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Abstract 

  Human Immunodeficiency Virus and Acquired Immunodeficiency Syndrome (HIV/AIDS) is a 

spectrum of conditions that result from infection by the Human Immunodeficiency Virus (HIV). 

Treatment available to those with AIDS-related illness has been very effective, but is not a cure. HIV type 

1(HIV-1) initially enters cells through CD4 and its co-receptors (CXCR4 and CCR5). C-C chemokine 

receptor type 5, also known as CCR5, is a protein on the surface of white blood cells that is involved in 

the immune system as it acts as a receptor for chemokines. Certain individuals carry a mutation known 

as CCR5-Δ32, protecting them against HIV-1. Using gene editing methods, CCR5 can be artificially 

mutated to cause CCR5Δ32; however, most approaches to CCR5 inhibition aim solely to edit CCR5.  

There are three current methods to mutagenize the CCR5 gene:  zinc finger nucleases (ZFNs), 

transcription activator-like effector nucleases (TALENs), and Clustered Regularly Interspaced Short 

Palindromic Repeats/CRISPR associated protein 9 (CRISPR/Cas9). The goal of this study is to evaluate the 

potential of these three techniques in editing the CCR5 co-receptor for HIV on T-cells.  To accomplish 

this goal, a systematic literature search using databases such as Ebscohost, PubMed, PLOS, Nature 

Biotechnology, Elsevier, and a variety of other journals such as Science or Molecular Cell was pursued. 

Data was combined in a table and a meta-analysis of these findings was performed. When comparing 

efficiency and specificity of the three-independent methods, CRISPR/Cas9 was identified as the optimal 

method to edit CCR5. Understanding which genetic engineering tool is the most efficient could help 

researcher focus on the best method to improve the way patients with HIV are treated and or 

potentially cured. 

 

 

  

https://en.wikipedia.org/wiki/Protein
https://en.wikipedia.org/wiki/White_blood_cell
https://en.wikipedia.org/wiki/Immune_system
https://en.wikipedia.org/wiki/Receptor_(biology)
https://en.wikipedia.org/wiki/Chemokine
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 Introduction    

Since 1981 approximately 36.7 million people worldwide have been infected with HIV (CDC, 

2014). According to HIV.gov, 1 million people died from Acquired ImmunoDeficiency Syndrome (AIDS)-

related illnesses in 2016, bringing the total death count to about 35.0 million.  Human immunodeficiency 

virus (HIV) is a retrovirus that consists of a single strand of RNA that, once inside cells, uses its own 

reverse transcriptase to encode DNA. Transmission of the virus can be sexual, often by contact or 

transfer of blood, pre-ejaculate, semen, and vaginal fluids, or non-sexual, including through pregnancies 

or through breastmilk. As the infection of HIV progresses, it interferes with the immune system, 

increasing the risk of common infections such as tuberculosis (CDC, 2017). The late symptoms of HIV are 

referred to as AIDS, which occurs as progressive failure of the immune system that allows for deadly 

opportunistic infections and cancer to thrive (World Health Organization, 2017).   

Of those infected worldwide, 1,122,900 people live in the United States, including 39,782 

diagnoses in 2016 alone (CDC, 2017). Current treatment options include Highly Active Antiretroviral 

Therapy (HAART) that maintain the immune system and prevent further infection (Moore and Chaisson, 

1999). HIV/AIDS management focuses on antiretroviral drugs (ARVs) or techniques that allow entry of 

nucleotide reverse transcriptase, non-nucleoside reverse transcriptase, integrase, and protease 

inhibitors, which are used in combination to suppress the viral gene transcription (Deeks, 2013). These 

methods have been successful in stalling the advance of AIDS for decades, but unfortunately they do not 

provide a long-term solution for preventing infections (Moore and Chaisson, 1999). Lifetime 

management of HIV/AIDS post diagnosis costs approximately $379,668 in 2010 with an estimated 

16.565 billion dollar spending per year in the US and dependent areas (CDC, 2010). This represents 1.3% 

of federal spending in healthcare (Dielman et al., 2013).  

