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Background: Despite the success of long-term antiretroviral therapy (ART),
immune dysfunction—including incomplete T helper cell recovery, immune
activation, and inflammation—persists and may affect the benefits of analytical
ART treatment interruption (ATI) trials among people living with human
immunodeficiency virus (HIV) (PLHIV) in sub-Saharan Africa (SSA). This narrative
review summarizes evidence of incomplete immune function recovery among
PLHIV on long-term ART and potential interventions to enhance their ability to
participate in ATl trials with immunotherapies in the quest for an HIV cure in SSA.
Methods: A PubMed search query was used “([Immunity, Innate{MeSH Terms}]
OR [Adaptive Immunity{MeSH Terms}] AND [HIV{MeSH Terms}] AND [Anti-HIV
Agents{MeSH Terms}] AND I[function{Title/Abstract} OR dysfunction{Title/
Abstract} OR recovery{Title/Abstract} OR restoration{Title/Abstract} OR
reconstitution{Title/Abstract} OR regeneration{Title/Abstract}])’, which retrieved
165 articles. These articles were filtered using an English-language filter, resulting
in 160 papers. This query was translated to Web of Science and Google Scholar. In
addition, we conducted a specific literature search on documented “cured” HIV
cases globally to understand innate and adaptive immune functions relevant to
supporting post-ART immunological viral control.

Results: Persistent dysfunction of host innate and adaptive immunity during
suppressive ART is reported in SSA HIV treatment cohorts. Natural killer (NK)
cells, dendritic cells, and monocyte dysfunction potentially limit post-ART viral
control. In addition, persistently impaired CD4 and CD8 T-cell proliferation
capacity, immune activation, and exhaustion during ART may limit host HIV-
specific responses during ATI trials with broadly neutralizing antibodies (bNAbs)
and therapeutic vaccines, thereby increasing the risk of post-ART viral rebound.
Similarly, adjunct therapies with TLR7 agonists, such as vesatolimod, could
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potentially increase cytotoxic capabilities of dendritic and natural killer cells to
improve HIV latency reversal and viral clearance during ART.

Conclusion: Innovative combination immunotherapies to avert persistent
immune dysfunction, such as therapeutic vaccines, combination bNabs,
enhancer of zeste homolog 2 (EZH2) inhibitors to boost CD8* T-cell function
and augment post-ART viral control, and latency reversal agents to increase
cytotoxicity potential of dendritic cell and natural killer cells, among others, could
potentially optimize HIV-specific CD8 T-cell cytotoxicity and viral clearance, and

delay viral rebound during ATI trials in SSA.

KEYWORDS

broadly neutralizing antibodies (bnAbs), chronic HIV infections, HIV cure, HIV
immunotherapy, HIV treatment interruption, persistent HIV-associated immune
dysfunction, sub-Saharan Africa

Introduction

People living with human immunodeficiency virus (HIV)
(PLHIV) and combination antiretroviral therapy (ART) now have
improved life expectancy (1, 2), and HIV has transitioned from a
deadly virus into a chronic illness. The decrease in plasma HIV RNA
levels, which permits partial restoration of immunological function,
especially through the recovery of CD4" T-cell numbers, is one of the
successes of ART. However, despite long-term ART and virological
suppression, 10% to 40% of people do not fully restore their immune
system function, and immunological reconstitution is frequently
insufficient (3). Incomplete immune function recovery exhibited by
persistent immune activation and lingering inflammation remains an
outstanding challenge contributing to morbidity and mortality from
both acquired immunodeficiency syndrome (AIDS)-related and
noncommunicable disease (NCD) comorbidity among PLHIV.
Hence, there is a need to understand how persistent dysfunction of
the innate and adaptive immune compartments may affect post-ART
viral control during HIV cure trials, particularly in sub-Saharan Africa
(SSA), where the majority of PLHIV initiate ART after chronic
HIV infection.

