Ap3 

C-AA7   T-85C      
C-AJ1   A-87G     1 U5 

C-AJ6   C-81T     
1 U3 (near 

Sp1 I) 

C-CK1   T-85C     
1 URE, 1 

U5 
C-CK8      G-16A  NFAT 

C-DK1       
T-10A,      
T-1G*  

E-AC6 G-230A*  T-84C     1 URE 

E-CI1       
T-1G*, 
T+13C 

1 NF-IL6,       
2 Ets-1,          

1 TCF-1a 
E-CI7   T-85C     1 TAR 

E-CI10   G-89A  T-66C  T-1G*  
E-DC6     A-87G         1 U5 

 
Table 3-3. Mutations within functionally important regions of U3. The first letter of the sample name corresponds 
to the treatment. Monotherapy cultures are abbreviated with L or T for Ldr3 or TatB2, respectively. Combination 
therapy cultures are abbreviated with C or E for compartmentalized or equally distributed combination, respectively. 
The letter(s) following the dash corresponds to the treatment replicate and the number corresponds to the mutant 
clone that was sequenced. (*) next to mutation indicates that the mutation is fixed, (†) next to mutation indicates that 
the mutation converts the sequence to a consensus sequence. Location is based on HIV NL4-3 DNA. 
 
Furthermore, we identified two mutants with 223 nt deletions that span TatB2 and vpu, 
indicating that this region could be expendable. It is also possible that these viruses are 
functionally impaired because they lack the Arginine rich motif (responsible for binding TAR) 
and Q-rich motif in tat, yet they were able to replicate to some degree as a result of high MOI 
conditions providing functional Tat in trans. Taken together, the large number of fixed mutations 
unique to HIV from protected cultures located in regions that show significantly higher median 
complexity in HIV from RNAi-protected cultures compared to virus from unprotected cultures 
provides compelling evidence that these mutations may have some functional importance in 
providing HIV with general resistance to RNAi by regulation of gene expression. We are 
currently investigating the functional properties of several of the U3 mutants listed in Table 3-3 
to validate this hypothesis (see Chapter 5). 
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Discussion 
 
Here, we systematically analyze the therapy efficacy and mechanism of escape for two RNAi 
therapies targeting HIV as monotherapies and as combinations distributed equally among all 
cells or compartmentalized into subpopulations of cells. We test the long-term activity of two 
shRNAs that show similar abilities to inhibit HIV replication in homogeneous short-term assays 
and demonstrate that subtle differences in activity between two shRNAs are amplified using 
mixtures of protected and unprotected cells that mimic in vivo delivery limitations. We 
demonstrate that when the two shRNAs are combined, a compartmentalized combinatorial RNAi 
effectively blocks HIV escape from therapy at rates similar to that of the equally distributed 
combination traditionally used to deliver combinations. Finally, extensive sequence analysis 
suggests that when viral evolution is constrained by RNAi targeting highly conserved regions, 
the U3 region may evolve in response to the general selective pressure on HIV RNA levels by 
RNAi. 
 
Our sequence analysis of the complexity of the U3 region suggests that the efficacy of the 
therapy may influence the type of diversity seen as a result of this selective pressure. When 
RNAi is directed toward the Ldr3 target, a higher median complexity appears in the U3 region. 
The TatB2 region, on the other hand, does not exhibit this significantly higher median 
complexity in the U3 region, and direct mutation of the target may be sufficient for viral escape 
in TatB2 monotherapy cultures. When Ldr3 is combined with TatB2 in the compartmentalized 
combination, the U3 region does not appear to be evolving in a statistically significant manner; 
however, additional sequence analysis could solidify the markedly increased median complexity 
for this group compared to virus from unprotected cultures. When Ldr3 and TatB2 are equally 
distributed as a combination, the U3 region of HIV from these cultures has a significantly higher 
median complexity compared to virus from unprotected cultures. Taken together, it appears that 
the presence of the Ldr3 selective pressure is a large determinant in whether median complexity 
in the U3 region is significantly elevated. One explanation for this correlation is that mutations in 
Ldr3 are less well tolerated, diverting the selective pressure from the Ldr3 target to the U3 region 
and resulting in a higher viral complexity in the HIV promoter under this condition compared to 
both unprotected and TatB2-protected cultures. These results further support our previous 
findings that targeting highly conserved regions of HIV with RNAi may lead to an unintended 
selective pressure being placed on the U3 region of the HIV LTR and could result in a virus with 
higher transcriptional activity (see Chapter 2) [3]. Additional studies should be conducted to gain 
a better understanding of whether this indirect escape is possible in vivo. For example, there 
could be a net therapeutic loss of efficacy if targeting a highly conserved region of the genome 
results in a virus that is more pathogenic due to its increased transcriptional activity. If the 
mechanism of escape is determined by the degree of conservation of the target region, the 
combination could be optimized to deal with that specific type of escape directly. For example, if 
escape involves direct mutation of a more flexible target, additional shRNAs targeting other 
regions would remain effective. On the other hand, if escape involves a more general 
overwhelming the RNAi pathway because the target is highly conserved, as we speculate is the 
case for Ldr3, a combination that enhances existing RNAi activity, such as enoxacin [25], or an 
orthogonal combination may be more effective. 
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Furthermore, our extensive sequencing of other regions of the HIV genome, including regions 
not targeted by RNAi, offers a systematic analysis of potential regions evolving in response to a 
RNAi selective pressure. The elevated median complexity in the U3 region of the LTR in Ldr3-
protected and combination cultures indicates that this region in particular is an important node 
for potential evolution of viral resistance to RNAi therapy, and may be a result of the U3 region 
of the 5’ LTR playing a critical role in determining the transcriptional activity of the promoter 
[23, 26-28].  
 
We identified mutations in regions important for U3 function that may play a role in viral escape 
by regulating the balance of activators and repressors binding to the HIV promoter. Fixed 
mutations in NFAT and YY1/LSF unique to HIV exposed to a Ldr3 selective pressure indicate 
that these mutations may play some functional role in RNAi resistance. Other mutations that are 
not fixed may also contribute to resistance to RNAi. For example, mutations in the NF!B sites 
could alter the binding affinities of different NF!B dimers [29-31]. If the mutants have lower 
affinities for dimers that recruit repressive factors, or higher affinities for dimers that recruit 
activating factors, these mutants could overwhelm the RNAi pathway with a large number of 
HIV transcripts. Mutations within YY1/LSF, a known repressor of HIV transcription [32, 33], 
could decrease the recruitment of repressive factors to the LTR through a decreased binding 
affinity. Similarly, mutations in the binding site for the transcriptional repressor AP4 could 
reduce the binding of the repressor and in turn increase transcriptional activity [34]. Finally, of 
all the mutations in Sp1 sites, conversion of the site to the consensus repeat sequence GGGGC 
occurred more than once, and this could increase the transcriptional activity of such mutants 
[35]. Clonal analysis of these mutations will help to confirm whether these mutants exhibit 
resistance to RNAi therapies (see Chapter 5).  
 
We found that the presence of unprotected cells in long-term cultures was important in 
identifying subtle differences in long-term potency, and this could have meaningful implications 
for any HIV RNAi gene therapy since some cells will remain unprotected as a result of delivery 
limitations [36]. Our short-term assays with cells stably expressing the shRNAs, as well as two 
previously published short-term transfection assays [4, 6], failed to identify observe significant 
differences in activity between the two shRNAs we examined [4, 6], as did our own short-term 
assays involving homogeneous populations of stably-transduced protected cells. However, 
previous studies involving stably-transduced homogeneous cultures for extensive periods 
(greater than 100 days) or infected at higher MOIs suggest that these trends, while subtle, may 
exist [6]. Our study expands upon these findings by providing more replicates in long-term 
culturing such that subtle differences can be identified more readily. Aside from its clinical 
relevance, the reservoir of unprotected cells reduces the length of such studies by providing more 
opportunities for the virus to accumulate mutations and therefore makes such a long-term 
mutational study more feasible. While other short-term proxies, such as higher MOI HIV 
challenges can help to identify such long-term differences in activity, these approaches fail to 
capture escape data.  
 
Finally, while the efficacy results of the two combination delivery strategies (equally distributed 
versus compartmentalized combination) are specific for the unique case of combining two 
shRNA therapies, they should be considered when designing more complex gene therapy 
combinations that draw on different technologies. The extra effort required to engineer gene 
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therapy combinations into a single vector may not be necessary to produce long-term inhibition 
of HIV replication as our compartmentalized combination indicates. Furthermore, our results 
could have implications for RNAi induced by synthetic siRNAs as well. Depending on the 
method of delivery, combinatorial RNAi delivered as synthetic siRNAs could be 
compartmentalized in some Poisson-type distribution, and our results suggest that this may not 
be a limitation of synthetic siRNA therapy for HIV. The implications are especially heartening as 
different anti-HIV gene therapies enter phase I and II clinical trials [36, 37]. As more gene 
therapies enter clinical trials, clinicians will presumably want to combine the most promising 
gene therapies, and using compartmentalized combinations will facilitate this process. 
Nonetheless, one should be cautious. Additional studies should be conducted to see if our in vitro 
results concerning RNAi-based therapies can be extended to other forms of gene therapy and in 
vivo models. 
 
Conclusions 
 
We have shown that two shRNAs targeting HIV that have similar activities in short-term assays 
have identifiable differences in activity in long-term heterogeneous cultures. Interestingly, a 
compartmentalized combination therapy resulted in similar rates of viral escape compared to a 
conventional equally distributed combination, suggesting that compartmentalized combinatorial 
gene therapies may be a promising alternative to conventional equally distributed combinations 
that can be difficult to engineer. Furthermore, the data presented in this chapter suggest that the 
lower genetic flexibility of the region targeted by Ldr3 may result in diversion of the 
evolutionary selective pressure to the U3 region of the LTR, and mutations in this region could 
provide an indirect path to resistance. When targeting highly conserved regions of HIV, such as 
Ldr3, it may be necessary to develop a combination therapy that can contend with these more 
generalized mechanisms of resistance. 
 
