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Abstract

Rare cases of sustained HIV remission following hematopoietic stem cell transplantation
demonstrate that durable,systemic resistance to HIV is a biological possibility. These
exceptional outcomes have fundamentally reframed the cure agenda, establishing a new
paradigm: the host immune system can be engineered for intrinsic resistance. This review
examines the immuno-engineering of hematopoietic stem cells (HSCs) as a foundational
strategy to reconstitute a permanently HIV-resistant immune system. We trace the conceptual
evolution from the protective CCR5A32 mutation to modern autologous therapies using lentiviral
vectors and genome-editing technologies. We critically analyze the biological rationale,
technological platforms, clinical progress, and translational challenges of HSC-based
resistance, positioning engineered immunity not as a futuristic concept, but as the cornerstone
of a durable, one-time curative intervention.
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1. Introduction: A Paradigm Shift—From Eradicating the Pathogen to
Engineering the Host

Conventional antiviral logic aims to eliminate an invading pathogen. HIV defies this logic through
genomic integration, becoming a permanent component of host cellular identity. This biological
reality forces a radical strategic alternative: if the virus cannot be purged, perhaps the host
cellular landscape can be redesigned to be inhospitable. Hematopoietic stem cells (HSCs), the
self-renewing progenitors of the entire immune system, represent the ultimate leverage point for
such a transformation. A single genetic modification in these master cells promises a one-time
intervention yielding lifelong production of HIV-resistant lymphocytes, monocytes, and
granulocytes. Once a theoretical ideal, this concept now stands validated by clinical evidence,
moving from proof-of-principle to a defined engineering challenge.
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Figure 1. HIV-1 cellular entry and the protective mechanism of the CCR5A32 mutation.

(A) Standard viral entry: Schematic of a CCR5-tropic HIV-1 virion binding sequentially to the
CD4 receptor and CCR5 co-receptor on a CD4* T cell membrane, leading to fusion and viral
entry.

(B) CCR5A32-mediated resistance:Representation of the naturally occurring 32-base pair
deletion in the CCR5 gene, resulting in a truncated, non-functional receptor. The virion can bind
CD4 but fails to engage CCRS5, blocking membrane fusion and preventing infection. Created
with BioRender.com.
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2. The CCR5A32 Mutation: Nature’s Blueprint for a Cure

2.1 CCRS5 as the Viral Gatekeeper

HIV-1 entry into CD4'T cells is a two-step process requiring the CD4 receptor and a co-receptor,
predominantly CCRS5. The naturally occurring 32-base-pair deletion in the CCR5 gene
(CCR5A32) results in a non-functional receptor. Individuals homozygous for this mutation are
virtually immune to infection by CCR5-tropic HIV strains—the most common transmitted
form—uwithout apparent immunological deficit, identifying CCR5 as an ideal and safe target for
host-directed therapy.

2.2 Clinical Validation: Lessons from Exceptional Cures

The sustained remissions of the"Berlin," "London," and subsequent patients, cured via
CCR5A32 allogeneic stem cell transplants, provided three seminal validations:

1. The HIV reservoir can be functionally replaced by a resistant immune system.

2. The absence of a functional CCRS5 co-receptor confers durable, systemic resistance to
viral rebound and reinfection.

3. A cure does not require the physical elimination of every latently infected cell;
immunological supersession is sufficient.

These cases, however, also highlighted the non-scalability of allogeneic transplantation due to
graft-versus-host disease, donor matching, and procedural mortality, underscoring the need for
an autologous, gene-based approach.



3. Hematopoietic Stem Cells: The Foundational Platform for
Engineered Immunity
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Figure 2. Workflow for autologous hematopoietic stem cell (HSC) immuno-engineering.

Stepwise schematic of the therapeutic pipeline: (i) Mobilization and apheresis to collect patient
CD34* HSC:s. (ii) Ex vivo genetic modification using lentiviral vector transduction or
CRISPR-Cas9 genome editing to confer HIV resistance (e.g., CCRS5 disruption). (iii)
Myeloablative conditioning of the patient. (iv) Reinfusion of the genetically engineered HSCs. (v)
Engraftment and reconstitution of a multilineage, HIV-resistant immune system from the
modified progenitor pool. Created with BioRender.com.
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3.1 The Unique Therapeutic Leverage of HSCs

HSCs are defined by their triumvirate of properties:self-renewal, multipotency, and lifelong
persistence. Genetic modification at this progenitor level ensures that the therapeutic change is
propagated to all lymphoid and myeloid lineages—CD4* and CD8" T cells, macrophages,
dendritic cells, and NK cells—effecting a comprehensive, systemic immune redesign from a
single intervention.

3.2 The Autologous Pathway: Safety and Personalization

Autologous HSC transplantation circumvents the fatal pitfalls of allogeneic approaches by using
the patient's own cells,eliminating risks of graft rejection and graft-versus-host disease. The core
challenge thus shifts from finding a compatible donor to achieving high-efficiency, precise
genetic modification of the patient's HSCs.



