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Abstract

Despite the transformative success of antiretroviral therapy (ART), HIV-1 persists as a lifelong
infection due to the establishment of long-lived latent reservoirs. These reservoirs remain
immunologically silent and pharmacologically inaccessible, representing the principal barrier to
viral eradication. In this analysis, | explore how recent advances in cellular
immunotherapy—particularly chimeric antigen receptor T (CAR-T) cell technology—offer a
paradigm shift from passive viral suppression to active, programmable immune surveillance. |
focus on the emergence of next-generation, dual-specific CAR-T cells engineered to recognize
and eliminate HIV-infected cells, including those emerging from latency. | examine the molecular
design principles, antigen selection strategies, safety engineering, and translational challenges
that position CAR-T-based approaches as a cornerstone of future functional or sterilizing HIV
cure strategies.
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1. Introduction: The Architectural Failure of Natural Immunity Against
HIV Persistence

The human immune system, despite its remarkable adaptability, is architecturally unequipped to
eradicate HIV-1. Cytotoxic T lymphocytes (CTLs) exert strong selective pressure during acute
infection, yet viral escape mutations, immune exhaustion, and anatomical sanctuary sites
enable long-term persistence. Most critically, latently infected CD4* T cells express little to no
viral antigen, rendering them invisible to endogenous immune surveillance. This failure is not
merely quantitative; it is a fundamental design flaw in our natural defenses. | argue that CAR-T
cell technology directly addresses this architectural limitation by providing a platform for
synthetic immune recognition, bypassing major histocompatibility complex (MHC) dependence
and enabling the detection of viral signatures that the body was never evolved to see.
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Figure 1. Natural immune surveillance failure and the synthetic intervention of
HIV-specific CAR-T cells.

(A) Failed natural clearance: A cytotoxic T lymphocyte (CTL, blue) fails to recognize a latently
infected CD4" T cell (grey) due to the absence of MHC-I presented viral peptides (red "X"). The
cell harbors an integrated HIV provirus (red strand in nucleus). (B) Synthetic CAR-T recognition
and killing: An engineered CAR-T cell (green) expresses a chimeric antigen receptor (CAR) that
directly binds to HIV envelope proteins (Env, red spikes) on the surface of a reactivated infected
cell, leading to immune synapse formation, cytotoxic granule release (yellow circles), and target
cell apoptosis. Created with BioRender.com.
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2. CAR-T Cell Technology: From Oncologic Revolution to Antiviral
Platform

2.1 The Synthetic Immune Receptor: A Redesigned Toolkit

A chimeric antigen receptor (CAR) is a synthetic fusion protein that reprograms T cell specificity.
Its canonical architecture comprises: an extracellular antigen-recognition domain (typically a
single-chain variable fragment, scFv), a transmembrane domain, and one or more intracellular
signaling domains (e.g., CD3¢ combined with co-stimulatory domains like CD28 or 4-1BB).
Originally engineered for hematological malignancies, CAR-T cells exhibit properties that make
them uniquely attractive for chronic viral infections: antigen recognition independent of MHC
presentation, high and direct cytotoxic potency, and the potential for long-term persistence and
memory formation. | position this technology not as a mere transplant from oncology, but as a
foundational toolkit for building synthetic immunity.



3. The Rationale for CAR-T Therapy in HIV: Targeting Invisibility

HIV latency is dynamic rather than absolutely static. Low-level viral transcription, stochastic
reactivation, and cell-to-cell spread generate transient windows of antigen exposure. Natural
CTLs often miss these fleeting opportunities due to exhaustion or suboptimal TCR affinity.
CAR-T cells, however, can be engineered to exploit these windows with superior sensitivity and
sustained vigilance. The key strategic advantages | explore are: the ability to target conserved
viral epitopes less prone to mutation, the immediate elimination of infected cells upon viral
reactivation, and the establishment of a persistent, artificial immune patrol that maintains
constant pressure on the reservoir.



4. Dual-Specific CAR-T Cells: The Strategic Evolution for a
Shape-Shifting Target
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Figure 2. Architecture and logic of dual-specific, next-generation CAR-T cells for HIV.

Comparative schematics of CAR designs. (A) First-generation CAR: A single-chain variable
fragment (scFv, orange) targeting HIV Env, linked to CD3C and co-stimulatory (e.g., 4-1BB)
signaling domains. (B) Tandem (OR-gate) CAR: Features two distinct scFvs (orange and blue)
targeting different HIV/host antigens (e.g., Env and CD4), either of which can activate the T cell.
(C) Logic-gated (AND-gate) CAR: Incorporates two separate CARs with split signaling domains.
Full T cell activation requires simultaneous engagement of both target antigens (e.g., Env AND
a host activation marker), maximizing specificity for genuine HIV-infected cells. Created with
BioRender.com.
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4.1 The Imperative for Redundant Recognition

Single-antigen targeting in HIV is a recipe for rapid immune escape. The virus's prolific
mutational capacity necessitates recognition systems with built-in redundancy and logic. This is
where dual-specificity becomes non-negotiable. | analyze advanced CAR designs that
incorporate this principle, including: Tandem CARs (or "OR-gate" CARs) that activate upon
engagement of either target antigen, Bivalent CARs with two scFvs for a single antigen to
enhance avidity, and most promisingly, Logic-Gated CARs (e.g., "AND-gate" CARs) that activate
fully only upon simultaneous engagement of two distinct antigens (e.g., a viral protein and a
host cell marker of infection). This architectural evolution dramatically improves specificity for
genuine HIV-infected cells while minimizing off-target cytotoxicity against healthy tissues.