Recent advances in immunotherapy, gene editing, and host-
directed therapies have raised the likelihood of an HIV cure. A
number of these approaches, including hematopoietic stem cell
transplantation, therapeutic vaccines, latency-reversing drugs, and
broadly neutralizing antibodies (bnAbs) to reduce or eliminate the
viral reservoir, improve host immunity, and produce long-lasting
viral remission following ART discontinuation, are under
investigation. Despite these advancements, outcomes are still
heterogeneous, with many therapies not providing reliable long-
term HIV viral control after treatment interruption. Moreover,
many of the analytical antiretroviral treatment interruption (ATI)
trials are not directly transferable to the majority of PLHIV in SSA,
where most individuals initiate ART during chronic HIV infection
and where HIV infections are predominantly heterogeneous non-B
subtypes and recombinants. The application of HIV cure strategies
such as bNAbs, therapeutic vaccinations, and gene therapies is not
yet well understood for chronic HIV infection in this region.
Therefore, this narrative review analyzes persistent HIV-
associated immune dysfunction during long-term ART and its
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implications for scaling up HIV cure interventions and immune
therapies for chronic HIV infections in SSA, which constitutes over
two-thirds of the world’s people living with HIV.

Materials and methods

We did literature search in PubMed using the search query
“([Immunity, Innate{MeSH Terms}] OR [Adaptive Immunity
{MeSH Terms}] AND [HIV{MeSH Terms}] AND [Anti-HIV
Agents{MeSH Terms}] AND [function{Title/Abstract} OR
dysfunction{Title/Abstract} OR recovery{Title/Abstract} OR
restoration{Title/Abstract} OR reconstitution{Title/Abstract}
OR regeneration{Title/Abstract}])”. The search retrieved 165
articles, which were filtered using an English-language filter.
Translation of this query to Web of Science and Google Scholar
returned 160 papers. In addition, we conducted a specific literature
search on the documented “cured” HIV cases globally to
understand the innate and adaptive immune functions relevant to
support post-ART immunological viral control.

Results

Persistent innate immune dysfunction
during ART

Reconstitution of the innate immune system under long-term
ART is generally insufficient, resulting in persistent alterations in
natural killer cells (NK), monocytes, phagocytes, and mucosal
innate lymphoid cells, as illustrated in Table 1. Studies indicate a
trend among groups toward dysfunctional or hyperactivated NK
subsets with impaired cytotoxicity capabilities, abnormal monocyte
phenotypes, impaired phagocytic function, and a reduction of gut-
resident innate populations (5, 9, 10). In addition, ongoing viral
replication reduces the fraction of cytotoxic CD56dimCD16" NK
cells and promotes the emergence of dysfunctional NK cell
responses (10, 13, 14), as outlined in Table 1. These alterations
perpetuate systemic inflammation without facilitating the
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TABLE 1 Persistent Innate immune Dysfunction during treatment of chronic HIV infections.