4. Gene Therapy Arsenal: Constructing Resistance

4.1 Lentiviral Vectors: Vehicles for Stable Genetic Reconstitution

Lentiviral vectors,derived from HIV-1 itself, are uniquely suited for HSC engineering. Their ability
to transduce non-dividing cells and integrate stably into the host genome enables permanent
genetic alteration and sustained transgene expression across the hematopoietic hierarchy, a
capability robustly validated in clinical trials for monogenic blood disorders.

4.2 Engineering Multi-Layered Resistance

Beyond simple CCRS5 knockout,lentiviral vectors can be designed to encode a synergistic
arsenal of anti-HIV elements:

e RNA-based inhibitors: shRNAs or miRNAs targeting viral or host dependency factors.

e Peptide-based entry inhibitors: Such as the membrane-anchored C46 peptide
(mimicking the enfuvirtide mechanism).

e Intrinsic restriction factors: Engineered versions of proteins like APOBEC3G, TRIM5aq, or
MX2.

Thiscombinatorial approach creates a high genetic barrier to viral escape, moving beyond
single-point vulnerability.



5. Genome Editing: The Precision Surgery of the Genome
5.1 From Random Integration to Targeted Modification

CRISPR-Cas9,zinc-finger nucleases (ZFNs), and TALENs enable a paradigm shift from additive
gene transfer to precision genome surgery. These tools allow for the targeted disruption of
CCRS5 or the targeted insertion of protective cassettes into "safe harbor" loci (e.g., AAVS1),
offering advantages of physiological gene regulation and eliminated risk of insertional
oncogenesis associated with random viral integration.

5.2 The Engraftment Hurdle: Selecting for the Resistant Lineage
A pivotal translational challenge is ensuring that a sufficient proportion of edited HSCs engraft
and persist to confer clinical benefit.Strategies to impart a competitive advantage to engineered
cells are critical, including:

e CCRS5 editing itself, which may protect HSC progeny from HIV-associated depletion.

e Co-modification with drug-resistance genes (e.g., to a chemotherapeutic agent) for in
vivo selection post-transplant.

e Multiplex editing to enhance cell fitness and survival.



6. Reconstitution Dynamics: The Dawn of an HIV-Proof Immune
System

Following transplantation, engineered HSCs initiate a gradual but inexorable immune
reconstitution. As their HIV-resistant progeny—CD4" T cells in particular—expand, they occupy
the immunological niches traditionally decimated by the virus. This creates a powerful selective
pressure: susceptible cells are infected and depleted, while resistant cells proliferate. Over time,
this leads to the functional dominance of a virus-proof immune compartment, effectively
outcompeting the reservoir and suppressing or eliminating the virus.
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Figure 3. Progressive immune reconstitution and selection of HIV-resistant cells.

Graphical representation over a post-treatment timeline. Top Panel: The proportion of
susceptible (wild-type CCR5, grey) versus resistant (engineered, e.g., CCR5-negative, blue)
CD4" T cells in peripheral blood. Bottom Panel: Conceptual insets showing the dynamic
selection process: HIV infection depletes susceptible cells (grey cells with red virions), while



resistant cells (blue) proliferate and occupy the immunological niche, leading to their functional
dominance. Created with BioRender.com.

7. Synergistic Integration with the Curative Ecosystem

HSC immuno-engineering is not a siloed strategy but a force multiplier for other cure
approaches. An immune system rendered resistant to reinfection dramatically increases the
therapeutic window and potential success of:

e "Shock and Kill" strategies, by providing a pool of resistant effector cells that cannot be
infected while clearing the reservoir.

e Therapeutic vaccination, by allowing durable immune responses in the absence of
viral-mediated destruction.

e CAR-T cell therapies, which could be derived from the engineered HSC pool for
sustained activity.
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8. Navigating the Translational Landscape: Safety, Ethics, and Equity

8.1 Evolving Safety Profiles

While risks such as off-target editing effects and genotoxicity persist,advancements in
high-fidelity CRISPR systems, base editing, and improved vector design have substantially
mitigated these concerns. The safety record of HSC gene therapy for other diseases provides a
robust foundation.

8.2 The Imperative of Global Accessibility

The complexity and cost of HSC-based therapies pose a profound ethical and practical
challenge.To avoid creating a cure accessible only to the wealthy, global health strategies, tiered
pricing, technological simplification, and capacity-building in high-burden regions must be
integrated into development roadmaps from the outset.



9. Conclusion: Redefining the Endgame

Immuno-engineering of hematopoietic stem cells transcends incremental improvement; it
proposes a biological endgame for HIV. It shifts the objective from a lifelong management of a
chronic infection to the definitive installation of a host defense that the virus cannot overcome.
The CCR5A32 mutation was nature's demonstration. Lentiviral vectors and CRISPR-Cas9 are
our tools for its deliberate, safe, and equitable replication. While formidable obstacles in
efficiency, manufacturing, and delivery remain, the path is now delineated: to cure HIV, we may
not need to destroy every last trace of the virus, but rather, render it permanently irrelevant by
rebuilding the fortress it seeks to besiege.
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