Methods 
 
Cell culture, vector preparation and cell line generation 
 
HEK 293Ts, SupT1s and CEM GFP cells were cultured as described in Chapter 2. Lentiviral 
vectors were packaged as previously described [38]. SupT1s were infected at MOIs of less than 
0.1 to ensure the cells were clonally infected according to Poisson statistics. Homogeneous 
populations were selected using neomycin selection at a concentration 500 µg/mL of G418 
sulfate (Sigma-Aldrich) or cell sorting based on Venus induced by doxycycline (Sigma-Aldrich) 
at a concentration of 1000 ng/mL. 
 
shRNA expression vector construction 
 
Complimentary oligonucleotides (Invitrogen) including the appropriate loop sequence and 
specific for the targeted HIV regions (Table 3-4) were annealed, phosphorylated and ligated into 
an existing pSLIK vector as previously described [21]. 
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Name   Sequence   

Ldr3 (+) 5' AGCGCAGGAGAGAGATGGGTGCGAGATAGTGAAGCCACAGATGTATCTCGCACCCATCTCTCTCCTT 3' 
Ldr3 (-) 5' GGCAAAGGAGAGAGATGGGTGCGAGATACATCTGTGGCTTCACTATCTCGCACCCATCTCTCTCCTG 3' 
Ldr4 (+) 5' AGCGCGGAGAGAGATGGGTGCGAGAGTAGTGAAGCCACAGATGTACTCTCGCACCCATCTCTCTCCT 3' 
Ldr4 (-) 5' GGCAAGGAGAGAGATGGGTGCGAGAGTACATCTGTGGCTTCACTACTCTCGCACCCATCTCTCTCCG 3' 
Ldr5 (+) 5' AGCGAGAGAGAGATGGGTGCGAGAGCTAGTGAAGCCACAGATGTAGCTCTCGCACCCATCTCTCTCC 3' 
Ldr5 (-) 5' GGCAGGAGAGAGATGGGTGCGAGAGCTACATCTGTGGCTTCACTAGCTCTCGCACCCATCTCTCTCT 3' 
Ldr8 (+) 5' AGCGAAGAGATGGGTGCGAGAGCGTCTAGTGAAGCCACAGATGTAGACGCTCTCGCACCCATCTCTC 3' 
Ldr8 (-) 5' GGCAGAGAGATGGGTGCGAGAGCGTCTACATCTGTGGCTTCACTAGACGCTCTCGCACCCATCTCTT 3' 
Ldr9 (+) 5' AGCGCGAGATGGGTGCGAGAGCGTCGTAGTGAAGCCACAGATGTACGACGCTCTCGCACCCATCTCT 3' 
Ldr9 (-) 5' GGCAAGAGATGGGTGCGAGAGCGTCGTACATCTGTGGCTTCACTACGACGCTCTCGCACCCATCTCG 3' 

Ldr10 (+) 5' AGCGAAGATGGGTGCGAGAGCGTCGGTAGTGAAGCCACAGATGTACCGACGCTCTCGCACCCATCTC 3' 
Ldr10 (-) 5' GGCAGAGATGGGTGCGAGAGCGTCGGTACATCTGTGGCTTCACTACCGACGCTCTCGCACCCATCTT 3' 
Pol0 (+) 5' AGCGAATACAGGAGCAGATGATACAGTAGTGAAGCCACAGATGTACTGTATCATCTGCTCCTGTATC 3' 
Pol0 (-) 5' GGCAGATACAGGAGCAGATGATACAGTACATCTGTGGCTTCACTACTGTATCATCTGCTCCTGTATT 3' 
Pol1 (+) 5' AGCGCTACAGGAGCAGATGATACAGTTAGTGAAGCCACAGATGTAACTGTATCATCTGCTCCTGTAT 3' 
Pol1 (-) 5' GGCAATACAGGAGCAGATGATACAGTTACATCTGTGGCTTCACTAACTGTATCATCTGCTCCTGTAG 3' 
Pol2 (+) 5' AGCGCACAGGAGCAGATGATACAGTATAGTGAAGCCACAGATGTATACTGTATCATCTGCTCCTGTA 3' 
Pol2 (-) 5' GGCATACAGGAGCAGATGATACAGTATACATCTGTGGCTTCACTATACTGTATCATCTGCTCCTGTG 3' 
Vif1 (+) 5' AGCGCAAGTTCAGAAGTACACATCCCTAGTGAAGCCACAGATGTAGGGATGTGTACTTCTGAACTTA 3' 
Vif1 (-) 5' GGCATAAGTTCAGAAGTACACATCCCTACATCTGTGGCTTCACTAGGGATGTGTACTTCTGAACTTG 3' 
Vif2 (+) 5' AGCGCAGTTCAGAAGTACACATCCCATAGTGAAGCCACAGATGTATGGGATGTGTACTTCTGAACTT 3' 
Vif2 (-) 5' GGCAAAGTTCAGAAGTACACATCCCATACATCTGTGGCTTCACTATGGGATGTGTACTTCTGAACTG 3' 
Vif3 (+) 5' AGCGCGTTCAGAAGTACACATCCCACTAGTGAAGCCACAGATGTAGTGGGATGTGTACTTCTGAACT 3' 
Vif3 (-) 5' GGCAAGTTCAGAAGTACACATCCCACTACATCTGTGGCTTCACTAGTGGGATGTGTACTTCTGAACG 3' 

TatB1 (+) 5' AGCGCATGGCAGGAAGAAGCGGAGACTAGTGAAGCCACAGATGTAGTCTCCGCTTCTTCCTGCCATA 3' 
TatB1 (-) 5' GGCATATGGCAGGAAGAAGCGGAGACTACATCTGTGGCTTCACTAGTCTCCGCTTCTTCCTGCCATG 3' 
TatB2 (+) 5' AGCGCTGGCAGGAAGAAGCGGAGACATAGTGAAGCCACAGATGTATGTCTCCGCTTCTTCCTGCCAT 3' 
TatB2 (-) 5' GGCAATGGCAGGAAGAAGCGGAGACATACATCTGTGGCTTCACTATGTCTCCGCTTCTTCCTGCCAG 3' 

 
Table 3-4. Oligonucleotide sequences for pSLIK cloning. Positive and negative strands were phosphorylated and 
annealed before being ligated into the pSLIK backbone. 
 
HIV propagation experiments 
 
Stocks of HIV NL4-3 were prepared using a single-LTR vector and titered as described in 
Chapter 2. To initiate the short-term and long-term propagation experiments, 4x105 cells were 
infected at an MOI of 0.0005 and cultured in 12-well plates with a total volume of 1.5mL. 
Cultures contained 2 µg/mL of polybrene (Millipore) to facilitate the infection and the indicated 
amount of doxycycline to induce shRNA expression. Every two days, 700 µL of the culture 
supernatant was removed and replaced with 800 µL of fresh RPMI with doxycycline. Infectious 
titers were determined by infecting CEM GFP indicator cells cultured with 2 µg/mL polybrene 
and 0.1 µM saquinivir (NIH AIDS Research and Reference Reagent Program) with 100 µL of 
the removed supernatant as previously described [3, 39]. These cells were cultured for 72 hours 
and fixed with 2% paraformaldehyde for GFP quantification by flow cytometry. For long-term 
cultures, the supernatant removed 8 days post-infection (dpi) was stored at -80oC and 250 µL 
was used to initiate infections of fresh cultures of identical composition. Cultures that showed 
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infectious titers greater than 1000 IU/mL using the CEM GFP indicator cells at the end of each 
8-day series were considered to have escaped therapy. 
 
Sequence analysis 
 
Viral supernatant from putative escape cultures were used to infect naïve SupT1s in the presence 
of 0.1 µM saquinivir to limit infection to a single round. Genomic DNA was isolated using the 
Qiamp DNA Mini Kit (Qiagen) as per the manufacturer protocol. The LTR and psi region and 
the tat and vpu region were amplified by PCR using degenerate oligonucleotides binding to 
highly conserved regions (Tables 3-5 and 3-6). PCR products were gel purified and cloned into 
TOPO plasmids as per the manufacturer protocol (Strataclone). LTR and psi samples were 
sequenced from the 3’ end using M13R or M13F primer depending on insert orientation. tat and 
vpu samples were sequenced using M13R primer. The resulting sequence was analyzed using 
Python and MUSCLE alignment algorithm.  
 
 

Name Sequence 

LTR (+) 5'-TGGAAGGGHTAATTYRSTCCC-3' 
psi (-) 5'-CCCTGCTTGCCCATACTABATG-3' 
Tat (+) 5'-GGAKCCAGTAGAYCCTARACTAG-3' 
Vpu (-) 5'-GYCRCTGTCTTCTGCTCTTTC-3' 

 
Table 3-5. Oligonucleotide sequences for PCR amplification of HIV from genomic DNA. Regions with high 
sequence conservation were chosen based on an alignment of subtype B sequences in the Los Alamos National Lab 
HIV sequence database (http://www.hiv.lanl.gov/). Degenerate bases were used in positions with variability at the 
consensus level.  
 

Temperature 
Time  

LTR + psi 
Time  

tat + vpu 

95C 2 min  2 min  

95C 30 sec  30 sec  
55C 1 min x35 1 min x35 
72C 1.5 min  1 min  

72C 10 min   10 min   
 
Table 3-6. PCR amplification protocol for genomic DNA amplification. Oligonucleotides from Table 3-5 were 
used for priming and Vent was used for amplification to minimize errors. 
 