10.3389/fimmu.2026.1754996

Citation Cohort Description Dysfunction Impact on Post-ART Control
29 Chronic HIV patients in Chi ;
. ronie patients 1{1 na Increased killing ability of CD56*™ NK and High apoptosis may deplete/exhaust T cells, reducing
Qian, F after 2 years of ART (15 with L. . R . . . .
. significantly correlated with apoptosis of T coordinated responses to reactivated virus; and risk shorter
et al. (4) CD4<200 cells/ul and 14 with ) h time-to-rebound
mphocytes ime-to-reboun
CD4>200 cells/ul ymphocyt
I d ILC3 and d d ILC1 d ILC2;
Nabatanzi, HIV treatment cohort in Uganda; ncreas-e and decrease s an Prolonged inflammation may reduce chances of durable
Depletion of ILC o
R. et al. (5) At least 12 years of ART X remission after ATI
High IL-1B, IL-6, IL-8, IL-18
I d NK cell activati f CD56dimCD16
Luo, Z. 36 patients with chronic HIV in I:Illiriilsles cel activation © m * Hyperactivated NK cells with inefficient target clearance + low
et al. 2017 South Carolina after 14 years of . . CD4 milieu predict fragile post-ART control; inflammation
. NK cells activation inversely correlated with the
(6) ART; Nadir CD4 < 350 cells/ul R may accelerate rebound
peripheral CD4+ counts
28 with chronic HIV infection of Increased CD56°"8™ NK cells
Giuliani, E. | Caucasian origin; 2 years of ART Reduced Cytokine-induced IFN-y production Insufficient ADCC may favor rebound; Treg skew may further
etal. (7) (12 with CD4<350cells/ul and 16 and NKp44 upregulation; T reg counts inversely dampen effective clearance
with CD4 >500cells/ul correlated with autoreactive CD56°" 8" cells
173 men including 63 chronic
infected patients with ART
Chen, P. m ec ¢ pa.len swi Lower intermediate CD14++CD16+ monocyte . i
Beijing, China . . Disrupted monocyte function may hamper clearance of
et al. 2017 i subsets, the HLA-DR density and CD163 density K K 8
The mean CD4/CD8 ratio was 1.07 reactivated infected cells and promote viral rebound.
(8) . R on CD14++CD16+ monocytes
of the chronic HIV patients on
ART
39 (31 Male, 8 female) Chronic Incomplete Recovery of NK cell subsets with L. i i
. . . . X . Poor activating-receptor signaling may cause weaker clearance
Frias, M. HIV patients in Spain; median CD4 | fewer potent cytotoxic NKs: Low percentage of . . A . .
N dim of reactivated cells upon antiretroviral treatment interruption
etal. (9) count 258 cells/ul total CD56" and CD56"™ ; Low % of NK cells (ATI)
Three (3) years of ART expressing NKp30 and NKp46
A 211 (68% female) Ugandan cohort; E—Iigher_proportion of pro-inftaemmatory CD56" Potential role for singlAe-chain diabodies (scDbs) that target the
Bayigga, L. . . CD16~ NK cells; Low CD56™® NK cells HIV-1 envelope protein (Env) and the human type III Fcy
after 4 years of ART; Median Nadir . . . . . AT
et al. (10) Might lead to bystander inflammation without receptor (CD16 to promote NK cell-mediated elimination of
CD4 count<200/pul K o . K L X
effective killing to limit effective remission HIV-1 reservoir (Board et al 2024)
Kloverpris, 147 patients including 83 chronic Depletion ILC1 and ILC3 populations during . . L.
Th t th the body and
H. N. etal. HIV infected in Durban, South chronic infection. Loss of ILC1 /ILC3 and gut- esg may assist the erus remaint In the body and may
X X R X . contribute to faster viral rebound
2014 (11) Africa; ART duration not reported associated innate cells lowers the mucosal barrier
Michailidis, | 100 patients in G. Gemimat:
tenalidis patients in er.mma a Low phagocytic function and of oxidative burst Diminished first-line infection control and cell clearance,
C. et al. Athens General Hospital (60 (31 K K . . .
. of both monocytes and neutrophils; after ATI, reducing residual viral containment
2012 (12) M/ 29 F), ART period not reported

elimination of HIV-infected cells. These inherent deficiencies
during long-term ART could potentially impede antibody- and
Fc-mediated effector functions and increase the risk of rapid viral
rebound following the cessation of treatment. Concerns may be
heightened in sub-Saharan African contexts because of delayed
ART initiation and HIV viral heterogeneity with several non-B
subtype strains that predominate, amid other endemic coinfections
including malaria, tuberculosis, and helminths (15, 16).

