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ABSTRACT

Human immunodeficiency virus infection remains a major global health challenge despite major advances in
antiretroviral therapy. Current treatment requires lifelong drug administration and does not eliminate latent viral
reservoirs, creating a persistent need for innovative therapeutic strategies capable of achieving durable viral control.
Viral entry into CD4-positive T lymphocytes requires interaction between the viral envelope glycoprotein and host
cell receptors, including the chemokine receptor CCR5, which served as a principal co-receptor during early
infection. The purpose of this review was to evaluate zinc finger nuclease-mediated disruption of the CCR5 gene as
a host-directed therapeutic approach for long-term control of HIV infection. A structured narrative review
methodology was used to synthesize findings from peer-reviewed studies addressing molecular mechanisms, gene
editing efficiency, and therapeutic outcomes of CCR5-targeted zinc finger nuclease strategies. Evidence indicates
that zinc finger nuclease-induced CCR5 disruption generated HIV resistant immune cells and can produce sustained
persistence of modified lymphocytes in experimental and clinical settings. Gene-edited cells exhibit reduced
susceptibility to viral entry and may contribute to partial control of viral replication. Zinc finger nuclease-mediated
CCRS5 disruption represented a promising host-directed therapeutic strategy with potential to reduce dependence
on lifelong antiretroviral therapy. Continued clinical investigation and optimization of gene editing delivery systems
were recommended to advance this approach toward durable HIV control.
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INTRODUCTION
Human immunodeficiency virus infection continues to represent a major global public health problem, with millions
of individuals requiring lifelong treatment to maintain viral suppression [1, 27. Antiretroviral therapy has
transformed HIV infection into a manageable chronic disease by effectively inhibiting viral replication and
preventing disease progression [37. However, these therapies do not eliminate integrated proviral DNA or latent
viral reservoirs, making permanent cure difficult to achieve. Viral rebound typically occurs following treatment
interruption, highlighting the limitations of current therapeutic strategies. Consequently, increasing attention has
focused on host-directed interventions that may provide durable resistance to infection.
HIV entry into susceptible cells requires coordinated interactions between viral envelope proteins and host cell
receptors. Binding of the viral glycoprotein gp120 to the CD4 receptor initiates conformational changes that allow
interaction with chemokine co-receptors, primarily CCR5, during early stages of infection [47]. Individuals carrying
naturally occurring CCR5 gene mutations demonstrate strong resistance to HI'V infection, indicating that disruption
of CCR5 function can provide effective protection against viral entry. These observations have provided a strong
rationale for therapeutic strategies aimed at eliminating CCR5 expression in susceptible immune cells [5].
Zinc finger nucleases represent one of the earliest gene editing technologies developed for targeted modification of
human genes [67]. These engineered nucleases can introduce site-specific double-strand breaks within genomic
DNA, leading to disruption of gene function through error-prone repair mechanisms. This review examines the
molecular basis of HIV entry and the role of CCR5, the gene editing mechanisms of zinc finger nucleases, the cellular
consequences of CCR5 disruption, experimental and clinical evidence supporting this approach, and the therapeutic
opportunities and limitations associated with zinc finger nuclease-mediated CCR5 disruption. The purpose of this
study is to evaluate zinc finger nuclease-mediated CCR5 gene disruption as a host-directed therapeutic strategy for
achieving long-term control of HIV infection.
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Molecular Basis of HIV Entry and the Role of CCR5

HIV infection begins with entry of the virus into susceptible host cells, primarily CD4-positive T lymphocytes and
macrophages [7]. Viral entry is mediated by the envelope glycoprotein complex composed of gp120 and gp41. The
gp120 subunit is responsible for initial attachment to the CD4 receptor, while gp41 mediates fusion between viral
and cellular membranes.