Statistical analysis 
 
Titers were compared using the Student’s t-test (p<0.05). Viral complexity of virus obtained 
from different culture conditions was compared using a Kruskal-Wallis Rank Sum Test and 
Mann-Whitney U Test followed by a Holm-Bonferroni correction (p<0.05). 
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Chapter 4: Identification of robust RNAi targets for a global therapy  

 
Introduction 
 
In this chapter we describe the development of two complementary methods to identify new 
RNAi targets capable of controlling the replication of many diverse HIV subtypes. We first 
approached this problem using library methods to develop lentiviral vectors containing shRNAs 
derived from various HIV subtypes; however, the construction of this library proved to be very 
difficult. Ultimately, we used rational design to target two essential regions of the HIV genome, 
TAR and tat. We show that shRNAs targeting these regions are active in a non-replicating 
lentiviral system using GFP as a reporter gene. Finally, we developed a robust culture system to 
test these targets in long-term culture and more completely understand how existing HIV 
diversity may affect viral escape from RNAi. 
 
Much as numerous species can evolve from a common precursor, numerous HIV families or 
subtypes with related but distinct consensus sequences have emerged.  There are eight subtypes 
of HIV, with the largest HIV-positive populations in India, China and sub-Saharan Africa 
harboring primarily subtype C (Figure 4-1a) [1], and Europe and the US primarily populated 
with subtype B. In addition, globalization has resulted in a number of recombinant or chimeric 
forms of HIV that combine different regions of subtypes A through G [2, 3]. The many subtypes 
and recombinant forms of HIV are each unique in sequence, promoter structure (Figure 4-1b), 
gene regulation, and pathogenesis, with some recombinants showing more aggressive rates of 
disease progression or enhanced transmission compared to either parent subtype [4-6]. Thus, to 
be a truly global therapy, RNAi must be able to inhibit many different subtypes of HIV. 
 
There is mounting evidence that differences in HIV sequence at the global (subtype) level can 
result in varying degrees of HAART efficacy [1, 7, 8]. These differences in HIV sequence could 
also have an impact on anti-HIV RNAi efficacy. We sought to study how global variability in 
HIV sequence impacts antiviral RNAi efforts, such that we may one day be able to provide a 
robust anti-HIV RNAi therapy that can address the requirements of different geographic regions. 
To accomplish this, we used a generalized library approach complemented with rational design. 
 
Results 
 
Enzymatic generation of a shRNA library targeting HIV 
 
RNAi targets within HIV subtype B, the predominant subtype in Europe and the Americas [1], 
have been studied extensively. However, the other subtypes, which infect the majority of HIV 
patients in the world, including those in Africa and Asia, have been largely neglected. 
Ultimately, we would like to develop RNAi targets for all subtypes; however, predicting robust 
targets based on sequence conservation and function is a low throughput and inefficient means to 
contend with such diversity. To address this problem, we employed a method that generates 
shRNA libraries derived from HIV DNA enzymatically, an approach amenable to broad screens 
of RNAi targets for each HIV subtype.  
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Figure 4-1.  Global diversity of HIV sequences. (a) Global distribution of subtypes taken from [1]. The most 
common subtypes in any region are shown, along with overall HIV prevalence.  Subtype C is most common, but not 
as well studied as subtype B. (b) Promoter architecture of major subtypes and recombinants taken from [9]. 
 
 
Briefly, we employed a method developed by Shirane et al. that transforms genomic DNA into 
shRNAs (Figure 4-2) [10]. First, the genomic DNA is digested into shorter 100-200 nt fragments 
and the ends are polished with a DNA polymerase. The resulting fragments are ligated to a 
hairpin adaptor that contains several unique restriction sites to form a dumbbell product. A MmeI 
restriction site at the base of the adaptor is used to generate two hairpins with 22 nt stems from 

a 

b 
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each dumbbell product upon digestion. A second adaptor is ligated to the base of this resulting 
hairpin, and PCR is used to amplify the resulting product for subcloning into a lentiviral vector. 
It should be noted that other groups have developed similar methods that may be more efficient 
in library development due to their use of four-cutters to fragment the DNA and generate sticky 
ends in the process [11]; however, we chose a method involving DNase because this would result 
in better, largely unbiased coverage of HIV. 
 

 
 
Figure 4-2. Enzymatic generation of RNAi library. HIV DNA (blue) is fragmented into ~100 to 200 nt pieces using 
DNase I. Hairpin adaptor 1 is ligated to both ends of the fragments. The DNA is then digested with MmeI, 
producing hairpins with a 22 nt stem of HIV DNA. A second adaptor is ligated to this fragment and the resulting 
product is PCR amplified to generate a linear dsDNA product than can be cloned into a shRNA expression vector. 
 
Varying the many reaction conditions to optimize this protocol proved to be extremely difficult. 
The limiting reaction seemed to be the initial ligation of the adaptor 1 (Table 4-1) to the blunt 
end HIV fragments.  
 

Name Sequence 
Adaptor 1 5'-GTCGGACAATTGCGACCCGCATGCTGCGGGTCGCAATTGTCCGAC-3' 
M12 (+) 5'-CTGTCCGTTCCGACTACCCTCCCGAC-3' 
M12 (-) 5’-GTCGGGAGGGTAGTCGGAACGGACAG-3’ 

 
Table 4-1.  Oligonucleotide sequences for shRNA library construction. Sequences for adaptor 1 and M12 
oligonucleotides are shown. PAGE-purified oligonucleotides were used for all reactions. 
 
The self-ligation of the first hairpin adaptor produces a 45 nt product very similar in length to the 
desired ~40 nt hairpin product after digestion with MmeI (Figure 4-3), and digestion with MmeI 
failed to resolve the fragmented HIV DNA into a single 40 nt product.  
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Figure 4-3. Adaptor 1 self-ligation. (a) The 45 nt hairpin adaptor 1 was capable of self-ligation, producing a 
dumbbell product without intervening HIV DNA (blue) and similar in length to the desired 40 nt product.  (b) DNA 
was electrophoresed on a 3% agarose gel after ligation of adaptor 1 and digestion with MmeI. Lane 1 is a negative 
control without HIV DNA, lane 2 is a 50 nt DNA ladder, lane 3 is the fragmented HIV DNA before ligation and 
lane 4 is the ligation reaction with HIV DNA. Unligated adaptor runs ~20 nt as a hairpin, and self-ligated adaptor 
runs ~45 nt as a dumbbell. 
 
We manipulated many reaction parameters in an attempt to reduce the unwanted side reaction 
and promote the desired reaction. Initially, we were concerned that the polishing of the fragments 
was inefficient; however, the use of various DNA polymerases such as T4 DNA polymerase, 
Klenow and Mung Bean Nuclease, various incubation times and enzyme inactivation methods 
did not improve the results (Figure 4-4).  
 

 
 

Figure 4-4. Optimization of polishing by DNA polymerase. DNA was electrophoresed on a 3% agarose gel after 
ligation of adaptor 1 and digestion with MmeI. Lane 1-3 are negative controls without HIV DNA using Klenow, T4 
DNA polymerase and Mung Bean Nuclease to polish DNased fragments, respectively. Lane 4 is a 50 nt DNA 
ladder, lane 5 is the fragmented HIV DNA before ligation and lanes 6-8 are ligation reactions with HIV DNA using 
Klenow, T4 DNA polymerase and Mung Bean Nuclease to polish DNased fragments, respectively. 
 
 

a b 
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We also tried using various molar ratios of HIV DNA:adaptor to force the ligation of the adaptor 
to the HIV fragments. A molar ratio of 1:10 and 1:100 did not affect the production of the self-
ligation product (Figure 4-5).  
 

 
 
Figure 4-5.  Optimization of HIV DNA:adaptor molar ratio. DNA was electrophoresed on a 25% polyacrylamide 
gel after ligation of adaptor 1 and digestion with MmeI. Lane 1 a 50 nt DNA ladder. Lanes 3 and 5 are ligation 
reactions with HIV DNA:adaptor molar ratios of 1:10 and 1:100, respectively. Lanes 2 and 4 are negative control 
ligations without HIV DNA for molar ratios of 1:10 and 1:100, respectively. 
 
Addition polyethylene glycol (PEG) to ligation reactions is known to improve the efficiency of 
blunt end ligations; however, we found that PEG did not improve our reaction either (Figure 4-
6).  
 

 
 
Figure 4-6.  Optimization of ligation using PEG. DNA was electrophoresed on a 3% agarose gel after ligation of 
adaptor 1 and digestion with MmeI. Lane 1 is a negative control reaction with 10% PEG. Lane 2 is a ligation 
reaction with HIV DNA and 10% PEG. Lane 3 is a 50 nt DNA ladder. 
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Finally, MmeI is a type II DNA endonuclease and DNA methylase, and once the DNA is 
methylated it can no longer be digested by MmeI. It has been shown that DNA with two MmeI 
restriction sites is digested more efficiently than DNA with one MmeI site, and this enhancement 
of endonuclease activity can be accomplished by providing the secondary MmeI site in trans 
[12]. We therefore added annealed oligonucleotides (Table 4-1) containing MmeI sites to the 
digestion reaction to enhance the reaction efficiency (Figure 4-7); however this did not improve 
our results (data not shown).  
 

 
 

Figure 4-7. Optimization of MmeI digestion using M12 oligonucleotides. pUC19 plasmid DNA was 
electrophoresed on a 1% agarose gel after digestion with MmeI for one hour in the absence (Lane 1) and presence 
(Lane 2) of 16 µM M12 oligonucleotides. Lane 3 is a 1000 nt DNA ladder.  
 
We also used higher resolution polyacrylamide gel electrophoresis to see if the desired product 
was produced but simply unresolved on high percentage agarose gels. Resolving the reaction on 
an extra long 25% acrylamide gel showed that desired product was still not produced (Figure 4-
8).   
 

 
 

Figure 4-8.  High resolution PAGE visualization of ligation reaction. DNA was electrophoresed on an extra-long 
25% polyacrylamide gel after ligation of adaptor 1 and digestion with MmeI. Lane 1 is a negative control without 
HIV DNA.  Lane 2 is a ligation reaction with HIV DNA and adaptor 1.  Lane 3 is a 50 nt DNA ladder. 
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Rational design of broadly-acting shRNAs  
 
Given the difficulty in constructing the shRNA library, we decided to use a rational design 
approach to test some of our hypotheses about the consequences of targeting a broadly applicable 
RNAi target. While siRNAs effective against multiple subtypes have been identified, these 
studies have been limited to short-term analysis [13, 14]. Very little is known about how the 
different subtypes might evolve in response to the same therapy. We therefore set out to design a 
system that would allow us to follow RNAi therapy targeting different subtypes using long-term 
timescales that are relevant for evolutionary studies.  
 