The membrane fusion step of infection by human immunodeficiency virus type 1 (HIV-1) 

requires collaboration between CD4 and coreceptors on surfaces of susceptible cells (Hutter et al., 2009, 

Figure 2). The reproductive cycle of HIV and the different steps involved in HIV infection are summarized 

in Figure 1A. C-C motif chemokine receptor type 5 (CCR5) is expressed on CD4+T cells and is associated 

with C-X-C chemokine receptor type 4 (CXCR4) co-receptors (de Silva et al., 2004, Figure 1B). 90% of HIV-

1 is R5 tropic, it initially binds with CCR5 co-receptors to infect macrophages and CD4+ T cells. 

(McGowan & Shah, 2010; Coakley et al., 2005). HIV-1 accounts for 95% of all infections worldwide; due 

to its slow progression and relatively poor capacity for transmission, the second type of HIV (HIV-2) is 

largely confined to West Africa (Reeves & Doms, 2002).  

https://en.wikipedia.org/wiki/West_Africa
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Figure 1A. The reproductive cycle of HIV. (a) Attachment. HIV attaches to CD4 and a chemokine receptor on the surface of a T 
cell. (b) Fusion. The virus fuses with the cell membrane and releases the virion core into the host cell. (c) Reverse transcription. 
The HIV enzyme called reverse transcriptase converts the single-stranded viral RNA to double-stranded viral DNA. (d) 
Integration. The viral DNA is integrated into cellular DNA by the HIV enzyme integrase. (e) Transcription. The virus uses the host 
enzyme RNA polymerase to create copies of the HIV genomic material and messenger RNA (mRNA). The mRNA is then used to 
produce long chains of viral proteins. (f) Regulator proteins. These are essential for the HIV viral cycle because they dramatically 
increase HIV gene expression. (g) Assembly. The HIV enzyme PT hydrolyzes the long chains of viral proteins into functional small 
proteins. New virions are then assembled with the small viral proteins and RNA. (h) Budding. The newly assembled virions use 
the cellular envelope as cover and bud off from the host cell. (Jun, Liu, Wang, Ming, Xin, & Jie, 2011).  

 

Figure1B.  Chemokine-HIV 
attachment process. Includes: 
(1) attachment from the 
gp120 loop to the CD4+ 
receptor, (2) attachment of a 
variable from the gp120 to a 
co-receptor (CCR5 or CXCR4) 
and (3) fixation of the gp41 to 
the cellular membrane, and 
invading of a HIV virion into 
the cell.  
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Approximately 10% of North American Caucasians carry the CCR5 Delta 32 mutation, a 32 base 

pair (bp) deletion that results in a premature stop and a truncated, putatively defective protein (Δ32; 

Kay & Walker 2014). The resistance of Δ32/Δ32 homozygous and CCR5-+/ Δ32 heterozygous individuals 

to infection by HIV-1 strongly suggests that R5-tropic viruses are critical for viral transmission (Figure 1B, 

Platt et al., 1998). In contrast, viruses that begin to use CXCR4 accumulate late in disease progression, 

indicating strong favorability to CCR5 (Connor, Sheridan, Ceradini, Chloe& Landau, 1997). CCR5Δ32 

therefore confers resistance to CCR5-tropic strains of HIV-1, but can be sensitive to other strains 

mentioned later on such as R4 tropic HIV-1 (Agrawal et al., 2004). Using gene editing methods, CCR5 can 

be artificially mutated to reproduce, CCR5Δ32 (Tebas et al., 2014). However, most approaches to CCR5 

inhibition aim solely to edit/knockout/disable CCR5, mimicking CCR5Δ32. In a 2000 study, T cells were 

modified to no longer express CCR5 were mixed with non-modified T cells expressing CCR5 and infected 

with HIV, resulting in the modified T cells taking over the culture as HIV eliminated non-modified T cells 

(Steinberger, Andris-Widhopf, Bühler, Torbett, & Barbas, 2000).  Thus, removal of the CCR5 receptor is a 

prominent solution to HIV infection. 

Figure 2. Comparison of wild CCR5 receptor and CCR5-delta32 mutant cell without CCR5 receptors. Without expression of CCR5 
protein HIV is unable to enter the cell and cause infection. (Herrera, 2016). 