Binding of gp120 to CD4 induces structural rearrangements that expose binding sites for chemokine co-receptors
[87]. CCR5 serves as the principal co-receptor for viral entry during early infection and is highly expressed on
activated T lymphocytes and macrophages. Interaction between gp120 and CCR5 stabilizes the envelope complex
and promotes additional conformational changes that activate gp41-mediated membrane fusion. Membrane fusion
allows the viral core to enter the cytoplasm, initiating the replication cycle. The requirement for CCR5 in early
infection explains why viruses that utilize this co-receptor predominate in newly infected individuals. Cells lacking
functional CCR5 receptors are resistant to infection by CCR5-tropic viral strains.

The biochemical importance of CCR5 is illustrated by individuals carrying the CCR5 delta 32 mutation, which
produces a truncated receptor that fails to reach the cell surface. Homozygous carriers exhibit strong resistance to
HIV infection [97], while heterozygous individuals demonstrate slower disease progression. These observations
provide compelling evidence that elimination of CCR5 expression represents a viable therapeutic strategy. Because
CCR5 is not essential for normal immune function, targeted disruption of the receptor is considered biologically
tolerable. This feature makes CCR5 an attractive target for gene editing-based therapeutic approaches aimed at
preventing viral entry [107].

Zinc Finger Nucleases: Molecular Design and Gene Editing Mechanisms

Zinc finger nucleases are engineered proteins designed to introduce targeted modifications within genomic DNA
[11]. Each zinc finger domain consists of a small protein motif stabilized by coordination of a zinc ion and capable
of recognizing specific nucleotide triplets. Multiple zinc finger domains can be linked together to generate DNA-
binding proteins with high sequence specificity. The DNA-binding region is fused to the catalytic domain of the
FokI restriction endonuclease. The Fokl nuclease domain is inactive as a monomer and requires dimerization to
produce a double-strand break [127]. Two zinc finger nuclease monomers bind to adjacent DNA sequences, allowing
FokI domains to dimerize and cleave the intervening DNA segment.

Following double-strand break formation, cellular repair pathways are activated. Non-homologous end joining is
the predominant repair mechanism in mammalian cells and frequently introduces insertions or deletions at the
cleavage site. These mutations often disrupt the reading frame of the targeted gene, leading to loss of protein
expression.

Targeting zinc finger nucleases to the CCR5 gene allows selective disruption of receptor expression in edited cells
[187. The efficiency of gene disruption depends on DNA binding specificity, nuclease activity, and cellular repair
processes. Optimization of zinc finger arrays has improved targeting precision and reduced unintended genomic
modifications. Gene editing is typically performed ex vivo by introducing zinc finger nuclease constructs into
isolated immune cells or hematopoietic stem cells. Modified cells are expanded and reinfused into patients, where
they can repopulate the immune system with HIV resistant cells. This approach provides a mechanistic basis for
long-term therapeutic benefit.

CCR5 Gene Disruption and Cellular Resistance to HIV

Disruption of the CCR5 gene produces immune cells that are resistant to infection by CCR5-tropic HIV strains
[147. Zinc finger nuclease-mediated gene editing introduces mutations that prevent expression of functional CCR5
receptors on the cell surface. Without CCR5, viral entry cannot proceed efficiently despite successtul binding to the
CD4 receptor. The protective effect of CCR5 disruption closely resembles that observed in individuals carrying the
naturally occurring CCR5 delta 82 mutation. Edited CD4-positive T lymphocytes demonstrate markedly reduced
susceptibility to viral infection in vitro [157]. Resistance to infection allows these cells to survive and expand in the
presence of ongoing viral replication.

Gene editing of hematopoietic stem cells offers the possibility of generating a continuous supply of HIV resistant
immune cells. Stem cell-derived lymphocytes maintain disrupted CCR5 expression and provide long-term protection
against viral entry [167]. Stable integration of gene editing modifications ensures persistence across multiple cell
generations.