Furthermore, previous work in the field found that anti-HIV RNAi drives the sequence evolution 
of the targeted region only; however, we have shown that evolutionary pressure on a highly 
conserved region can result in the evolution of regions outside the target, specifically the U3 
region (see Chapters 2 and 3). Given that each subtype has a different LTR sequence and 
promoter architecture (Figure 4-1b), we hypothesized that each subtype may respond differently 
to RNAi-mediated inhibition targeting a highly conserved region. In other words, the regions of 
HIV that are capable of evolution may vary between subtypes. Identifying these regions will be 
critical in evaluating subtype-specific RNAi targets as some subtypes may be more easily 
evolved, while others may require more time to sample sequence space, and their evolution may 
come at a cost in overall replication fitness. 
 
Since rational design is an inherently low throughput method, we constrained our study to two 
regions of the HIV genome known to be essential for HIV replication: TAR and tat (see Chapter 
1). We previously showed that a shRNA targeting the most conserved region of TAR was active 
against a subtype B strain of HIV, and this region shows high levels of conservation among 
different non-subtype B HIV strains (Figure 4-9).  
 

 
 
Figure 4-9. Alignment of TAR.  TAR sequences of different subtypes were aligned using the MUSCLE algorithm. 
The consensus sequence is shown at the top of the alignment and the region targeted by TAR4 is highlighted in grey. 
Nucleotides that are identical to the consensus are shown as dots and differences are highlighted in red (A), green 
(T), yellow (G) and blue (C).  Sequences 1-12 are various HIV isolates of different subtypes (subtype is indicated in 
parentheses), and sequence 13-16 are lab strains representing subtypes D, C, A and B, respectively. 
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Within tat, we constrained our search to the Arginine rich motif , which is responsible for 
interactions with TAR during transcription [15], and upstream sequence. This region also shows 
relatively high degrees of conservation among the different subtypes (Figure 4-10), and several 
shRNAs targeting this region were recently shown to have activity against a subtype B strain of 
HIV (see Chapter 3) [16].  
 

 
 
Figure 4-10.  Alignment of tat exon 1. tat sequences of different subtypes were aligned using the MUSCLE 
algorithm. The consensus sequence is shown at the top of the alignment and the region targeted by TatB2 and the 
Arginine Rich Motif are highlighted in grey. Nucleotides that are identical to the consensus are shown as dots and 
differences are highlighted in red (A), green (T), yellow (G) and blue (C).  Sequences 1-6 are various HIV isolates 
of different subtypes (subtype is indicated in parentheses), and sequence 7-10 are lab strains representing subtypes 
B, D, C and A, respectively. 
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Furthermore, targeting TAR and tat in combination may further constrain the virus, since any 
mutations in TAR or tat may affect the same underlying transcriptional feedback loop and result 
in interesting co-evolutionary dynamics. 
 
We first tested the shRNAs in a non-replicating system using the LGIT model [17]. In this 
lentiviral vector, the HIV LTR drives the expression of a TAR-GFP-IRES-Tat-TAR transcript. 
GFP serves as a reporter gene for transcriptional activity, and an active siRNA targeting this 
transcript will result in lower GFP expression that can be observed by flow cytometry. The TAR 
and tat regions of the vector were previously replaced with TAR and tat sequences from various 
subtypes [9]. SupT1s were first transduced with the LGIT vectors and then transduced with 
lentiviral vectors containing the desired shRNAs targeting TAR or tat. The TAR4 shRNA was 
constructed as described previously [18] and the tat shRNAs were cloned into pSLIK (Table 4-2) 
(see Chapter 3).  
 

Name Target Gene Target Sequence Position 
TatB1 tat/rev TATGGCAGGAAGAAGCGGAGAC 5515-5535 
TatB2 tat/rev ATGGCAGGAAGAAGCGGAGACA 5516-5536 
TatA2 tat/rev TGGCAGGAAGAAGCGGAGACAG 5517-5537 
TatA3 tat/rev GGCAGGAAGAAGCGGAGACAGC 5518-5538 
TatA4 tat/rev GCAGGAAGAAGCGGAGACAGCG 5519-5539 
TatR tat/rev AAGCGGAGACAGCGGAAGAGCT 5524-5544 

 
Table 4-2.  Potential broad-spectrum RNAi targets. Targets within TAR and tat were chosen based on sequence 
conservation among subtypes. Target sequence and position is based on HIV NL4-3 RNA. 
 
Following neomycin selection, flow cytometry was used to determine GFP expression. Cells 
were transduced with shRNAs targeting lacZ as a negative control for off-target and non-specific 
effects.  RNAi activity was quantified as the percent of GFP inhibition compared to the negative 
control shRNA targeting lacZ.  Interestingly, TAR4 inhibits GFP expression in all subtypes 
except subtype A2 at levels similar to its inhibition of subtype B (Figure 4-11a). Subtype A2 was 
the only subtype with a mismatch in the RNAi target region (Table 4-3). Of the six tat shRNAs, 
all showed some activity against subtype B, but shRNA TatB2 inhibited GFP expression with the 
broadest subtype range (Figure 4-11b). The lowest inhibition of GFP expression by TatB2 was 
seen in subtype A2, which again had two mismatches in the seed region of the target (Table 4-3). 
However, the inhibition of A2 was still on the scale of the average inhibition seen with TAR4, 
indicating that TatB2 may be more potent than TAR4 and is therefore more tolerant of 
mismatches in the target region. Taken together, the combination of TAR4 and TatB2 could 
serve as the basis for a global RNAi therapy.  
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Figure 4-11.  Broad spectrum inhibition of gene expression using RNAi targeting TAR and tat. (a) Cells 
expressing shRNA LacZ or TAR4 were transduced with an LGIT vector containing TARs of the various subtypes. 
(b) Cells expressing shRNA LacZ or Tat were transduced with an LGIT vector containing tats of the various 
subtypes. GFP expression (mean FL1) was measured by flow cytometry and normalized to GFP expression in cells 
expressing no shRNA. Experiments were performed in biological triplicate, error bars represent one standard 
deviation, and (*) indicates a significantly different mean FL1 as compared to the LacZ negative control for that 
subtype (p<0.05). 
 

Subtype 
Accession  
Number TAR4 Sequence TatB2 Sequence 

A U51190 GCCTGGGAGCTCTCTGGCTA ATGGCAGGAAGAAGCGGAAACC 
A2 AF286237 GCCCGGGAGCTCTCTGGCTA ACGGCAGGAAGAAGCGACGACC 
B AF324493 GCCTGGGAGCTCTCTGGCTA ATGGCAGGAAGAAGCGGAGACA 

B/F AF005495 GCCTGGGAGCTCTCTGGCTA ATGGCAGGAAGAAGCGGAGACA 
C AF067154 GCCTGGGAGCTCTCTGGCTA ATGGCAGGAAGAAGCGGAGACA 
D U88824 GCCTGGGAGCTCTCTGGCTA ATGGCAGGAAGAAGCGGAGACC 

 
Table 4-3.  Conservation of TAR4 and TatB2 targets among subtypes in LGIT system. The target region for TAR4 
and TatB2 are shown for the different subtype sequences used in the LGIT system for initial screening. Differences 
from subtype B (used for shRNA design) are highlighted in red. 
 
Culturing HIV clinical isolates 
 
In order to understand how different subtypes might evolve in response to TAR4 and TatB2 
RNAi, we needed replication competent subtypes capable of undergoing many rounds of 
mutation and selection. To this end, we acquired several replication competent isolates that 
displayed diversity similar to that of the subtypes tested in the LGIT system (Table 4-4).  
 
 
 
 
 

a b 
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Subtype 
(Env) Name Tropism TAR4 Sequence TatB2 Sequence 

A KNH1088 R5 GCCTGGGAGCTCTCTGGCTA ATGGCAGGAAGAAGCGGAGACA 
AE CM235 R5 GCCTGGGAGCTCTCTGGCTA ATGGCAGGAAGAAGCGGAAGCA 
AG CAM1475MV R5 -------------------- ATGGCAGGAAGAAGCGGAGACG 
B NL4-3 X4 GCCTGGGAGCTCTCTGGCTA ATGGCAGGAAGAAGCGGAGACA 

B/C MAL X4 GCCCGGGAGCTCTCTGGCTA ATGGCAGGAAGAAGCGGAGACA 
C SM145 R5 GCCTGG-------------- ATGGCAGGAAGAAGCGGAGACA 
C MJ4 R5 GCCCGGGAGCTTTCTGGCTA ATGGCAGGAAGAAGCGGAGACA 
D 57128 R5 GCCTGGGAGCTCTCTGGCTA ATGGCAGGAAGAAGCGGAGACA 

 
Table 4-4. Conservation of TAR4 and TatB2 targets among clinical isolates. The target region for TAR4 and 
TatB2 are shown for clinical isolates obtained from the NIH AIDS Research and Reference Reagent Program. 
Differences from subtype B (used for shRNA design) are highlighted in red.  Dashes indicate that the sequence is 
unavailable. Subtype classification is based on env sequence. T cell tropism is also listed. 
 
We expanded these isolates to generate high titer viral stocks by propagating the virus on 
peripheral blood mononuclear cells (PBMCs) isolated from whole blood (Table 4-5). 
 

Isolate 
Titer  

(ng/mL p24) 
MAL 142 
MJ4 134 

KNH1088 163 
57128 192 

CAM1475MV 93 
SM145 96 
CM235 28 

 
Table 4-5.  Expansion of clinical isolates to high titers in PBMCs.  Clinical isolates stocks were obtained from the 
NIH AIDS Research and Reference Reagent Program and expanded using PBMCs.  Titers were measured using p24 
ELISA. 
 