Moreover, host innate immunity remains relevant to improve
the efficacy of HIV-1 cure strategies, with a particular focus on
dendritic cells (DCs) and natural killer (NK) cells, including novel
latency-reversing agents targeting DCs as well as DC-based
strategies to enhance the clearance of HIV-infected cells by CD8"
T cells and other strategies to improve the killing activity of NK cells
(17). For example, two single-chain diabodies (scDbs) that target
the HIV-1 envelope protein (Env) and the human type III Fcy
receptor (CD16) were shown to promote NK cell-mediated
elimination of HIV-1 reservoir cells that was dependent on
latency reversal, through robust HIV-1-specific NK cell activation
and NK cell-mediated lysis of HIV-infected cells (18). These
bispecific antibodies mediated the elimination of up to 72% of
intact provirus® CD4" T cells from people receiving suppressive
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ART ex vivo, thus representing promising new therapeutics for
HIV-1 reservoir reduction strategies. In addition, the evaluation of
3BNC117-Db in HIV-1-infected humanized mice suggested that
bispecific antibodies may also have potential application for limiting
reservoir establishment during acute HIV-1 infection or reducing
reservoir size during chronic HIV-1 infection (18). Therefore, HIV-
1-specific scDbs merit further evaluation as potential therapeutics
for the clearance of the latent reservoir in SSA HIV treatment
cohorts (Table 1). Protracted exposure with repeated antigenic
stimulation by the endemic infections of malaria, tuberculosis,
and intestinal helminths, together with delayed ART initiation,
synergizes to fuel activation of the innate immune system. These
exposures exacerbate microbial translocation and monocyte/
macrophage activation, perpetuating elevated biomarkers long
after ART-mediated viral suppression. Persistently dysregulated
innate immunity contributes to systemic inflammation, non-AIDS
comorbidities (e.g., cardiovascular disease and neurocognitive
impairment), and may influence the kinetics of viral rebound
during ATIL. The continued elevation of innate biomarkers after
ART highlights the need to integrate these metrics into monitoring
frameworks and to explore targeted interventions that modulate
innate activation prior to and during cure-directed trials (5).
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TABLE 2 Persistent Adaptive Immune dysfunction during ART for chronic HIV infections.

Description of Dysfunction

Implications for Post ART Viral
control

Citation = Cohort
29 Chronic HIV patients from China (15
Qian, F. had CD4 counts<200 cells/ pl and 14 had>
et al. (4) 200 cells / pl);
2 years of ART
Xiao, Q. 92 patients with Chronic HIV infection in
et al. (19) China with CD4 counts <500 cells / pl CD4 + T cells
i 2 years of ART (10 with >500 cells/ul, 8
Jia, J. et al. ;
with <350 cells/ul) and 8 male Healthy
2022 (20) . .
controls; in China
. 95 patients with Chronic HIV from
Jimenez, V.
Amsterdam
et al. 2016 HLA-DR +
Nakanjako,
Daej?la © 211 patients undetectable VL after 4 years
: ’ f ART
2013 (21) © (CFSE) dye
gak:“zako’ 128 patients with Chronic HIV in
. et al.
Ugandan after 4 years of ART
2011 (22)
Crawley, . .
AM. et al 35 Chronic HIV patients at least 1 year of
T ) ART in Rome, Italy
2012 (23)

Persistent adaptive immune dysfunction
during ART

Individuals who initiated ART after advanced chronic HIV
infection (with low nadir CD4 levels) continue to exhibit
dysfunction of the adaptive immune system despite suppressive
ART, as illustrated in Table 2. The primary dysfunctions include
reduced naive and recent thymic emigrant CD4 T-cell pools,
persistent T-cell activation, accumulation of exhausted and
senescent CD4 and CD8 T cells, increased regulatory T-cell
populations, and diminished diversity in B-cell receptors (19, 24).
If left unaddressed, these persistent dysfunctions are likely to limit
the scope and effectiveness of HIV-specific responses required for
post-ART viral control following treatment interruption.

Chronic HIV exposure leads to sustained upregulation of
inhibitory receptors (including Programmed Cell Death Protein 1
(PD-1), CTLA-4, LAG-3) on CD4&#x207A; and CD8&#x207A; T
cells and persistent coexpression of immune activation markers
(Human Leukocyte Antigen) sub-region D related (HLA-DR) and
Cluster of Differentiation 38 (CD38)). This phenotype reflects a
state of exhaustion characterized by reduced proliferative capacity,
decreased cytokine production, and compromised effector
functions. Elevated levels of systemic inflammation also impede
adaptive responses. Persistent IL-6, CRP, MCP-1, and neopterin are
associated with ongoing immune activation and impaired memory
T-cell functionality even after years of suppression. These cytokines
drive continued T-cell activation and turnover, fostering exhaustion
and impairing long-term immunologic memory (15).