CCRs5 disruption may also influence immune responses beyond prevention of viral entry [177]. Preservation of CD4-
positive T cell populations supports maintenance of adaptive immunity and reduces immune system deterioration.
Expansion of resistant cells during viral replication may gradually shift the immune cell population toward HIV
resistant phenotypes. These cellular effects suggest that CCR5 disruption could provide sustained control of viral
replication even without continuous pharmacologic therapy. However, incomplete editing efficiency may limit the
proportion of resistant cells generated in treated individuals.
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Preclinical and Clinical Evidence of Zinc Finger Nuclease CCR5 Therapy
Preclinical studies have demonstrated effective CCR5 disruption in cultured CD4-positive T cells using zinc finger
nucleases [187]. Edited cells show substantial reductions in CCR5 expression and strong resistance to HIV infection.
Experimental infection models confirm that modified cells maintain viability and function despite exposure to virus.
Animal studies have provided further support for this approach. Transplantation of zinc finger nuclease-modified
immune cells into immunodeficient mice produces stable engraftment and persistence of CCR5-disrupted cells [197].
These cells retain resistance to viral infection and contribute to partial control of viral replication.
Early clinical trials have evaluated the safety and feasibility of zinc finger nuclease-mediated CCR5 disruption in
individuals with chronic HIV infection [207. Autologous CD4-positive T cells are collected, genetically modified ex
vivo, and reinfused into patients. Modified cells persist in circulation for extended periods and maintain reduced
CCR5 expression.
Clinical studies demonstrate that zinc finger nuclease-modified cells are generally well tolerated with no major
treatment-related toxicities. Some participants exhibit modest reductions in viral load during treatment
interruption, suggesting partial restoration of immune control. Persistence of edited cells correlates with improved
immunological parameters in certain individuals. Although clinical responses have been variable, these studies
establish proof of concept for CCR5-targeted gene editing therapy. Larger clinical trials will be necessary to
determine the magnitude and durability of therapeutic benefit.
Therapeutic Potential, Limitations, and Future Directions
Zinc finger nuclease-mediated CCR5 disruption represents a promising host-directed approach to HIV therapy [207].
By eliminating a critical entry receptor, this strategy directly interferes with viral infection at the earliest stage of
the replication cycle. Gene-edited immune cells may provide long-lasting protection and reduce dependence on
continuous antiretroviral therapy. Potential advantages include durable gene modification and selective resistance
to infection without ongoing drug exposure. Expansion of resistant immune cells could gradually enhance immune
control of viral replication. This approach may contribute to the development of a functional cure in which viral
replication remains suppressed without continuous treatment.

Off-target cleavage by zinc finger nucleases may introduce unintended genomic alterations with potential safety

consequences [21, 227). Improvements in nuclease specificity are required to minimize these risks. Efficient delivery

to hematopoietic stem cells remains technically demanding and may limit widespread application. Gene editing
procedures require specialized facilities and are associated with high costs.

Future research should focus on improving editing efficiency, enhancing specificity, and developing scalable delivery

systems. Combination approaches integrating gene editing with antiretroviral therapy or immune-based

interventions may further improve outcomes.
CONCLUSION

Zinc finger nuclease-mediated disruption of the CCR5 gene provides a mechanistically rational host-directed

strategy for long-term control of HIV infection. By eliminating expression of a critical viral entry receptor, gene-

edited immune cells acquire resistance to infection and may persist as a stable population capable of supporting
immune function. The biological rationale for this approach is supported by natural CCR5 mutations that confer
resistance to HIV infection in humans. Advances in gene editing technology have enabled efficient disruption of

CCR5 in immune cells and hematopoietic progenitors. Preclinical investigations demonstrate strong protection

against viral infection, while early clinical studies confirm feasibility and acceptable safety profiles. Persistence of

modified cells and evidence of partial viral control indicate meaningful therapeutic potential. Despite promising

results, important challenges remain, including optimization of delivery methods, improvement of gene editing

precision, and demonstration of durable clinical benefit. Continued translational research will be essential for

realizing the full potential of this strategy. Zinc finger nuclease-mediated CCR5 disruption should be advanced

through large-scale clinical trials as a host-directed strategy for achieving durable control of HIV infection.
REFERENCES