 

EFFICIENCY AND SPECIFICITY IN CCR5 MUTAGENESIS     5 

 

There are three current possible methods to mutagenize the CCR5 gene: Zinc finger proteins 

(ZFNs), Transcription activator-like effector nucleases (TALENs), and Clustered Regularly Interspaced 

Short Palindromic Repeats/CRISPR associated protein 9 (CRISPR/cas9).  

ZFNs were the first of the “genome editing” nucleases and are comprised of approximately 30 

amino acids that interact with nucleotide triplets generated by fusing a zinc finger DNA-binding domain 

to a DNA-cleavage domain. The term zinc finger refers to a small protein structural motif that is 

characterized by the coordination of one or more zinc ions for stabilization.  ZFNs have been designed to 

recognize all of the 64 possible trinucleotide combinations, and by stringing different zinc finger 

moieties, ZFNs can recognize nearly any specific sequence of DNA triplets (Carroll, 2011; Figure 3). ZFNs 

have proved problematic to systematically design with variable efficacy due to complex integrated 

protein systems (Perez et al., 2008, Ramirez et al., 2008). However, ZNFs are still used for research and 

clinical applications, especially to manipulate the genomes of many plants and animals and various types 

of mammalian cells. (Carroll, 2011; Tebas et al., 2014).    

 

Figure 3. Illustration of a pair of ZFNs bound to DNA. Zinc fingers are shown as open boxes, with short vertical lines indicating 
the main contacts with the DNA base pairs. FokI cleavage domains are shown as shaded boxes, with common cleavage sites, 
spaced by 4 bp, and indicated by vertical arrows. Zinc fingers are numbered from the N terminus. The linker between the 
binding and cleavage domains of one protein is labeled. The spacer between the zinc-finger binding sites, 6 bp in this case, is 
also indicated (Carroll, 2011). 

TAL effectors are proteins secreted by Xanthomonas bacteria when they infect plants (Zhang F. 

et al., 2011).  The proteins were found to have divergent 12th and 13th amino acids, called Repeat 

Variable Diresidue (RVD), which showed strong correlation with specific nucleotide recognition (Juillerat 

et al., 2015). The interactions between the TALEN-derived DNA binding domains and their target 

nucleotides are less complex and more specific than those between ZFNs and their target trinucleotides 

(Kim, Y., Kweon, Kim, J., 2013).TALENS recognizes single nucleotides instead of triplets, and when 

combined with a nuclease, DNA can be cut at more specific locations (Tebas et al., 2014). ZNFs and TALs 

are both comprised of DNA binding domains and are typically fused to the FokI nuclease, but have also 

been fused to other functional domains like transcriptional modulators to introduce a single strand 
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break (Li et al., 2011). Used in pairs to cleave the genome at a specific site (Figure 3), ZFNs recognizes 

DNA triplets, using FokI by cutting in the spacer region between two distinct ZF target sites (Figure 4A, 

Ramirez et al., 2008) and TALEN recognizes DNA singlets, each domain recognizes a single nucleotide 

(Figure 4B, Christian et al., 2010, Zhang F. et al., 2011).  TALEN and ZFN modifications are not limited to 

mouse embryonic stem cells and have been shown to function in zebrafish, fruit flies, nematodes, rats, 

livestock, and monarch butterflies, while TALENS is  typically used to efficiently modify plant genomes 

(Gaj, Gersbach, & Barbas, 2013; Zhang, Y. et al., 2013). 

Figure 4. (A) Representation of a zinc finger (ZF) nuclease. Zinc fingers recognize triplets and the FokI nuclease operates as a 
dimer, cutting in the spacer region between two distinct ZF target sites. (B) A TAL effector nuclease (TALEN). Similar in principle 
to the ZF nuclease, the components of the array recognize individual nucleotides. (Addgene, 2011) 

The latest development in genome editing technology is the CRISPR/Cas system. These 

CRISPR/Cas systems are RNA-based bacterial defense mechanisms designed to recognize and eliminate 

foreign DNA from invading bacteriophages and plasmids. The term “CRISPR” or “CRISPR-Cas9” is often 

used to refer to CRISPR-Cas9 and other systems that can be programmed to target specific stretches of 

genetic code and to cut DNA at precise locations (Makarova et al., 2011). The Cas9 system (Figure 5) 

works by recognizing a specific 20 bp and inducing or “cutting”  viral/DNA trait out using two nuclease 

domains to create a double-stranded break (DSB) upstream of the protospacer adjacent motif (PAM), 

which distinguishes self from non-self DNA. (Cong & Zhang, 2015) The host ultimately performs the gene 

repair, either by non-homologous end joining, leading to an insertion or deletion (indel), or with a 

desired gene inserted alongside the endonucleases, often referred to as homology directed repair 