Chronic inflammation affects antigen-specific T-cell responses
and vaccine immunity. ART-treated individuals show altered
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CD4+ and CD8+ Cell-surface expression of programmed
death-1 (PD-1) was markedly elevated in CD4;
particularly with CD4 counts< 200 cells / pl

Low CD4+ naive T cells and Recent Thymic Emmigrant

Decreased B Cell Receptor diversity

High Tregs, CD4+ PD-1 expression and CD4+CD38+

Low T-cell proliferation determined by the extent of
carboxyfluorescein diacetate succinimidyl ester

Persistent high CD4+ T cell and CD8 T cell activation

Reduction of Thymic naive CD4 T cells

T-cell exhaustion limits proliferation/killing of
reactivated cells; and likely predisposes to
earlier rebound

Weaker antibody maturation and CD8
support; likely less durable control after
antiretroviral treatment interuption (ATI)

Potentially limited spectrum of antibody
responses, complicating the management of
diverse or escape variants post ATI;

May also affect effectiveness of therapeutic
vaccinations or bNAbs

T-cell activation and exhaustion may limit
efficient HIV-specific responses and promote
faster Post ART viral rebound

Robust CD8 proliferation has associated more
durable post-ART viral control

Prolonged inflammation may impair effective
HIV-specific cytotoxic function

Low-quality responses to viral antigens;
including diminished vaccine/bnAb synergy

transcriptional profiles and function within memory
CD4&#x207A; T cells, yielding reduced cytokine responses to
recall antigens and vaccines despite ART-mediated viral
suppression. This qualitative impairment extends beyond HIV-
specific responses and has implications for therapeutic
vaccination and other immune-based cure strategies (16).
Moreover, the interplay between HIV-TB and other endemic
pathogens can lead to paradoxical immune activation that is
simultaneously ineffective at pathogen control (17).

Adaptive immune dysfunction undermines the efficacy of
therapeutic vaccines, immune checkpoint modulation, and bNAb
HIV cure strategies by limiting the development of effective
cytotoxic T-cell responses and high-affinity antibody repertoires.
These data suggest that many ART-treated patients in SSA would
need agents to boost their HIV-specific CD8 T-cell responses to
sustain HIV viral control after treatment interruption in the quest
for an HIV cure. A need therefore exists for more controlled
monitoring of immune responses and stringent viral rebound
measurements to understand the benefits of ATI trials among
HIV treatment cohorts in SSA. For example, integrating
assessment of biomarkers of adaptive immune dysfunction, such
as immune activation and T-cell exhaustion markers, as well as
HIV-specific CD8 proliferation and cytotoxicity, would be essential
for SSA populations with unique immunologic landscapes (15).

Immune therapies for ART-treated
individuals with chronic HIV infection

Table 3 presents key immunologic curative options currently
being evaluated, which encompass broadly neutralizing antibodies
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(bNAbs), therapeutic vaccinations, innate immune agonists,

cytokine-based therapies, as well as gene- and cell-based

strategies. Monotherapy with individual bNAbs or latency

reversal agents (LRAs) has generally produced only transient

effects. In contrast, combination bNAD regimens and multifaceted

strategies that include therapeutic vaccines or TLR7 agonists have

demonstrated more substantial delays in viral rebound among

certain early-treated, primarily subtype B cohorts (17, 18). We

TABLE 3 Potential HIV immunotherapies: antiretroviral treatment interruption

Citation

Cohort description

10.3389/fimmu.2026.1754996

also highlight the need to monitor specific biomarkers of HIV-

specific T-cell function, such as CD8 T-cell proliferation using
CFSE dye and intracellular expression of Ki-67 (25), IFN-y Gag/
conserved elements (CE)-specific CD4"/CD8" T-cell responses and

upregulated Gag/CE-specific immune activation (HLA-DR and
CD38) and exhaustion markers (PD-1, CD39), which could be
used as predictors of post-ART viral control during ATTI trials with
combination bNAbs and therapeutic vaccines (25, 26, 33). In

(ATI) trials in sub-Saharan Africa.

