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 We live in an exciting time. Knowledge of the human genome increases yearly at 

an exponential rate, vastly exceeding the already-extraordinary limit of Moore’s Law. 

The sheer vastness of the data now on-hand, and the largely open means of its global 

access has ensured consistent innovation worldwide.  

As our dexterity with the manipulation of genetic material grows, we begin to 

search after the applications for our newfound tools. Recently, clinical focus has been 

centering on combating nature’s own genomic editors: retroviruses, and specifically, 

HIV. This virus has been so devastating precisely due to its ability to modify our 

genomes, hiding in the one place we, until recently, were unable to get to it – among our 

own genes. Recently, however, new technologies have emerged suggesting that a cure 

may be closer than we think. Their applications can be separated into two camps: editing 

of human immune receptors, and the removal/inactivation of retroviral DNA. In this 

paper, I discuss the foremost among these technologies, their status with respect to 

clinical use, and their implications for future treatment. 

 

 

HIV Infection: Viral Entry and Genomic Integration 
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The role of CCR5 in HIV membrane fusion.1 

 HIV is an enveloped, single-stranded positive-sense RNA virus of the family 

Retroviridae.2 The viral tropogen, gp120, binds the glycoprotein CD4 and the 

transmembrane chemokine receptors CCR5 and CXCR4, which coexist in the lipid 

membrane of immune T-cells.3 Following membrane fusion, viral reverse transcriptase 

translates the RNA genome into a double-stranded DNA strand, which is transported to 

the nucleus and integrated into the human genome by integrase enzyme.4 The reverse 

transcription process is highly error prone,5 and as such generational iterations of HIV 

virus vary to the point of making gp120 vaccines (or other viral protein vaccines, for that 

matter) infeasible. While attack on the viral metabolism is thus ruled out, the constancy 

of the human receptors involved in viral fusion and the relative conservation of HIV 
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LTRs (inferred from the high conservation of associated Tat transcription factors)6 

provide targets for genetic knockout and excision. 

Two Schools of Treatment: Mutation Mimicry and Gene Excision 

 In the mid-1990s7 it was found that a 32 base pair deletion in the CCR5 coding 

gene conveyed significant resistance to HIV through an inhibition of viral entry; it was 

shown a decade later in the case of the “Berlin Patient” (Timothy Brown) that the 

replacement of patient bone marrow with CCR5∆32 donor marrow could effectively cure 

the patient of HIV.8 This discovery has driven researchers to search for a way to induce 

or mimic the CCR5∆32 mutation autologously, and solutions have been found in the 

realm of genomic editing.  

 
HIV Timeline: Progression and Escalation9 

 Following viral integration, HIV enters a latent phase in which integrated DNA 

lies dormant for roughly a decade, before its ultimate reemergence and subsequent 

decimation of the immune system (AIDS). In the last two years, research has emerged 
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suggesting it might be possible to excise viral DNA during this latent period, and in doing 

so prevent escalation to AIDS.10  

For the remainder of the paper, I will discuss in detail the three most well 

researched methods for the genetic treatment of HIV: Zinc Finger Nucleases (ZFNs; used 

primarily for CCR5∆32 mimicry), TALENs (similar to ZFN in function and treatment), 

and the CRISPR-Cas9 system (gene excision). 

Zinc Finger Nucleases 

 Zinc Finger Nucleases were the first serious tools for genome editing discovered, 

characterized in functional form in 1996.11 They are hybrid enzymes, manufactured 

through the conjugation of the cleavage portion of bacterial Fok1 with synthetically 

engineered DNA-binding Zinc Finger enzymes. The Fok1 cleavage domain has no 

known sequence specificity, and so is capable of acting at any location on the genome;12 

Zinc Fingers are among the most well understood DNA-binding protein complexes, and 

in recent years it has become possible to select for complexes with specificity to a single 

genetic locus.13 Working together, it is theoretically feasible to modify any location on 

the human genome with unprecedented accuracy. 

 A paper giving pre-clinical evidence for the safety of ZFN use in the inactivation 

of CCR5 was published in Nature last year,14 and at present there are four registered 
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clinical trials (three with clinicaltrials.gov,15 and one with CIRM16) investigating its 

effectiveness in human subjects. Across all the studies, the treatment is the same: ZFNs 

specific for a region near the middle of CCR5 are introduced to isolated autologous 

hematopoietic stem cells. The gene is cleaved, severely disrupting the transcription of the 

CCR5 and effectively knocking it out. The modified cells are reintroduced to the patient, 

and cell count is monitored over some time span. The trial17 and subsequent study18 by 

Pablo Tebas et al. shows promising results; in particular, CCR5-modified cells exhibited 

four times the half-life of their unmodified cousins, and in one patient, HIV RNA became 

undetectable. The study’s credibility is somewhat limited by its small cohort size (12, 

shrinking to 4 by the end of the study), and so the remaining clinical trials are attempting 

to remedy this by recruiting more participants (33 in Phase 1, at present19). 