(Zhang F., Wen, & Guo, 2014).  
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Both the Cas9 endonuclease and the CRISPR RNA(crRNA) are encoded by a “CRISPR/array” in the 

bacterial genome, which demonstrated site-directed DSB activity.  (Barrangou et al., 2007). Published in 

2013, the Feng Zhang lab induced precise cleavage at endogenous genomic loci in human and mouse 

cells and demonstrated easy programmability and wide applicability of the CRISPR technology (Cong et 

al., 2013).  The CRISPR/Cas systems consist of a Cas9 endonuclease that is directed to cleave a target 

sequence by a guide RNA (sgRNA). Specificity is conferred through the crRNA and function requires a 

trans-activating crRNA (tracrRNA) which is complementary to crRNA and plays a role in maturation of 

the origional RNA duplex. (Jinek et al., 2012, Figure 5). The sgRNA is a chimera of these two RNAs that 

captures both their functions. The system can be used together to cleave any target sequence of choice 

by modifying the sequence of the cr/sgRNA.  

 

 
Figure 5. CRISPR/Cas9 system: The sgRNA identifies the target sequence which is cleaved by a Cas9 endonuclease. The resulting 
double stranded break (DSB) allows the RNA for gene modification to be placed into the target sequence (Anselm, 2015). 

In 1993, research began to characterize what was called the CRISPR locus (Moijca et al., 2005). 

The underlying mechanism (Figure 5) for gene editing by Cas9 was first identified as a bacterial adaptive 

immunity, and the phage interference was studied (Brouns et al., 2008). In 2011, Emmanuelle 

Charpentier discovered the tracrRNA and crRNA which completed the process by which cas9 is guided to 

its targets (Makarova et al., 2011). The following year, the Doudna-Charpentier labs recognized the RNA-

programmable genome editing potential of the system (Jinek et al., 2012).  Cas9 is much cheaper and 

effective than ZFNs and TALENs because instead of engineering the nuclease itself, a small RNA guides a 

non-specific nuclease to the target site (Tasan & Zhao, 2017). By delivering a panel of sgRNAs targeting 

different genes simultaneously, a single round of transduction of CRISPR/Cas9 vectors could achieve 

multiplex gene modification in a certain cell which is much more efficient and more convenient than 

other custom nucleases. (Yu et al., 2017; Cong et al., 2013; Liu et al., 2017). CRISPR presents itself as a 

diverse tool with many proposed applications for gene editing in humans: as treatment for diseases 
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including: HIV, Duchenne Muscular Dystrophy, and many other genetic/viral diseases, along with 

expediting crop and livestock breeding, engineering new antimicrobials and controlling disease-

carrying insects (Barrangou & Doudna, 2016, Young et al., 2016). Cas9 is known to be limited by off-

targets effects and imprecise edits, but as it progresses ahead of other gene editing tools, it is apparent 

that it is as efficient as other methods but infinitely simpler to employ (Hou et al., 2013). However, in 

June 2017, a study published in Nature Methods presented the issue of unexpected mutations after 

CRISPR-Cas9 editing in vivo (Schaefer et al., 2017).  While it is possible that these were pre-existing 

sequence variants and not nuclease induced, off-target effects and mutations do present a serious 

danger to the field of genetic engineering (Lareau et al., 2017).  