Immunotherapy

Implication for PLWHIV in
SSA

Kiani Z et al. (25)

12 participants from four ATI trials in
the USA

bNABs (3BNC117 and/or10-1074

CD8 T-cell functionality is critical for
post-ART viral control

Seven achieved postintervention viral
control (PIC) “controllers”

Five did not achieve PIC
“noncontrollers”

Stronger CD8" T-cell proliferative
capacity (low CFSE dye) in controllers
relative to noncontrollers

HIV epitope-specific CD8" T cells in
controllers had higher
CD45RACD62L" stem-like memory
cells than noncontrollers

Higher expression of molecular
signatures of superior CD8" T-cell
function in controllers (genes and
surface proteins associated with
stemness CD45RA, CD62L, CCR?7,
CD27, TCF?)

Individuals with persistent CD8 T-cell
dysfunction are unlikely to control the
virus even with combination bNAb
interventions

Peluso MJ et al. (26)

10 individuals in the USA (three started
ART within 30 days of HIV infection,
four within 1-6 months of infection,
and three after 6 months of infection),
undetectable VL, CD4 > 500; median
length of ATI 36.7 weeks (range: 14.7-
77.1)

Interventions:

a) Therapeutic vaccine with HIV-Gag
conserved element to enhance HIV-
specific T-cell responses

b) Combination of two long-acting
bNAbs (10.1074 and VRC07-523LS)
and a potential latency reversal agent
(lefitolimod)

Therapeutic vaccines elicited new or
boosted pre-existing IFN-y Gag/CE-
specific CD4" and CD8" responses and
upregulated Gag/CE-specific activation
markers (PD-1, CD39)

Seven out of 10 exhibited post-ART
control; high bNAb susceptibility and
exposure were associated with delayed
rebound

Three controllers had no measurable

reservoir

Robust HIV-specific CD4" and CD8
responses are critical for post-ART viral
control

Gramatica A et al. (27)

Inhibition of enhancer of zeste homolog
2 (EZH2) with tazemetostat

Tazemetostat promotes sustained
skewing of CD8" T cells toward less-
differentiated and exhausted phenotypes

Combination interventions with
tazemetostat could potentially boost
CD8" T-cell function and augment
post-ART viral control

Bailon L et al. (28)

Clinical trial; 50 men with chronic HIV
infection were enrolled in Spain; the
median CD4 T-cell count was 882 cells/
uL. ART duration was 43 months for
the intervention group and 41 months
for the placebo group; reservoir
monitoring was performed

HTI-based therapeutic vaccine
(ChAdOx1.HTI plus
MVA.HTL.CCMM) combined with a
Toll-like receptor 7 (TLR7) agonist.
HIV-1 rebound was detected in all
participants after ART discontinuation

Two participants were lost to follow-up

Therapeutic vaccines may be
immunogenic but not sufficient alone,
especially in SSA, where individuals
initiate ART at low CD4 counts

Rosas-Umbert M et al. (29)

Gaebler C et al. (30)

ART initiated with or without adjunct
bNADb 3BNC117 treatment

Clinical trial; 26 patients from the USA
were enrolled; reservoir monitoring was
performed; median duration on ART

Frequencies of Pol- and Gag-specific
CD8" T cells and Gag-induced
interferon-y responses were higher in
individuals who received adjunctive
3BNC117 compared with ART-alone at
3 and 12 months after starting ART

bNAbs (3BNC117 and 10-1,074) were
used; some patients had viral
suppression after ATI for 7 weeks, 28

Increased HIV-1-specific immunity is
associated with partial or complete
ART-free virologic control during
treatment interruption for up to 4 years

Combination bNAb therapy is better
for functional remission
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TABLE 3 Continued

Citation

Cohort description

Immunotherapy

10.3389/fimmu.2026.1754996

Implication for PLWHIV in
SSA

was 10 years (range: 1-29); 88% men;
mean nadir CD count was 359 cells/pL;
CD4 count at ATI was 729 and 660
cells/uL at rebound