 While ZFNs are promising, particularly in the presence of completed, positive 

clinical reports (none of the following techniques have entered clinical trials at the date of 

this report), they are somewhat limited in several important ways. First, they are difficult 

to manufacture, requiring a fairly involved synthetic modification of a highly conserved 

linker sequence in order to conjugate up to six individual fingers together (each finger 

conveys 3 bp of specificity). This process is lengthy, and expensive.20 However, as CCR5 

ZFNs have already been codified and are producible at scale, the time-delay in 

engineering can be ignored, leaving only cost as a consideration.  

TALENs 
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Comparison: ZFN (left), TALENs (right)21 

 Transcription activator-like effector nucleases, or TALENs, work in a manner 

similar to ZFNs but convey a greater degree of sequence specificity. TALEs (the effector 

without conjugated nuclease) are found naturally in Xanthomonas bacteria, and the 

discovery that they, too, are modular launched a highly successful field building on the 

preceding successes of ZFNs. Unlike ZFNs, conjugation of TALE subunits requires no 

reengineering, and following several injections of funding over the last couple of years, a 

library of TALENs has been assembled targeting 18,740 human genes.22 Furthermore, 

higher base pair number specificity in TALENs means that constructs are likely to be 

more accurate in their action.  

 While no clinical studies exist, several in vitro studies have been conducted 

certifying TALENs as a viable alternative to ZFNs in genome editing.23,24 Insofar as their 

application to the treatment of HIV, there can be no question that TALENs would be 

similarly efficient; however, due to the readily available supply of CCR5 ZFN constructs 

there is little supply-side incentive to replace ZFNs at the mode of treatment. This does 

not preclude a demand for clinical trials, however – as mentioned above, TALENs’ 

heightened sequence specificity might convey some unforeseen advantage over ZFN-

modified CD4+ T-cells. We will never know until we try! 
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CRISPR-Cas9 

 By far the newest addition to the genome editing class, CRISPR-Cas9 is a very 

powerful little piece of molecular wizardry. Derived from a prokaryotic cellular defense 

system against exogenous DNA,25 CRISPR-Cas9 functions by inducing the expression of 

short RNA segments (induced in human cells via plasmid, lentiviral vector, injection, or 

some other means), termed single-guide RNA (sgRNA), which complex with the Cas9 

endonuclease. This non-variable protein cleaves whatever DNA matches the genomic 

information on its sgRNA, thus silencing the target gene. The sgRNA, in turn, can be 

easily back-engineered from pathogenic DNA once the genome of the pathogen is 

known. The end result is an sgRNA:Cas9 nucleolytic complex with identical or superior 

specificity to ZFN or TALENs, that can be engineered on the genetic level without any 

engineering required on the protein level.26 Given the great ease with which nucleic acid 

polymers like RNA and DNA can be manufactured (see introduction), and the myriad 

extant protocols for lentiviral plasmid expression in a cell, CRISPR-Cas9 has the 

potential to eclipse all other current genome editing technologies. 

 While CRISPR-Cas9 is a very new technology, several in vitro studies have been 

conducted confirming its efficacy against HIV infection. The specificity of the CRISPR-

Cas9 system, combined with its ability to completely excise a gene,27 makes it a fantastic 

candidate not only for CCR5 silencing, but for the total removal of latent HIV integrated 

DNA. A study conducted by Ebina et al.28 showed that HIV expression-dormant T-cells, 

upon transfection with HIV LTR-targeting CRISPR-Cas9 genes, exhibited a significant 

loss (approximately 65%) of HIV genetic activity following reactivation. It was 

subsequently shown through sequence analysis that the CRISPR-Cas9 complex had in 

fact succeeded in cleaving and mutating the HIV genes. 
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 Recently, another treatment in the vein of CRISPR-Cas9 (technically speaking, 

RNAi [discussed here, omitted for interest of space] combined with an unrelated HIV 

fusion-inhibitor gene) has begun clinical recruitment.29 Conducted by Calimmune, it 

combines an expression of short hairpin inhibiting RNA sequences specific to CCR5 

mRNA with the expression of C46, a protein known to act as an antagonist to gp41 

binding (gp41 being the other glycoprotein found on the HIV envelope).30 I include this 

in the CRISPR-Cas9 section due to the similarity of the RNAi mechanism to that of 

CRISPR-Cas9; essentially, RNAi induces the detection and cleavage of unwanted 

mRNA, analogous to the sgRNA:Cas9-induced cleavage of genomic DNA. 

Concluding Remarks 

 We are living in the age of the genome. As we continue to develop amazing new 

molecular machines for the modification of genetic material, we move further and further 

into the next stage of human development, a stage in which we have greater control than 

ever over our fates, our bodies, our dispositions, our very molecular makeup. Ethical 

implications aside, the sheer transcendent power of this next-level control is exhilarating, 

and its potential for curing all variety of human ailment – and providing all manner of 

human enhancement, should science choose to go down that path – is historic on a 

universal scale. We must continue to step forward with caution, and the vast web of 

clinical safety trials (and general cautious nature of the scientific community in general) 

will guarantee this. As a future participant in this revolution, I am awestruck as the 

potential for discovery that awaits, just around the corner. 

 

Let’s get started.  
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