ZFNs, TALENs, and CRISPR use different mechanisms to recognize a predetermined sequence 

of DNA and cause site-specific modification (Cong & Zhang, F., 2015, Gaj, Gersbach, & Barbas, 2013). If 

these complexes bind at a non-target sequence, a single or double strand break can be induced and 

cause non-specific and unintended point mutations, deletions, insertions, inversions, and translocations 

((Fu et al., 2013; Cho et al., 2014; Veres et al., 2014). Tools to detect off targets effects include: screens 

in situ (Targeted, exome, and whole genome sequencing, BLESS, LAM-HTGTS, and GUIDE-Seq), and in 

vitro (Digenome-Seq and CIRCLE-Seq) which are generally straightforward but very time consuming and 

tedious (Kim, D. et al., 2015). The biased approach only examines an intended area of capture, while 

unbiased detection of off-target effects examines the complete genome and remains difficult, although 

a sensitive, genome-wide method enables careful, empirical consideration of possible effects ( Wang, X. 

et al., 2015). Unbiased testing of off target effects would undoubtedly reveal the veritable weaknesses 

of each technique. 

Recently, Cho et al. showed high frequencies of indels within CCR5, but none at any of potential 

off-target sites. However, when additional sgRNAs were tested, off-target mutations at CCR2 sequences 

were detected (2013). Cradick et al. showed that although high frequencies of indels occurred within 

CCR5, off-target indels at the CCR2 gene were detected in cells (2013). More recently, Ye et al. used 

TALENs and Cas9 to generate CCR5D32 deletion mutant in induced pluripotent stem cells (iPSCs). They 

then differentiated the modified iPSCs and demonstrated that these cells were resistant to HIV-1 (2014). 

Although these studies showed that CCR5 gene disruption can be generated using CRISPR/Cas9, the 

efficiency and the specificity of individual sgRNAs of target sequence segments in human CD4 T cells, the 

major cell targets for HIV-1, remain to be carefully evaluated. 

 

https://en.wikipedia.org/wiki/DNA
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In the present study, the potential of three genetic engineering tools—ZFNs, TALENs, and 

CRISPR/Cas9— in knocking out the CCR5 HIV co-receptor on different cells, including human CD4 T cells, 

is examined.  Understanding which genetic engineering tool is the most efficient could help researchers 

focus on the best method to improve the way patients with HIV are treated. To accomplish this goal, a 

systematic literature search using databases such as Ebscohost, PubMed, PLOS, Nature Biotechnology, 

Molecular Cell, and a variety of other journals such as FierceBiotech or Elsevier was pursued. Data were 

combined in a table and a meta-analysis of these finding was performed. Thus, when comparing 

efficiency and specificity of the three-independent methods, CRISPR/Cas9 may be a viable alternative 

genetic intervention strategy against HIV-1. 
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Purpose 

 The genetic tool that is best suited towards editing the CCR5 gene has the greatest potential to 

reduce the threat of HIV by preventing a major co-receptor from granting the virus access to cells. Along 

with decreasing the mortality of HIV, such a conclusion may ultimately result in a decrease in the overall 

infection rate of HIV. 

Hypothesis 

The initial research question addressed in this study is as follows:  

What is the most effective genetic engineering tool when applied to the CCR5 locus? 

 Null Hypothesis:  

There are no differences in the editing rates between different methods.  

Alternative Hypothesis:  

The use CRISPR, TALENs, and ZFNs separately show that CRISPR provides the benefits over the other 

techniques.  

Variables  

Dependent Variable:  

The percent of targeted CCR5 gene that has been edited. 

Independent Variable:  

Each genetic tool focused on the CCR5 gene.  

Statistical Analysis: ANOVA test was used to compare the reliability of difference between each 

experiment and their percent knockout. 

Sample Size:  

Each genetic tool’s efficiency (percent edited) was found in 6-9 peer-reviewed papers. There were many 

differences in cell types whose criteria are further outlined in the methods. 
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Methods 

Sample of Studies 

Reports related to CCR5 mutagenesis using ZFN, TALENs and CRISPR/cas9 that were available by 

February 2018 were retrieved by means of multiple procedures. First, computerized databases were 

searched, including EBSCOhost (1998-2018), Nature (2003-2018), National Center for Biotechnology 

Information (2003-2018), Cell (2005-2018), Public Library of Science (2005-2018), JSTOR (2008-2018), 

and Elsevier (2011-2018), using the keywords, zinc finger nucleases, TALENs, CRISPR, CCR5 and 

mutagenesis, genetic engineering, CCR5 and HIV (-1), off-target mutations, CRISPR and CCR5, CCR5 

knockout, TALENs and CCR5, ZFNs and CCR5, and HIV tropism. Because researchers often use the term 

disruption or insert/deletion instead of knockout, searches were conducted using these substitute terms 

as well. 