In order to follow viral replication and track evolution, it would be ideal if the isolates could be 
propagated using immortalized cell lines that do not require the repeated isolation of PBMCs 
from whole blood and addition of various cytokines such as interleukin-2 (IL-2) to the growth 
medium. To find a suitable cell line that would support the replication of both CCR5 and 
CXCR4-tropic virus, we first surveyed the literature for T cell lines that had high surface 
expression of CD4, CCR5, and CXCR4 (Table 4-6). 
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Cell Line CD4 CXCR4 CCR5 Reference 
CEMSS ++ ++ ++ [19] 

CEMx174 ++ + - [19] 
H9 + ++ +++ [19] 

Jurkat - +++ ++ [19] 
Molt4 +++ +++ ++ [19] 
PM-1 + + +++ [19] 

SupT1 +++ +++ - [19] 
SupT1-CCR5 +++ +++ +++  

 
 

Table 4-6.  Co-receptor expression in immortalized lymphocyte cell lines.  Expression of CCR5 and CXCR4 was 
determined from the literature for several cell lines.  
 
We also surveyed the literature for immortalized cell lines known to support replication of both 
CCR5 and CXCR4-tropic virus (Table 4-7). 
 

Isolate Subtype Tropism Permissive Cell Line Reference 
HIV-1 96USNG17 A R5X4 PM-1 [20] 
HIV-1 96USSN20 A R5X4 PM-1 [20] 
HIV-1 97USSN54 A R5X4 PM-1 [20] 

HIV-1 MAL A  PBMC, H9 [21] 
p89.6 B R5X4 CEMx174, MT-2 [22] 
pLAI.2 B  PBMC, U937 [23] 

pNL(AD8) B R5 PMDM [24] 
pSG3.1 B  CD4+ T cell lines [25] 

pYK-JRCSF B  PBMC [26] 
pYU2 B  PBMC, Molt-4 [27] 
!HXB3 B  SupT1, CEMx174, H9 [28] 

HIV-1 96USNG31 C R5X4R3 PBMC, PM-1 [20] 
HIV-1 96USNG58 C R5 PBMC, PM-1 [20] 
HIV-1 97USNG30 C R5 PBMC, PM-1 [20] 

pMJ4 C R5 PBMC, MF [29] 
HIV-1 ELI D X4 (SI) PBMC, CEM [21] 

pWCML249 D/C R5 PBMC, GHOST-CCR5 [30] 
 
Table 4-7.  Permissive cells for replication of HIV isolates.  The scientific literature was surveyed for cells that 
supported the replication of clinical and lab adapted isolated of HIV. T cell tropism and subtype of the HIV isolate 
are also listed. 
 
Based on our preliminary survey, we tested the ability of these strains to replicate in H9, Molt4, 
Molt4-CCR5, and SupT1-CCR5 cells (Figure 4-12). We chose these candidates because they are 
derived from lymphocytes and would be most biologically similar to PBMCs compared to U87, 
HEK293T, or HeLa cells overexpressing CD4, CCR5, and CXCR4. We could no longer used 
CEM GFP cells to measure infectious titer directly because these cells may not be equally 
permissive to different strains of HIV.  Instead, we measured titer by ELISA using p24 
concentration.  
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Figure 4-12. Replication of HIV isolates in immortalized cells.  The indicated cells were inoculated with several 
different HIV isolates and p24 titers were monitored for 7 days by ELISA.  Titers above the negative control 
(dashed line) indicate active replication. 
 
Interestingly, only NL4-3 replication was supported to high titers by non-SupT1 lines, while p24 
concentrations for other strains remained at or below the detection limit based on negative 
control values. On the other hand, almost all strains showed productive replication in SupT1-
CCR5 cells to titers well above the negative control value, and often exceeding titers of NL4-3, 
the canonical lab-adapted strain used in previous studies. We observed consistently low titers in 
all cell types with isolate CM235, which also had low titers during the initial PBMC expansion. 
However, morphological observations indicate active replication of the virus in SupT1-CCR5, 
based on the prevalence of large syncytia after infection. This suggests that the p24 protein of 
CM235 is not effectively bound by the p24 antibodies in the standard ELISA and TCID-50 
measurements of titer might be more appropriate for this isolate. 
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Inhibition of multiple HIV subtypes with anti-tat shRNA 
 
We transduced SupT1-CCR5 cells with TAR4 and TatB2 shRNA vectors to generate RNAi-
protected cells.  Testing these cells for activity against the canonical NL4-3 strain along with a 
small subset of the expanded isolates (KNH1088, SM145 and MAL) produced mixed results 
(Figure 4-13).  
 

 
 
Figure 4-13. Inhibition of several isolates using RNAi in SupT1-CCR5 immortalized cells. SupT1-CCR5 cells 
expressing no shRNA (Unprotected) or expressing a shRNA targeting TAR (TAR4) or tat (TatB2) were inoculated 
with the indicated HIV isolate and p24 titers were monitored for 8 days by ELISA. Titers above the negative control 
(white diamonds, dashed line) indicate active replication.  Experiments were performed in biological triplicate, error 
bars represent one standard deviation, and (*) indicates a significantly different titer as compared to the unprotected 
control (black diamonds, dashed line) for that isolate (p<0.05).  
 
To start, cells were inoculated with 100 µL of viral stock. After four days, the TAR4 cells 
inhibited NL4-3 replication incompletely, and titers approach those of unprotected cultures, 
albeit in a delayed manner, while the TatB2 cells were able to effectively inhibit replication over 
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8 days.  The TatB2 cells also showed strong activity against SM145, though it is unclear if this 
activity holds for isolates KNH1088 and MAL. The titers for KNH1088 and MAL in unprotected 
control cells were near the negative control, suggesting the peak titer was missed and could have 
occurred before 4 dpi. Given the ambiguous dynamics of these isolates, it is possible that the 
high titers of these isolates in TAR4 and TatB2 cells at 4 dpi are simply delayed peak titers 
compared to the unprotected control cells. Additional work will be necessary to further optimize 
this promising system. 
 
Discussion 
 
We describe library and rational design approaches to identify shRNAs that are active against 
many subtypes.  The library approach proved to be very difficult to engineer due to an unwanted 
side reaction involving the self-ligation of adaptor 1. While this technique has been used 
successfully to generate a shRNA library target HIV subtype B [31], it is not clear if the 
generation of the library was efficient, or if the selection strategy yielded targets against highly 
conserved regions since a long-term evolution study was not conducted. It should also be noted 
that enzymatic generation of shRNAs libraries is economical; however, the ever-decreasing cost 
of oligonucleotide synthesis could make complete coverage of a 9-kb genome such as HIV 
feasible without optimizing many different reactions. 
 
While additional optimization could have yielded a functional library, we determined the more 
interesting research question dealt with understanding how different subtypes evolve in response 
to RNAi. Using the SupT1-CCR5 culture system, we successfully tested the antiviral activity of 
TAR4 and TatB2 against NL4-3 and three other isolates. Interestingly, TAR4 seemed to have 
lost its activity, as it did in the Ago2 overexpressing cells (see Chapter 2), and this could again be 
a result of the increased metabolic burden associated with expressing a shRNA, neomycin, and 
puromycin resistance markers, and overexpressing the CCR5 cell surface marker. On the other 
hand, we observed the TatB2 shRNA to be more potent in the non-replicating system and it is 
possible that the high potency of TatB2 compensated for the loss of activity associated with 
CCR5 overexpression, resulting in effective knockdown of the NL4-3 and SM145 strains. Isolate 
SM145 is classified as subtype C, which is the most prevalent subtype currently circulating 
worldwide, and controlling subtype C infections will be critical in controlling the HIV epidemic. 
Sequence-specific therapies, such as TatB2, with broad antiviral activity and strong activity 
against subtype C in particular, will be increasingly important in drug development.  While the 
activity of TatB2 against KNH1088 and MAL is unclear, analysis at intermediate times or lower 
viral inputs (MOIs) could clarify this point.  Finally, to reduce the risk of viral escape, it would 
be desirable to have a combination of shRNAs for a proposed global RNAi therapy.  Ldr3, which 
targets the packaging signal and gag, could serve as an alternative to TAR4 in such a 
combination (see Chapter 5).  
 
Conclusions 
 
In conclusion, we have shown that the gene expression of several HIV subtypes can be 
controlled by the TAR4 and TatB2 shRNAs, which were previously tested only against subtype 
B, lab-adapted strains. Our results support previous findings that highly conserved regions of 
HIV serve as good candidates for a global RNAi therapy and could even be combined for added 
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pressure on the virus. We found that the TatB2 shRNA is capable of controlling HIV replication 
of a subtype C isolate, making it an extremely relevant candidate for a global therapy. 
Furthermore, we developed a robust cell culture system that supports the replication of CCR5 
and CXCR4-tropic isolates in immortalized cells, allowing the long-term culturing of these 
isolates in the presence of RNAi selective pressures. Ultimately, a better understanding of the 
diversity of evolutionary responses to RNAi therapy will help to guide future therapy design. 
 
Methods 
 
Library generation 
 
HIV DNA fragmentation by DNase I (Roche) was optimized to produce 100 to 200 nt fragments 
using 3 µg of DNA with 1 µL of a 1:1000 dilution of DNase in a total volume of 30 µL. The 
reaction was incubated at room temperature for 10 minutes and stopped by adding 10% 0.5 M 
EDTA and heating to 95C for 10 minutes.  The reaction was desalted using QIAEX II beads 
(Qiagen) according to manufacturer protocols.   
 
DNA fragments were polished with T4 DNA polymerase or Klenow (New England Biolabs) at 
37C for 30 minutes and were supplemented with 33 µM dNTPs.  Fragments were also polished 
using Mung Bean Nuclease (New England Biolabs) at 30C for 30 minutes. DNA was purified by 
phenol chloroform extraction followed by desalting with QIAEX II beads or ethanol 
precipitation. 
 