31 adults in the USA with chronic HIV
infection were enrolled; ART was
administered for 2.7 years; reservoir

Sengupta D et al. (31)

monitoring was performed

weeks, and others for the whole 48
weeks of the study
One participant was lost to follow-up

Latency reversal agents: TLR7 agonist
vesatolimod; median time to viral
rebound was 4.3 weeks for a threshold
of > 50 copies RNA/mL and 5.1 weeks
for a threshold of > 200 copies RNA/
mL

A modest delay in viral rebound is best
when used in combination with other
strategies

Sengupta D et al. (32) Phase 1b randomized, double-blind,
placebo-controlled clinical trial of an
oral TLR7 agonist, vesatolimod, in
HIV-1-infected controllers on ART (n

-17)

Vesatolimod was associated with the
induction of immune cell activation,
decreases in intact proviral DNA during
ART, and a modest increase in time to
rebound after ART was interrupted

Increased dendritic cell and natural
killer cell cross-talk and an increase in
cytotoxicity potential after vesatolimod
dosing

Scheid JF et al. (8) 52 patients with chronic HIV in the
USA were enrolled; nadir CD4 count
was > 200 cells/uL; ART duration was
> 12 months. Mean CD4 at ATI start
was 747 cells/uL, and mean CD4

change to rebound was — 127 cells

bNAb 3BNC117 was used; 19 weeks of

Combination instead of monotherapy

remission were achieved after four delays viral rebound after ART

infusions of the antibody; rebound was interruption

due to resistance to the antibody

addition, expression of molecular signatures of superior CD8" T-
cell function (genes and surface proteins associated with stemness,
CD45RA, CD62L, CCR7, CD27, TCF7) could potentially be used as
predictors of post-ART viral control (25).

Discussion

Persistent immune dysfunction during ART:
what are the implications for ART
treatment trials in SSA?

Despite several breakthroughs in treatment and management,
HIV continues to be a major global health concern. The number of
AIDS-related fatalities has decreased from 1.8 million in 2000 to
630,000, and new HIV infections from 2.8 to 1.3 million (34).
However, persistent immune dysfunction demonstrated in settings
of suppressive ART, including NK and DC dysfunction, monocyte
activation, and inflammasome induction, is associated with ongoing
CD4 decline, limited HIV-specific cytotoxicity, and increased risk of
early viral rebound after ART discontinuation (17, 18, 24, 35, 36).
Monocytes/macrophages and dendritic cells play a role in the
pathological alterations affecting the quality of CD4" T cells (24).
Continuous inflammation and activation of monocytes and other
innate immune cells are likely linked to prolonged T-cell exhaustion
and weakened effector functions despite long-term suppressive ART
(154). Similarly, a greater percentage of proinflammatory
CD56brightCD16dim NK cells has been demonstrated among
HIV-infected individuals receiving suppressive ART with
suboptimal immune response relative to immune responders (10),
indicating a potential increase of autoreactive CD56bright NK cells
associated with diminished Treg-mediated control (7) and
increased T-cell apoptosis associated with high cytotoxicity of
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CD56dim NK cells (4). These findings suggest that if left
unmanaged, changes in NK cell phenotypes and function,
including proinflammatory or autoreactive phenotypes and
increased cytotoxicity, could have negative effects on post-ART
HIV viral control after HIV treatment interruption (10, 24, 37, 38).
Noteworthy is the fact that agents that reduce HIV-associated
immune activation and exhaustion may be beneficial as adjunct
therapies to ART to improve recovery of host T-cell function
required for effective, robust viral clearance during ATIs with
combination bNAbs and therapeutic vaccines (25, 26). In a
randomized crossover placebo-controlled trial in Uganda, we
demonstrated that high-dose atorvastatin among ART-treated
adults reduced immune activation (coexpression of HLA-DR and
CD38) and exhaustion (PD-1 expression) relative to placebo (39).
Moreover, there is evidence that daily pitavastatin calcium may
prevent the occurrence of severe cardiovascular disease (including
myocardial infarction, hospitalization for unstable angina, stroke,
transient ischemic attack, peripheral arterial ischemia, and
revascularization) among ART-treated adults in the USA (40, 41).
Hence, there is a need for well-characterized studies to better
understand the role of anti-immune activation agents, such as
stains, on HIV-specific T-cell functions relevant for post-ART
viral control. In addition, evidence is needed regarding the
reduction of immune activation and the incidence of non-AIDS
comorbidities and NCDs among adults aging with HIV in SSA.