5. The Antigen Landscape: Choosing the Targets for Synthetic
Recognition

5.1 Viral Antigens: Conserved Achilles' Heels

The primary targets are HIV-1 envelope glycoproteins (gp120/gp41). However, targeting highly
variable loops is futile. | focus the strategy on conserved Env regions exposed during fusion
(such as the CD4-induced epitopes) or conformations specifically associated with viral rebound.
The goal is to design CARs that recognize the virus in its "actionable" state.

5.2 Host-Derived Infection Markers: The Cellular Context

To enhance specificity beyond the virus alone, | examine complementary targets in the host cell.
These include stable CD4—Env complexes on the surface of infected cells, cellular activation
markers that may be enriched during latency reversal, and—as an area of intense
investigation—unique surface signatures or stress ligands presented by cells harboring
integrated provirus. Targeting a host:viral combinatorial signature is the path to true precision.



6. Engineering for Persistence and Safety: Building a Durable and
Controllable Therapy

6.1 Engineering Cellular Fitness and Durability

For CAR-T cells to function as a long-term surveillance system, they must persist. | discuss key
engineering strategies: deriving CAR-T products from central memory or stem-cell memory T
cell subsets, incorporating cytokine signaling domains (e.g., IL-7R, IL-15) to promote
homeostatic survival, and engineering resistance to exhaustion through the modulation of
intrinsic checkpoint pathways (e.g., dominant-negative PD-1).

6.2 Integrating Fail-Safe Mechanisms

The potency of CAR-T cells demands robust safety controls. | evaluate the incorporation of
suicide switches (e.g., inducible caspase-9), the tuning of signaling strength to avoid cytokine
release syndrome, and novel "on-switch" strategies where CAR activity is dependent on the
administration of a small molecule, providing spatial and temporal control.



7. CAR-T Cells in the Curative Ecosystem: Enabling Reservoir
Clearance

| contend that CAR-T therapy alone is unlikely to eliminate deeply latent cells that express no

antigen. Its true power is unlocked in rational combination. When paired with latency-reversing
agents (LRAs), CAR-T cells become the precise and potent "kill" arm of a modern "Shock and
Kill" strategy. Furthermore, combination with immune checkpoint blockade can rejuvenate both
engineered and endogenous immunity, and coupling with a therapeutic vaccine could drive the
in vivo expansion of HIV-specific CAR-T cells. This synergetic logic positions CAR-T not as a

standalone cure, but as the central effector module within a multi-component curative regimen.
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Figure 3. Integration of CAR-T cells into a combinatorial "Shock and Kill" curative
strategy.

A sequential therapeutic workflow. Step 1 (Shock): Administration of a latency-reversing agent
(LRA, yellow triangle) to reactivate HIV transcription in a latent reservoir cell. Step 2 (Antigen
Exposure): The reactivated cell expresses HIV Env proteins (red spikes) on its surface. Step 3
(Kill): Pre-infused dual-specific CAR-T cells (green) recognize the Env signature, form an
immune synapse, and eliminate the target cell, preventing viral spread. Step 4 (Surveillance): A
durable memory CAR-T cell population persists, providing long-term adaptive immune
surveillance against viral rebound. Created with BioRender.com.



http://biorender.com

8. Translational Realities: Challenges and the Imperative of Equity

The path from concept to clinic is fraught with barriers. | address the manufacturing complexity
and cost of autologous cell therapies, the profound challenge of scalability for low- and
middle-income countries—which bear the greatest HIV burden—and the need for frameworks
for long-term safety monitoring of persistent engineered cells. For any technology aiming at an
HIV cure, equitable access is not an afterthought; it is a core metric of success and must be
integrated into development roadmaps from the outset.



9. A Generalizable Platform: Beyond HIV

The implications of this work extend far beyond HIV. The framework for designing synthetic,
logic-gated immune receptors against persistent antigens is directly applicable to other
intractable challenges: chronic hepatitis B infection, control of persistent herpesviruses, and the

targeting of virus-associated cancers. The HIV cure effort is thus pioneering a generalizable
platform for programmable immunity.



10. Conclusion: The Dawn of Artificial Imnmune Surveillance

Next-generation, dual-specific CAR-T cells represent more than a new therapy; they redefine
the very concept of an immune intervention. They shift the paradigm from transient
pharmaceutical suppression to the installation of a living, adaptive, and programmable
surveillance system. While the translational challenges are significant, this approach marks a
decisive leap from simply managing HIV to architecting a biological solution designed to outlast
and outmaneuver it. In this vision, the path to a functional HIV cure is paved not only by
silencing or eliminating the virus, but by rebuilding the immune sentry that stands guard against
it.
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