Adaptor 1 was ligated using T4 DNA ligase (New England Biolabs) at 16C for one hour or 
Mighty Mix Ligation Kit (Takara) according to manufacturer protocols. HIV DNA to adaptor 
molar ratios of 1:2, 1:10 and 1:100 were used. DNA was purified by phenol chloroform 
extraction followed by desalting with QIAEX II beads or ethanol precipitation. 
 
Nicks were repaired by phosphorylation with T4 PNK (New England Biolabs) at 37C for 30 
minutes followed by ligation with E. coli ligase (New England Biolabs) supplemented with 0.1 
µM NAD+ for 1 hour at 16C. Reactions were purified by phenol chloroform extraction and 
ethanol precipitation.  
 
The resulting DNA was digested by MmeI (New England Biolabs) supplemented with 50 µM S-
adenosylmethionine for one hour at 37C. Reactions containing M12 oligonucleotide were done 
with a 16 µM concentration of M12. Reactions were visualized on 3% agarose gels or 25% 
acrylamide gels. 
 
Cell culture 
 
Wash medium consisted of RPMI with 2% heat inactivated FBS, 100 U penicillin and 100 
µg/mL streptomycin. Complete medium consisted of RPMI with 15% heat inactivate FBS, 100 
U penicillin, 100 µg/mL streptomycin and 20 U/mL IL-2 (NIH AIDS Research and Reference 
Reagent Program). Co-culture medium consisted of complete medium supplemented with 
2µg/mL polybrene. 
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PBMC isolation 
 
Whole blood buffy coats were obtained from the American Red Cross (Oakland, CA) and 
processed the same day. Buffy coats were diluted 1:3 with PBS and carefully laid over 
lymphocyte separation medium (LSM) (Mediatech) at a blood:LSM ratio of 2:1. The sample was 
then centrifuged at 900g for 20 minutes with no brake. The white blood cell fraction was 
isolated, washed twice with PBS by spinning at 400g for 10 minutes, and resuspended in 2 mL 
ACK lysis buffer for two minutes to lyse any residual red blood cells.  The lysis was interrupted 
by adding 50 mL of PBS and spinning at 400g for 10 minutes.  The resulting cell pellet was 
resuspended in 10 mL of PBS and counted. Cells were frozen at a concentration of 0.5-2x107 

cells/mL in 90% heat inactivated FBS and 10% DMSO. To freeze, cells were spun down at 400g 
for 10 minutes and resuspended in half of the desired final volume of heat inactivated FBS. Heat 
inactivated FBS with 20% DMSO was added dropwise in three aliquots of three minutes each for 
a final composition of 10% DMSO. Cells were frozen immediately at -80C and transferred to 
liquid nitrogen for long-term storage. 
 
Subtype isolate expansion 
 
Isolates were obtained from the NIH AIDS Research and Reference Reagent Program and 
expanded as per the suggested protocol. Briefly, PBMCs were thawed on ice and washed with 8 
mL of wash medium After spinning for 10 minutes at 240g, the cell pellet was slowly 
resuspended to a final concentration of 7.5x106 cells/mL in complete medium. Cells were 
stimulated by adding phytohemagglutinin (PHA) (Sigma-Aldrich) at a final concentration 5 
µg/mL. Cells were incubated at 37C for 15-30 minutes. The PHA was diluted by adding 1.5 
volumes of complete medium to the culture and incubated for another 18-24 hours at 37C. Cells 
were then spun down at 240g for 10 minutes and carefully resuspended in the same volume of 
fresh complete medium without PHA. Cells were incubated for 48-72 hours at 37C, at which 
point they were ready for inoculation.  
 
To inoculate PBMCs with an HIV isolate, 4x106 previously stimulated PBMCs were spun down 
and resuspended in half of a viral stock (approximately 500µL) that had been thawed on ice. 
Cells were incubated in slant tubes at 37C. After 30 minutes, 2 mL of co-culture medium was 
added to the slant tube. After three days, 2 mL of medium was carefully removed from the slant 
tube and titer was measure by p24 ELISA (Zeptometrix) as per the manufacturer protocol using 
25µL of viral supernatant. The remaining supernatant was stored in liquid nitrogen for later use. 
The slant tube was replenished with 2.5x106 freshly stimulated PBMCs and 2mL of co-culture 
medium. This procedure was repeated 7, 10 and 14 dpi. 
 
Subtype Replication Assays 
 
Cells were seeded at 2x105 cells/well in a 48-well format and inoculated with 100 µL of stock 
virus and a total volume of 500 µL. Cells were mixed every 30 minutes for two hours and then 
washed twice with 500 µL PBS.  The inoculation was repeated and the cells were finally washed 
twice with 500µL PBS and resuspended in 500 µL RPMI. Supernatant was sampled four and 8 
dpi by carefully removing 250 µL of RPMI and replacing it with 300 µL of fresh RPMI. Samples 
were frozen at -80C until titer determination by ELISA. 
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Statistical analysis 
 
All statistical analysis was conducted using the Student’s t-test (p< 0.05). 
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Chapter 5: Implications and future work 
 
The work described in Chapters 2 through 4 represents experimental approaches to providing a 
more complete understanding of possible evolutionary responses of HIV to selective pressure 
from a potential RNAi therapy. We identified a novel mechanism of HIV escape from RNAi (see 
Chapter 2) and we demonstrated that compartmentalization of a combinatorial RNAi therapy 
may provide sustained inhibition of HIV replication similar to that of a more conventional, 
equally distributed combinatorial RNAi therapy (see Chapter 3). Furthermore, our results 
indicate that evolutionary pressure placed on the U3 region of the LTR could result from 
targeting a highly conserved region of HIV with RNAi, as we observed with TAR4 and Ldr3 
shRNAs. Finally, we developed a method for studying the evolution of many HIV subtypes in 
response to RNAi over long-term timescales (see Chapter 4).  
 
Looking deeper 
 
Our findings have significant implications for the field of antiviral RNAi therapy. First, the 
newly identified mechanism of resistance via mutation of the promoter to increase transcriptional 
activity provides evidence of the somber reality that the highly mutable nature of HIV will 
continue to make it difficult to treat and eradicate (see Chapter 2). Furthermore, we showed that 
such mutations are significantly more likely to occur in viruses exposed to an RNAi targeting a 
highly conserved region of HIV (see Chapter 3). These results emphasize the need to look and 
think “outside the target” when designing antiviral therapies and understanding viral resistance. 
The failure to study areas outside the direct target of any therapy can limit our understanding of 
the mechanism of resistance. Instead, considering the flexible nodes of the more general 
mechanism of viral inhibition could be more informative of possible escape routes.  
 
In RNAi targeting HIV, the direct target is an ~22 nt region, however the more general target is 
the total amount of viral RNA present in the cytosol for translation and packaging. Any flexible 
nodes that can be manipulated to increase the overall level of viral RNA could provide a more 
general mechanism of viral escape from RNAi. Our results show that one flexible node is the U3 
region of the LTR, which controls HIV transcription; however, there are other flexible nodes that 
could effectively increase the total amount of viral RNA and overwhelm the RNAi pathway in a 
similar manner. For example, tat represents a flexible node that also directly controls HIV 
transcription. Mutations in Tat that increase its affinity for TAR or its ability to recruit CycT1 
and Cdk9 could result in a similar saturation of the RNAi machinery. Alternatively, changes in 
RNA splicing or export dynamics could alter the prevalence of transcripts containing the 22 nt 
target in the cytosolic mixture of splice variants. Thus, splice donor and acceptor sites, as well as 
rev and the RRE (which are responsible for the export of unspliced transcripts) could play a role 
in escape from RNAi. To this end, we propose looking much more deeply at the HIV genome to 
identify other potential mechanisms of indirect escape from RNAi. As the price of sequencing 
decreases with the maturation of the next-generation sequencing of technologies, it will become 
increasingly possible to search deeper into the quasispecies [1-3].  
 
Finally, looking deeper should not be limited to HIV. We propose looking at other viruses that 
have been shown to develop resistance to therapeutic RNAi to understand how broadly 
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applicable indirect escape is. It is possible that different viruses have different flexible nodes and 
indirect escape could be realized by manipulation of alternative nodes that are dependent on the 
specific virus in question. It would be particularly interesting if viruses targeted with RNAi in 
their insect vector hosts, such as dengue virus [4], also utilize indirect mechanisms of resistance 
in these non-human hosts. If true, this would represent an even broader mechanism that could 
have implications for vector/host co-evolution.  
 
Alternative combinations and RNAi target properties 
 
In an effort to delay or even reduce the appearance of virus resistant to RNAi therapies, we tested 
different combinatorial delivery strategies (see Chapter 3). Our results suggest that 
compartmentalized combinations can inhibit HIV replication without a loss in antiviral efficacy. 
As mentioned in Chapter 3, this could potentially simplify vector engineering for HIV gene 
therapy and help to maximize the returns from current and future clinical trials since the most 
promising candidates can be combined in a modular manner without a significant loss in 
efficacy. Testing such alternative delivery strategies in more clinically relevant models will be 
critical to maximize the potential of RNAi therapies.  
 
Upon extensive sequence analysis of potentially resistant HIV, we identified many interesting 
mutations within the U3 region that were fixed within a culture, located in functionally important 
regions or both (Table 3-3). Clonal analysis of these variants will be critical in determining 
whether these mutations are functional or artifacts of neutral drift. The analysis could be 
accomplished using a series basic cloning techniques. The mutant LTR sequences could be 
transferred from the TOPO plasmid into a pBS plasmid containing flanking nef and psi 
sequences using restriction enzymes BbsI and KasI or BglII if the BbsI site has been ablated via 
mutation. The mutant LTR along with the WT flanking sequences can then be transferred into 
the psLTR vector using XhoI and KasI. The mutants can be packaged as described in Chapter 2, 
and we could then compare replication of the mutant virus to WT virus in short 8 to 10-day 
replication assays in unprotected, Ldr3-protected, TatB2-protected and Ldr3 and TatB2-
protected cells. We are currently moving forward with these experiments. 
 