Implications for novel immunotherapies for
ART-treated individuals in SSA

Of note, a number of HIV cure remission cases have
documented evidence of either a sterilizing cure or long-term
functional remission in high-income countries. For example, the
Berlin, City of Hope National Medical Center, and Diisseldorf
patients who show different biological and clinical pathways to
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long-lasting remission. These cases provide unique insight into the
circumstances under which a cure may be possible, such as
detection of HIV infection within hours or days, immediate
initiation of ART, ART regimen, and particularly for subtype B
infections (42). Many of these settings are not directly transferable
to the HIV epidemic in SSA, which is predominated by chronic HIV
infections, initiation of ART at advanced stages of HIV disease, and
heterogeneity of non-B HIV subtypes. Nevertheless, the cases
provide important knowledge about viral immune pathogenesis
that can be utilized to translate these rare successes into widely
applicable solutions for both acute and chronic HIV
infections globally.

Our findings suggest that in high-HIV-burden, resource-limited
regions predominantly featuring non-B subtypes, such as SSA,
future cure initiatives should prioritize potentially scalable ATI
trials with combination of successful interventions, including long-
acting bNAb combinations, transportable vaccination platforms,
and oral innate immunity agonists, contingent upon their
integration with strategies addressing underlying immune
dysfunction and their alignment with local viral diversity and
health system capacity. In addition, the design of ATI trials in
SSA should include careful monitoring of chronic inflammation
and immune activation markers (including IP-10, sCD14, LPS, and
caspases) that may be affected by the endemic coinfections that
include tuberculosis, malaria, and intestinal helminths. In addition,
HIV treatment cohorts in SSA that are predominantly young
women provide opportunities to understand age and sex
differences in host immune capabilities for post-ART viral control
and predictors of early viral rebound.

Limitations

We were limited by the critical gap in host and viral
immunologic data in SSA and nonsubtype B acute and chronic
HIV infections, particularly concerning advanced immunotherapies
such as bNADbs, therapeutic vaccines, and gene and stem cell
treatments, among others. The molecular evidence supporting
immune dysfunction and potential curative options is primarily
derived from homogeneous, small cohorts in high-income
countries, with specific clinical characteristics, early treatment
cohorts, or transplant recipients, which are not directly
transferable to HIV epidemic settings in SSA. Similarly, gene
editing, chimeric antigen receptor T (CAR-T) cell therapy (43,
44), and CCR5A32-based transplantation provide compelling
mechanistic proof-of-concept (45), although they are challenging,
expensive, and limited to specialized environments that may not be
easily accessible in many low- and middle-income countries. This is
consistent with a recent review that emphasized limitations in
training, infrastructure, and funding for HIV cure research in
Africa (46). It is therefore critical to advocate (to patients, health
workers, and funders) to expand inclusion of SSA HIV treatment
cohorts in HIV cure trials to generate the much-needed
immunological data in SSA, where host immune profiles and viral
diversity are different from those in high-income countries.
Generating more immunological data from SSA cohorts would
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greatly inform the translation of some of the lessons and benefits of
ATI trials in high-income countries to resource-limited settings that
are still facing a high burden of PLHIV.

Conclusion

Innovative combination immunotherapies to avert persistent
immune dysfunction, such as therapeutic vaccines, combination
bNabs, enhancer of zeste homolog 2 (EZH2) inhibitors like
tazemetostat to boost CD8" T-cell function and augment post-
ART viral control, and latency reversal agents like vesatolimod to
increase cytotoxicity potential of dendritic and natural killer cells,
among others, could potentially optimize HIV-specific CD8 T-cell
cytotoxicity and viral clearance, and delay viral rebound during ATI
trials in SSA.
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