1. Nachega, J.B,, Sam-Agudu, N.A., Mofenson, L.M., Schechter, M., Mellors, J.W.: Achieving Viral Suppression
in 90% of People Living With Human Immunodeficiency Virus on Antiretroviral Therapy in Low- and Middle-
Income Countries: Progress, Challenges, and Opportunities. Clin Infect Dis. 66, 1487—1491 (2018).
https://doi.org/10.1093/cid/ciy008

2. Alum, E.U,, Ugwu, O.P.C.,, Obeagu, E.I, Okon, M.B.: Curtailing HIV/AIDS Spread: Impact of Religious
Leaders. Newport International Journal of Research in Medical Sciences, 3(2): 28-31. (2023)

3. Tseng, A, Seet, J., Phillips, E.J.: The evolution of three decades of antiretroviral therapy: challenges, triumphs
and the promise of the future. British Journal of Clinical Pharmacology. 79, 182-194 (2015).
https://doi.org/10.1111/bcp.12403

4. Faivre, N, Verollet, C., Dumas, F.: The chemokine receptor CCR5: multi-faceted hook for HIV-1.
Retrovirology. 21, 2 (2024). https://doi.org/10.1186/512977-024-00634~1



www.idosr.org Bwanbale, 2026

5.

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

Madu, C.V., Aloh, H.E., Egba, S.I., Ukaidi, C.U.A., Alum, N.B.: The price of progress: Assessing the financial
costs of HIV/AIDS management in East Africa. Medicine (Baltimore). 104, e42300 (2025).
https://doi.org/10.1097/MD.000000000004:2300

Manikishore, M., Maurya, S.K., Rathee, S., Patil, U.K.: Genome Editing Approaches Using Zinc Finger
Nucleases (ZFNs) for the Treatment of Motor Neuron Diseases. Current Pharmaceutical Biotechnology. 26,
1514—1531 (2025). https://doi.org/10.2174/0113892010307288240526071810

Uti, D.E.,, Ugwu, O.P.-C., Alum, B.N.: Toward a cure — Advancing HIV/AIDs treatment modalities beyond
antiretroviral therapy: A Review. Medicine. 103, e38768 (2024).
https://doi.org/10.1097/MD.0000000000038768

Shaik, M.M., Peng, H., Lu, J., Rits-Volloch, S., Xu, C.,, Liao, M., Chen, B.: Structural basis of coreceptor
recognition by HIV-1 envelope spike. Nature. 565, 318—323 (2019). https://doi.org/10.1088/s41586-018-
0804-9

Yu, A.Q., Ding, Y., Lu, Z.Y,, Hao, Y.Z,, Teng, Z.P.,, Yan, SR, Li, D.S, Zeng, Y.. TALENs-mediated
homozygous CCR5A32 mutations endow CD4+ U87 cells with resistance against HIV-1 infection. Molecular
Medicine Reports. 17, 248—249 (2018). https://doi.org/10.8892/mmr.2017.7889

Samson, A.O., Adepoju, A.O., Amusa, M.O.: Inclusion of nutritional counseling and mental health services in
HIV/AIDS management: A paradigm shift. Medicine. 102, e35673 (2023).
https://doi.org/10.1097/MD.0000000000085673

Petolino, J.F.: Genome editing in plants via designed zinc finger nucleases. In Vitro Cell. Dev.Biol.-Plant. 51, 1—
8 (2015). https://doi.org/10.1007/511627-015-9663-3

Nishio, M., Matsumoto, D., Kato, Y., Abe, K., Lee, J., Tsukakoshi, K., Yamagishi, A., Nakamura, C., Ikebukuro,
K.: DNA aptamers against Fokl nuclease domain for genome editing applications. Biosensors and Bioelectronics.
93, 2631 (2017). https://doi.org/10.1016/).bi0s.2016.11.042