Evolution of subtypes 
 
Our study of different HIV isolates is rich with potential for future studies (see Chapter 4). While 
the TAR4 shRNA appeared to be less potent when translated to a cell culture system optimized 
for culturing many different strains, the TatB2 target showed strong activity against subtypes B 
and C. As mentioned in Chapter 4, the Ldr3 target is a potential candidate for a global 
combinatorial RNAi therapy. The isolates that we have expanded do show considerable 
conservation in that region, particularly in the seed region, and other isolates also high levels of 
conservation in that region (Figure 5-1).  
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Figure 5-1. Conservation of Ldr3 target. The Ldr3 target sequence of different subtypes were aligned using the 
MUSCLE algorithm. The consensus sequence is shown at the top of the alignment Nucleotides that are identical to 
the consensus are shown as dots and differences are highlighted in red (A), green (T), yellow (G) and blue (C). 
Sequences 1-12 are various HIV isolates of different subtypes (subtype is indicated in parentheses), and sequence 
13-17 are lab strains representing subtypes B, D, A, C, and B, respectively. 
 
The Ldr3 shRNA could be tested in a fairly straightforward manner based on the work done to 
date. SupT1-CCR5 cells could be transduced with a pSLIK lentiviral vector containing the Ldr3 
shRNA and SupT1-CCR5 TatB2 cells could be transduced with the same vector to create dually-
protected cells. These cells could then be inoculated with the isolates as described in Chapter 4. 
Based on strains KNH1088 and MAL, the amount of virus used in the inoculation may require 
optimization in order to produce replication dynamics similar to NL4-3 and SM145. Titers 
should be measured by p24 ELISA every two days during initial short-term optimization 
experiments to fully capture replication dynamics and possible inhibition by Ldr3 and TatB2.  
 
To track long-term evolution, cultures of protected cells infected with various isolates could be 
split at a ratio of 1:5 every four days. Measuring the titer by p24 ELISA upon splitting will 
hopefully capture the emergence of active viral replication and potentially resistant strains. The 
resistant cultures could, again, be sequenced deeply to identify mutations conferring resistance in 
both conventional and indirect manners. Each subtype has its own unique promoter architecture 
and different TAR/Tat transactivation profiles [5] and these differences could influence exactly 
which flexible nodes are manipulated in the case of indirect escape. Identifying these differences 
could help tailor combinations to particular subtypes. For example, if a subtype is more likely to 
manipulate the TAR/Tat interaction and thereby overwhelm the RNAi pathway, a specific 
TAR/Tat inhibitor could be coupled with a RNAi therapy to help circumvent this possibility in 
advance. Alternatively, if another subtype is more likely to manipulate the interaction of cellular 
factors with the LTR, a therapy targeted at cellular factors may be more desirable (though 
possibly harder to develop).  
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Characterizing potential escape mutants of different subtypes will be more difficult since the 
mutations cannot be cloned into plasmid DNA directly. Mutations could be tested in the NL4-3 
background, however this may convolute some of the subtype-specific behavior, such as 
TAR/Tat interactions. Alternatively, subtype genomic DNA could be cloned into expression 
plasmids for further manipulation and mutant viral stock production; however, this is a 
significant undertaking that should be pursued only after careful planning. It may also be 
possible to deduce the likely behavior of a mutant based on the extensive clonal analysis done 
using NL4-3 (see Chapters 2 and 3), combined with other studies that consider the transcriptional 
dynamics of various subtypes [5-7]. 
 
Room for improvement 
 
RNAi therapies present considerable therapeutic opportunities, and several RNAi therapies have 
reached the clinic in the relatively short time this class of therapeutics has been under 
development. To date, four antiviral RNAi therapies have entered into clinical trials, for 
respiratory syncytial virus (RSV), hepatitis B virus (HBV), HCV, and HIV [8-11]. These trials 
represent major advances in the antiviral RNAi therapy field, and they can also provide insights 
that may accelerate future clinical RNAi efforts. 
 
First, initial success in translating therapies to the clinic may come from synthetic siRNAs as the 
therapeutic effector, at least for acute infections, as they may pose fewer risks compared to their 
gene-encoded counterparts. Such an approach was successfully used to protect patients from 
RSV infection during a clinical trial [8]. On the other hand, it is desirable to treat a chronic 
infection such as HIV with sustained RNAi from gene-modified cells, as was recently utilized by 
DiGiusto and colleagues [9]. Practically speaking the more advanced drug development process 
for synthetic siRNAs compared to gene-encoded shRNAs may result in faster clinical evaluation 
of siRNAs in the short-term; however, sustained expression will be necessary for a long-term 
solution to chronic infections such as HIV. Taken together, RNAi stands to make a considerable 
impact in the treatment of both acute and chronic viral infections. 
 
Additionally, while large pharmaceutical companies have recently exited the human RNAi 
therapy field [12], treating non-human hosts such as livestock may represent a test bed that 
provides insights to aid longer term human therapeutic development. RNAi in non-human hosts 
will likely also face fewer regulatory limitations, such that therapies may be commercialized 
faster and alleviate concerns about viability. In a recent example, chickens were prophylactically 
treated to induce RNAi targeting Marek’s disease virus (MDV) and shown to have increased 
resistance to infection [13]. Such a strategy could potentially be used to combat H5N1, a 
particularly lethal strain of influenza that is usually transmitted to humans via close contact with 
poultry. Similarly, RNAi was prophylactically induced in pigs to target foot and mouth disease 
virus (FMDV), which also infects humans [14]. Given some anatomical and physiological 
similarities between pigs and humans, a great deal could be learned about efficacy, delivery and 
long-term viability by conducting such smaller studies on non-human hosts and translating these 
results to humans. 
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There are also a number of therapeutic RNAi applications for invertebrates that could have 
significant impacts on public health. Mosquitoes serve as vectors for a number of tropical viruses 
including Dengue virus, O’nyong nyong virus (ONNV), West Nile virus (WNV), and yellow 
fever virus (YFV). Priming mosquitoes with ONNV dsRNA was shown to decrease the spread of 
the virus in the insect host [15], and this strategy could serve as a general mechanism to control 
the transmission of additional vector-borne viruses. More recently, dengue virus-resistant 
transgenic mosquitoes were created using inverted repeat RNA expression cassettes that 
specifically activate in the mosquito midgut after a blood meal [4]. These mosquitoes 
demonstrated significantly reduced transmission of dengue virus, though the stability of RNAi 
expression over multiple generations decreased [16]. Further research into population 
replacement strategies could make this elegant strategy viable [17]. 
 
Concluding remarks 
 
Since the mechanism of RNAi was first elucidated in C. elegans, its use to treat viral infections 
has itself spread like an epidemic. The ability to design a therapy based on simple sequence 
information and thermodynamic guidelines has the potential to accelerate therapeutic 
development; however, delivery and viral escape remain challenges for antiviral RNAi therapy 
applications.  
 
The work presented in this dissertation addresses some of the limitations associated with RNAi 
therapies targeting HIV. The platforms that we have developed serve to consider clinically 
relevant constraints, such as delivery limitations and pre-existing viral diversity, in a quantitative 
manner over timescales that are relevant for evolution. This effort has improved our ability to 
capture stochastic events such as viral escape. While our results emphasize that the intrinsic 
mutability of HIV poses a number of challenges for a sequence-specific therapy such as RNAi, 
we hope that a more complete understanding of the evolutionary potential of HIV and other 
viruses will improve the design of such therapies and transform a seemingly insurmountable 
problem into one that is tractable. 
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Appendix A: Analysis of putative TAR4-resistant mutants 
 
The sequence alignment and secondary structure of putative TAR4-resistant viral clones are 
shown in this appendix. 

 
-187                                               -138 
       |--------- ---------- ---------- ---------- ---------| 
   WT  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
  0H2  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGACATCCC ATCCGGAGTA 
  0H4  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 0H16  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 10A3  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 10A5  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 10A6  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 10A8  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 20D5  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGGGTA 
 20D4  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 20D6  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
20D11  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
20D12  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
20D16  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 20E1  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 20E5  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 20H1  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 20H4  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 20H5  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
20H15  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
20H19  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 30A3  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 30A4  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 30A5  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 30A6  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 30G3  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 30G4  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 30G5  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 
 30G8  TGGAAGGGCT AATTCACTCC CAAAGAAGAC AAGATATCCC ATCCGGAGTA 

      -137                                                -88 
       |--------- ---------- ---------- ---------- ---------| 
   WT  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
  0H2  CTTCAAGCAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
  0H4  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 0H16  CTTCAAGAAC TGCTGACATC GAGCTTGCGA CAAGGGACTT TCCGCTGGGG 
 10A3  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGAGACTT TCCGCTGGGG 
 10A5  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 10A6  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 10A8  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 20D5  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
  
Figure A-1. Complete sequence alignment of putative TAR4-resistant mutants. Mutants were aligned using Vector 
NTI AlignX. Point mutations are indicated in bold face. Exact sequence repeats of 20H mutants, indicated in red 
type, suggest that Sp1 site multimers were generated through recombination. Transcription factor binding sites are 
indicated directly above the sequence. 