Next, after identifying the core body of reports, the references of these reports and other 

relevant reviews were examined to retrieve additional reports that were not included initially (e.g. 

Carrol et al., 2011; Cho, W. S. et al., 2014; Holt et al., 2010; Hsu et al., 2013; Perez et al., 2008).  

Finally, if more data or research was required, journals including Nature and Molecular Cell, 

along with resources from the National Center for Biotechnology Information (available at 

www.nihms.nih.gov) were used to complete the paper.  

Selection Criteria 

 The following criteria were used to select studies for inclusion the meta-analysis. 

1. Only studies involving genetic engineering of CCR5 were included. Thus, studies in 

which another gene was tested on instead of CCR5 were not appropriate. 

Additionally, studies that involved gene insertion or correction instead of deletion 

were excluded. 

2.  Only studies that included ZFN, TALENs and CRISPR/cas9 mutagenesis techniques 

were included. 

3.  Studies had to be performed in cell lines or mammalians species, excluded species 

i.e.  zebra fish, drosophila. 

4.  Studies had to report the level of knock down for the CCR5 gene. 

5.  Preferred studies that reported off target effect when stated. 

The selection criteria led to a database of 23 data sets reported in 14 independent reports. 

Eleven reports contributed 1 data set, and 3 reports contributed 2 data sets. The remaining 2 



 

EFFICIENCY AND SPECIFICITY IN CCR5 MUTAGENESIS     12 

 

reports each contributed 3 data sets.  The effects from different experiments or data sets were 

represented as distinct provided that the samples were statistically independent. 

Dependent Measures and Computation of Statistical Analysis  

The type of cells, the nucleases used, the efficiency of knockout based on the amount of bp 

edited, the method used for gene editing, the off targets effect, the predicted gene as well as 

the references where the data were reported were the depend measures. Data were analyzed 

by averaging each data point and by calculating standard error of the mean. Data was graphed 

using GraphPad Prism software and statistical significance was determined by one-way ANOVA 

followed by a Fisher-test using Statview software, with p < 0.05 considered statistically 

significant. Increasing levels of confidence are displayed as *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 

0.001. 
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Results 

Disruption of the CCR5 gene 

The individual percent of efficiency for CCR5 gene disruption using editing techniques such as 

ZFNs, TALENs and CRISPR/cas9 found in each peer reviewed paper are reported in Table 1. After 

systemic search of the different data bases listed in the method section, 16 manuscripts responded to 

the described selection criterion to enter the study (Table 1). Out of the selected manuscripts, a range of 

cell types had been used: hematopoietic stem progenitor cells (HSPC), induced pluripotent stem cells 

(iPSC), human embryonic stem cells (hESCs), peripheral blood mononuclear cells (PBMCs), HeLa cells 

expressing CD4 receptors (HeLa-CD4), chronic myelogenous leukaemia cells (K562), HeLa cells 

expressing CD4, CCR5 (TZM-bl), and human embryonic kidney cells(HEK293T).  The number of variants 

and method of transfection varied from one manuscript to the other (Table 1).  

ZFNs edit on average the CCR5 gene by 23.4%, TALENs by 19.9 % and CRISPR/Cas9 by 37.3% 

(Figure 6). CRISPR/Cas9 showed statistically significantly higher efficiency than ZFNs and TALENs 

(Fisher’s LSD p=0.020 and p=0.031 respectively). 

 

Off Target Results 

All three techniques were compared by their off-target effects.  Throughout the three tested 

techniques, direct testing of CCR2 presented off target effects.Of the detected off target edits, CRISPR 

was not found to have an  insertion or deletion of bases in the genome (indel) in  any gene, whereas 

TALEN had 0.01% identified edits in three data sets on the predicted gene of CCR2. Two data sets 

detected off target knockouts by ZFNs, editing 5.39% and 11% of the predicted CCR2 gene respectively.  
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Table 1  ZFN, TALEN, and CRISPR/Cas9-mediated CCR5 editing in human cells  

 

Study Analyzed Cell Type Nucleases Efficiency (%) Method of delivery Off Targets(OT) 