Almeida, M.J.,, Matos, A.: Designer Nucleases: Gene-Editing Therapies using CCR5 as an Emerging Target in
HIV. Current HIV Research. 17, 306-323 (2019). https://doi.org/10.2174/1570162X17666191025112918
Kang, H., Minder, P., Park, M.A., Mesquitta, W.-T., Torbett, B.E., Slukvin, I.I.: CCR5 Disruption in Induced
Pluripotent Stem Cells Using CRISPR/Cas9 Provides Selective Resistance of Immune Cells to CCR5-tropic
HIV-1 Virus. Molecular Therapy Nucleic Acids. 4, (2015). https://doi.org/10.1088/mtna.2015.42

Li, C., Guan, X, Du, T, Jin, W., Wu, B, Liu, Y., Wang, P., Hu, B, Griffin, G.E., Shattock, R.J., Hu, Q.: Inhibition
of HIV-1 infection of primary CD4+ T-cells by gene editing of CCR5 using adenovirus-delivered
CRISPR/Cas9. Journal of General Virology. 96, 2381-2393 (2015). https://doi.org/10.1099/vir.0.000139
Kang, H., Minder, P, Park, M.A., Mesquitta, W.-T., Torbett, B.E., Slukvin, I.I.: CCR5 Disruption in Induced
Pluripotent Stem Cells Using CRISPR/Cas9 Provides Selective Resistance of Immune Cells to CCR5-tropic
HIV-1 Virus. Molecular Therapy Nucleic Acids. 4, (2015). https://doi.org/10.1038/mtna.2015.42

Mohamed, H., Gurrola, T., Berman, R., Collins, M., Sariyer, I.LK., Nonnemacher, M.R., Wigdahl, B.: Targeting
CCR5 as a Component of an HIV-1 Therapeutic Strategy. Front. Immunol. 12, (2022).
https://doi.org/10.3389/fimmu.2021.816515

DiGiusto, D.L., Cannon, P.M., Holmes, M.C,, Li, L., Rao, A., Wang, J,, Lee, G., Gregory, P.D., Kim, KA,
Hayward, S.B., Meyer, K., Exline, C,, Lopez, E., Henley, J., Gonzalez, N., Bedell, V., Stan, R., Zaia, J.A.:
Preclinical development and qualification of ZFN-mediated CCR5 disruption in human hematopoietic
stem/progenitor  cells. Molecular Therapy Methods &  Clinical Development. 3, (2016).
https://doi.org/10.1038/mtm.2016.67

DiGiusto, D.L., Cannon, P.M., Holmes, M.C,, Li, L., Rao, A., Wang, J,, Lee, G., Gregory, P.D., Kim, KA,
Hayward, S.B., Meyer, K., Exline, C., Lopez, E., Henley, J., Gonzalez, N., Bedell, V., Stan, R., Zaia, J.A.:
Preclinical development and qualification of ZFN-mediated CCR5 disruption in human hematopoietic
stem/progenitor  cells. Molecular Therapy Methods & Clinical Development. 3, (2016).
https://doi.org/10.1038/mtm.2016.67

Almeida, M.J., Matos, A.: Designer Nucleases: Gene-Editing Therapies using CCR5 as an Emerging Target in
HIV. Current HIV Research. 17, 306-323 (2019). https://doi.org/10.2174/1570162X17666191025112918
Yee, J-K.: Off-target effects of engineered nucleases. The FEBS Journal. 283, 3239-3248 (2016).
https://doi.org/10.1111/febs.13760

Lee, C.M,, Cradick, T.J,, Fine, E.J., Bao, G.: Nuclease Target Site Selection for Maximizing On-target Activity
and Minimizing Off-target Effects in Genome Editing. Molecular Therapy. 24, 475-487 (2016).
https://doi.org/10.1038/mt.2016.1



www.idosr.org Bwanbale, 2026