EtsI

EtsI Ap1/CREB C/EBP NF!BII NF!BI
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-137                                                -88 
       |--------- ---------- ---------- ---------- ---------| 
 
 20D4  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 20D6  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
20D11  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
20D12  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
20D16  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 20E1  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 20E5  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 20H1  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 20H4  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 20H5  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
20H15  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
20H19  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 30A3  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 30A4  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 30A5  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACCT TCCGCTGGGG 
 30A6  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 30G3  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 30G4  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 30G5  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 
 30G8  CTTCAAGAAC TGCTGACATC GAGCTTGCTA CAAGGGACTT TCCGCTGGGG 

      -87                                                 --- 
       |--------- ---------- ---------- ---------- ---------| 
   WT  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
  0H2  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
  0H4  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 0H16  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 10A3  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 10A5  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 10A6  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 10A8  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 20D5  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 20D4  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 20D6  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
20D11  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
20D12  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
20D16  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 20E1  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 20E5  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 20H1  ACTTTCCAGG GAGGCGTGGC CTGGGTGGGA CTGGGGAGTG GCGAGCCCTC 
 20H4  ACTTTCCAGG GAGGCGTGGC CTGGGCGGGA CTGGGGAGTG GCGAGCCCTC 
 20H5  ACTTTCCAGG GAGGCGTGGC CTGGGCGGGA CTGGGGAGTG GCGAGCCCTC 
20H15  ACTTTCCAGG GAGGCGTGGC CTGGGCGGGA CTGGGGAGTG GCGAGCCCTC 
20H19  ACTTTCCAGG GAGGCGTGGC CTGGGCGGGA CTGGGGAGTG GCGAGCCCTC 
 30A3  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 30A4  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 30A5  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 30A6  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... ..........  
 30G3  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 30G4  ACTTTCCAGG GAGGCGTGAC CTGGG..... .......... .......... 
 30G5  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 
 30G8  ACTTTCCAGG GAGGCGTGGC CTGGG..... .......... .......... 

Sp1 IIINF!BI Sp1 II

EtsI Ap1/CREB C/EBP NF!BII NF!BI
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       ---                                                -50 
       |--------- ---------- ---------- ---------- ---------| 
   WT  .......... .......... .......... .......CGG GACTGGGGAG 
  0H2  .......... .......... .......... .......CGG GACTGGGGAG 
  0H4  .......... .......... .......... .......CGG GACTGGGGAG 
 0H16  .......... .......... .......... .......CGG GACTGGGGAG 
 10A3  .......... .......... .......... .......CGG GACTGGGGAG 
 10A5  .......... .......... .......... .......CGG GACTGGGGAG 
 10A6  .......... .......... .......... .......CGG GACTGGGGAG 
 10A8  .......... .......... .......... .......CGG GACTGGGGAG 
 20D5  .......... .......... .......... .......CGG GACTGGGGAG 
 20D4  .......... .......... .......... .......CGG GACTGGGGAG 
 20D6  .......... .......... .......... .......CGG GACTGGGGAG 
20D11  .......... .......... .......... .......CGG GACTGGGGAG 
20D12  .......... .......... .......... .......CGG GACTGGGGAG 
20D16  .......... .......... .......... .......CGG GACTGGGGAG 
 20E1  .......... .......... .......... .......CGG GACTGGGGAG 
 20E5  .......... .......... .......... .......CGG GACTGGGGAG 
 20H1  CCTGGG.... .......... .......... .......CGG GACTGGGGAG 
 20H4  CCTGGG.... .......... .......... .......CGG GACTGGGGAG 
 20H5  CCTGGG.... .......... .......... .......CGG GACTGGGGAG 
20H15  CCTGGGCGGG ACTGGGGAGT GGCGAGCCCT CCCTGGGCGG GACTGGGGAG 
20H19  CCTGGG.... .......... .......... .......CGG GACTGGGGAG 
 30A3  .......... .......... .......... .......CGG GACTGGGGAG 
 30A4  .......... .......... .......... .......CGG GACTGGGGAG 
 30A5  .......... .......... .......... .......CGG GACTGGGGAG 
 30A6  .......... .......... .......... .......CGG GACGGGGGAG 
 30G3  .......... .......... .......... .......CGG AACTGGGGAG 
 30G4  .......... .......... .......... .......CGG GACTGGGGAG 
 30G5  .......... .......... .......... .......CGG GACTGGGGAG 
 30G8  .......... .......... .......... .......CGG GACTGGGGAG 

       -49                                                 +1 
       |--------- ---------- ---------- ---------- ---------| 
   WT  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
  0H2  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
  0H4  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 0H16  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 10A3  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 10A5  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTCT GCCTGTACTG 
 10A6  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 10A8  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTA 
 20D5  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 20D4  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 20D6  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
20D11  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
20D12  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
20D16  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTCTTT GCCTGTACTG 
 20E1  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 20E5  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 20H1  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 20H4  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACGG 
 20H5  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
20H15  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
20H19  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 

Sp1 I UBP/LBP II TFIID UBP/LBP I
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       -49                                                 +1 
       |--------- ---------- ---------- ---------- ---------| 
 30A3  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 30A4  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 30A5  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 30A6  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 30G3  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 30G4  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 30G5  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCTTTTT GCCTGTACTG 
 30G8  TGGCGAGCCC TCAGATGCTG CATATAAGCA GCTGCT.TTT GCCTGTACTG 
 
 
 
 
 

       +2                                                 +51 
       |--------- ---------- ---------- ---------- ---------| 
   WT  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
  0H2  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
  0H4  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 0H16  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 10A3  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 10A5  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 10A6  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 10A8  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 20D5  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 20D4  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 20D6  GGTCTCTCTG GTTAGACCAA ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
20D11  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
20D12  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
20D16  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 20E1  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 20E5  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 20H1  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 20H4  CGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 20H5  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
20H15  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
20H19  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 30A3  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 30A4  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 30A5  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 30A6  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 30G3  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 30G4  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 
 30G5  GGTCTCTCTG GTTAGACCAG ATTTGAGCCT GGGAGCTCTC TGGCTAACTA 
 30G8  GGTCTCTCTG GTTAGACCAG ATCTGAGCCT GGGAGCTCTC TGGCTAACTA 

       +52                                               +101 
       |--------- ---------- ---------- ---------- ---------| 
   WT  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
  0H2  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
  0H4  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCTTTGAG TGCTCAAAGT 
 0H16  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 

TAR

TAR Ap1 I
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+52                                               +101 
       |--------- ---------- ---------- ---------- ---------| 
 10A3  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 10A5  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 10A6  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCCCAAAGT 
 10A8  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 20D5  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 20D4  GGGAACCCAC TGCTTAAGTC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 20D6  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
20D11  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
20D12  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
20D16  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 20E1  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 20E5  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 20H1  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 20H4  GGGAACCCAC TGCTTAAGCC TCGATAAAGC TTGCCTTGAG TGCTCAAAGT 
 20H5  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
20H15  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
20H19  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 30A3  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 30A4  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTACCTTGAG TGCTCAAAGT 
 30A5  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 30A6  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 30G3  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 30G4  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 30G5  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 
 30G8  GGGAACCCAC TGCTTAAGCC TCAATAAAGC TTGCCTTGAG TGCTCAAAGT 

       +102                                              +151 
       |--------- ---------- ---------- ---------- ---------| 
   WT  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
  0H2  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
  0H4  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 0H16  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 10A3  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 10A5  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 10A6  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 10A8  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 20D5  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 20D4  AGTGTGTGCC CATCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 20D6  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
20D11  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
20D12  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
20D16  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 20E1  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA CCCCTCAGAC 
 20E5  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGCC 
 20H1  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 20H4  AGTGTGTGCC CGTCTGTTGT GTGATTCTGG TAACTAGAGA TCCCTCAGAC 
 20H5  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
20H15  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
20H19  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 30A3  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 30A4  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 30A5  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 30A6  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 30G3  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 30G4  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
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       +102                                              +151 
       |--------- ---------- ---------- ---------- ---------| 
 30G5  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 
 30G8  AGTGTGTGCC CGTCTGTTGT GTGACTCTGG TAACTAGAGA TCCCTCAGAC 

      +152                           +181 
       |--------- ---------- ---------- | 
   WT  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
  0H2  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
  0H4  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 0H16  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 10A3  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 10A5  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 10A6  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 10A8  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 20D5  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 20D4  CCTTTT.AGT CAGTGTGGAA AATCTCTAGT A 
 20D6  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
20D11  CCTTTT.AGT CAGTGTGGAA AATCTCCAGC A 
20D12  CCTTTT.AGT CAGTGTGGAA AATCTCTAGA A 
20D16  CCTTTT.AGT AAGTGTGGAA AATCTCTAGC A 
 20E1  CTTTTTTAAT CAGTGTGGAA AATCTCTAGC A 
 20E5  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 20H1  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 20H4  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 20H5  CCTTTT.AGT CAGTGCGGAA AATCTCTAGC A 
20H15  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
20H19  CCTTGT.AGT CAGTGTGGAA AATCTCTAGC A 
 30A3  CCTTTT.AGT CAGTGTGGAA AATCTCTAGA A 
 30A4  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 30A5  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 30A6  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 30G3  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 30G4  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 30G5  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 
 30G8  CCTTTT.AGT CAGTGTGGAA AATCTCTAGC A 

Ap1 III NFAT/AP3
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Figure A-2. Secondary structure of putative TAR4-resistant mutants. Secondary structure of the 5' (left) and 3' 
(right) UTRs were predicted for WT and mutant sequences in mFold using the R and U5 regions and the U3 and R 
regions, respectively.  The TAR hairpin is highlighted in blue.  Mutants with TAR structures that vary from WT 
structure are shown, however both 5' and 3' structures may not vary simultaneously. Of all mutants analyzed, only 
mutants 10A8, 20D4, 20D11 and 20H4 had altered structures at the base of the 5' hairpin. Only mutant 10A8 had an 
altered structure at the base of the 3' hairpin and only 20D6 had any alterations adjacent to the RNAi-targeted 
region. 
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Appendix B: Viral complexity in U3 subregions 

 
Viral complexity was analyzed for functionally relevant regions that comprise the U3 region of 
the LTR. 
 
 
 

  
Figure B-1: Viral complexity in URE and core promoter. Box and whisker plots displaying the distributions of 
clones with n mutations with respect to the wild type strain for HIV isolated from unprotected (UP), Ldr3-protected, 
TatB2-protected, compartmentalized combination (Comp.) protected and equally distributed (Equally) combination 
therapy protected for (a) URE (b) the core promoter. Outliers are shown as red circles and (*) indicate significant 
different median complexities according to Kruskal-Wallis rank test and Mann-Whitney U test with the Holm-
Bonferroni correction (p<0.05). 
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