[15] iPSCs ZFN 10.9  Lipofectamine  none detected 

 [3] HEK293T ZFN 6 Lentiviral vectors  none detected 

 [3] HEK293T ZFN 13.5 Lentiviral vectors  none detected 

[3] HEK293T ZFN 24 Lentiviral vectors   none detected 

[12]  HEK293T ZFN 14 Polyethylenimin (PEI) 11% CCR2 

[7]  hESCs ZFN 36 Lentiviral vectors   N/A 

[4] HSPCs ZFN 17  Nucleofector  N/A 

[13] PBMCs ZFN 58  Lentiviral  vectors 5.39% CCR2 

[8] HSPC ZFN 31.3  Lentiviral  vectors none detected 

[16] HeLa-CD4 TALEN 15.4 Lipofectamine  none detected 

[10]  PBMCs TALEN 19.4 Lentiviral  vectors 0.12% CCR2 

[11]  PBMCs TALEN 32.8 Lentiviral  vectors 0.31% CCR2 

[10]  HEK293T TALEN 21  Nucleofector  N/A 

[11]  K562 TALEN 17  Nucleofector  8.16% CCR2 

[15] iSPCs TALEN 14  Lentiviral  vectors  none detected 

[16] HeLa-CD4 CRISPR 20.7 Polyethylenimin (PEI) none detected 

[2] TZM-bl  CRISPR 55.9  Lipofectamine   N/A 

[9] PBMCs CRISPR 40.6  Lentiviral  vectors none detected 

[14] TZM-bl  CRISPR 42.5  Lentiviral  vectors none detected 

[6] iPSC CRISPR 42.8  Nucleofector none detected 

[6] iPSC CRISPR 30.8  Nucleofector none detected 

[1] HEK293T CRISPR 33  Nucleofector none detected 

[15] iPSCs CRISPR 33  Lentiviral  vectors none detected 

Hematopoietic stem progenitor cells (HSPC); induced pluripotent stem cells (iPSC); human embryonic stem cells (hESCs); peripheral blood mononuclear cells 
(PBMCs); HeLa cells expressing CD4 receptors (HeLa-CD4); chronic myelogenous leukemia cells (K562);  HeLa cells expressing CD4, CCR5, and CXCR4 (TZM-bl) and 
human embryonic kidney cells (HEK293T) 
Reference numbering appears in the Appendix section of the Bibliography (References) below. 
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Figure 6: This figure shows the data from Table 1 in a bar graph, with individual values shown alongside error bars and average 

percent values from peer-reviewed papers. (*p ≤ 0.05) 

Discussion 

As expected each nuclease edited the CCR5 gene with varying degrees of success. ZFNs averaged 

the same percent edits as TALENS, with the only such discrepancy being that more off targets were 

identified in the ZFN-associated studies. As in Ye et al., CRISPR averaged a much higher percent edits of 

CCR5 than TALENs. In this study, compared to ZFNs and TALENs, CRISPR was also shown to edit CCR5 

significantly more (2014). There were no detected off target indels within the CRISPR studies. However, 

studies that included off target effects for ZFNs and TALENs showed increased amounts of off target 

edits on CCR2; again proving that CRISPR was the most efficient of the three and most specific towards 

the CCR5 gene.  

Due to the lack of detected off target effects in some studies, it can be suggested that methods 

for unbiased detection of off targets are insufficient and should be more broadly used throughout the 

scientific community. Using biased testing, such as in Wang et al. in 2014, several genes were identified 

as potential off target sites, but failed to detect any mutations. Biased testing limits the effect size of the 

assay, potentially missing mutations. In addition, several papers used different assays, including a T7 

endonuclease I assay, a bioinformatics-based approach, deep sequencing along using varying software 

and algorithms to predict off target sites (Wang et al., 2014; Ye et al., 2014, Niu et al., 2014). According 
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to Fu et al., CRISPR/Cas9 results in higher off target effects than TALENS due to only 8–12 bases out of 

20 bases at the target sequence contributing to determine specificity and compared to heterodimeric 

FokI nuclease domain of TALENs, monomeric Cas9 has more severe off-target effects  (2013). Because so 

few papers in this study detected off target effects, it must be concluded that the studies analyzed used 

primitive detection techniques that were not whole-genome and the true effectiveness of the results 

cannot be measured.  In order to grasp the extent of genome editing, off target detection must be 

standardized in a way that ensures a complete understanding of the effects specific gene editing can 

have on the entire genome.  

A problem with this approach is, while CCR5 is the major co-receptor by which HIV infects cells, 

it is not the only such co-receptor. It is possible that under selective pressure HIV will evolve to use 

another co-receptor. However, examination of viral resistance to AD101, a molecular antagonist of 

CCR5, indicated that resistant viruses did not switch to another co-receptor (CXCR4, R4-tropic) but 

persisted in using CCR5, either through binding to alternative domains of CCR5, or by binding to the 

receptor at a higher affinity. However, because there is still another co-receptor available, this indicates 

that lacking the CCR5 protein does not make one immune to the virus; it simply implies that it would be 

more challenging for the individual to contract it. However, from what is known about the Berlin 

Patient, considered the only individual cured of HIV, introducing CCR5-null hematopoietic cells into a 

HIV positive individual can lead to virtual elimination of the infection (Brown, 2015).  Nevertheless, the 

virus still has access to CD4. Unlike CCR5, which within the body appears dispensable due to those living 

healthy lives even with the absence of the gene (as a result of the Δ32 mutation), CD4 is critical in the 

body's defense system. Even without the availability of either co-receptors (even CCR5), the virus can 

still invade cells with gp41 if it were to go through an alteration (including its cytoplasmic tail), resulting 

in the independence of CD4 without the need of CCR5 and/or CXCR4 as a doorway (Taylor et al., 2008). 

Essentially, editing CCR5 is not perfect, but its removal remains extremely promising against HIV. 

The initial design of this project included work in a laboratory setting, but many problems arose 

when it came to obtaining an adequate lab to work in and the cost of each genetic tool (about $10,000 

for ZFNs). Instead, meta-analysis was chosen to compare each genetic engineering technique along with 

systematic literature analysis. However, several problems also arise in meta-analysis: there are often 

multiple parameters; cell types and methods were different; i.e. the MOI was not always identical from 

one manuscript to the other;  ZFN, TALENs and sgRNAs will have different on-target and off-target 

editing rates;  not well designed or executed studies may have been included; the data summarized may 

not be homogeneous; grouping different causal factors may lead to a meaningless estimates of effects; 
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and the theory-directed approach may obscure discrepancies. The variety of techniques/measurement 

throughout the studies examined presents an issue whether they present valid data that can be 

correlated. However, using the selection criteria described and statistical analysis, it was found that the 

data was statistically significant and presents a valid conclusion that CRISPR is the most efficient genetic 

tool available.  

Conclusion  

Since the discovery of CRISPR as a gene editing tool in 2012, it has evolved into a widely useful 

technique. This study demonstrated that CRISPR represents a step forward as an improvement upon 

existing technologies. This realization could lead to a clinical breakthrough in HIV/AIDS treatment where 

an optimized CRISPR therapy could be able to eradicate HIV, instead of simply managing the disease 

with expensive AIDS therapies. CRISPR methodology for CCR5 editing could be applied to humans in the 

near future when safety and effectiveness are proven in clinical trials. the efficiency of specific editing of 

the gene of interest must improve. 

Further Work 

 Genetic engineering is rapidly emerging as a technology that can change the way humans 

function and improve potentially millions of lives. Further research comparing the meta-analysis of the 

three techniques to a similar study completed physically in a lab would provide concrete on information 

on which technique is superior. From this paper it was concluded the CRISPR was the best genetic 

engineering tool, so naturally the next step should be to implement CRISPR against HIV-1. Another 

avenue for further work would be testing the effectiveness of the biased and unbiased testing of off 

targets effects and the development of an industry-wide standard, which is important to truly evaluate 

the effectiveness of each therapy. 

This topic should be further investigated to spread knowledge about advantages and 

disadvantages of CRISPR and to perform comparisons with each treatment on other viruses and 

diseases, or even completely different applications of these technologies in order to advance research in 

this field. Despite the use of meta-analytical review, the evidence found reveals hopeful signs of 

progress in developing a prophylactic towards HIV-1. 
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