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Abstract
Antiretroviral therapy against human immunodeficiency virus (HIV) is effective in controlling viral replication but cannot
completely eliminate HIV due to the persistence of theHIV reservoir. Innate and adaptive immune responses have been proposed to
contribute to preventing HIV acquisition, controlling HIV replication and eliminating HIV-infected cells. However, the immune
responses naturally induced inHIV-infected individuals rarely eradicate HIV infection, whichmay be caused by immune escape, an
inadequate magnitude and breadth of immune responses, and immune exhaustion. Optimizing these immune responses may solve
the problems of epitope escape and insufficient sustained memory responses. Moreover, immune interventions aimed at improving
host immune response can reduce HIV reservoirs, which have become one focus in the development of innovative strategies to
eliminate HIV reservoirs. In this review, we focus on the immune response against HIV and how antiviral immune responses affect
HIV reservoirs. We also discuss the development of innovative strategies aiming to eliminate HIV reservoirs and promoting
functional cure of HIV infection.
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Introduction

Although effective antiretroviral therapy (ART) can
reduce HIV replication, viremia rebounds within weeks
of ART interruption. This viral rebound might be fueled
by reservoirs that are established early in HIV infection
and influenced by multiple virological and immunological
factors. A potential source of viremia might be the
reactivation of transcriptionally silent but replication-
competent viruses harbored in latently infected cells.[1] In
addition, previous studies have shown that HIV reservoirs
decay very slowly, with a half-life of approximately
44months.[2] Therefore, people living with HIV (PLWH)
cannot be cured by ART on its own, and must receive
lifelong ART.

A replication-competent form of HIV persists in a specific
cell type or anatomical site for a longer time than in the
main pool of actively replicating viruses, forming HIV
reservoirs [Figure 1A].[1] Although there are multiple
reservoirs, the persistence of replication-competent HIV in
resting memory CD4+ T cells represents a major obstacle
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to HIV eradication.[3] Activated CD4+ T cells integrate the
HIV provirus and survive viral cytopathic effects and
cytolytic host effector mechanisms to revert to a resting
memory state.[4] Moreover, HIV latency can also be
established directly in resting CD4+ T cells.[5] In addition
to establishing reservoirs in all subsets of CD4+ T cells,
HIV persists in macrophages, dendritic cells (DCs) and
astrocytes, which can also form HIV reservoirs.[6,7] The
elimination of these latently infected cells is critical to
curing HIV infection. However, biomarkers of the HIV
reservoir that facilitate the elimination of these latently
infected cells are challenging to identify. Studies have
reported that the immune checkpoint molecule pro-
grammed death-1 might be potential biomarkers
expressed on latently infected cells, also not exclusive.[6]

Additional markers will need to be identified for a more
improved targeting of HIV reservoirs.
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Host antiviral immune responses, including innate and
adaptive immune responses, might impact and shape the
HIV reservoir, playing an essential role in eliminating
HIV.[8] Determining the roles of the innate and adaptive
immune response, HIV-specific antibodies (Abs) and B
cells in viral control and elimination are the main research
goals for the next 5 years.[9] Recently, the “Esperanza
patient” has received great attention for achieving a
sterilizing cure of HIV infection. In the Esperanza patient,
no intact HIV proviruses or replication-competent HIV
viral particles were detected in large numbers of cells
(>1.5 billion in total).[10] The mechanisms leading to the
abortive HIV infection in this patient might be attributed
to innate immune cells, HIV-specific B cell and T cell
responses, and cell-intrinsic restriction of viral replication
steps. However, it is clear that immune-mediated mecha-
nisms have difficulties in controlling HIV infection and
eliminating HIV in most HIV-infected individuals natu-
rally. Therefore, a combination of interventions aiming to
induce an HIV-specific immune response and to prevent
HIV infection and spread might be a useful strategy for
controlling viral reservoirs and achieving a functional HIV
cure. Here, we discuss how antiviral immune responses
affect the HIV reservoir, as well as their implications for
immune interventions that aim to cure HIV.
Innate Immune Response and HIV Reservoir

Innate immunity is the first line of defense against viral
infection, and innate immune cells play an essential role in
the onset of HIV infection. During acute HIV infection,
viral pathogen-associated molecular patterns are recog-
nized by pattern recognition receptors expressed by
infected cells, which triggers intracellular innate immune
responses that provide antiviral defenses and aim to
achieve viral restriction.[11] These responses also induce
the production of cytokines and chemokines, which can
recruit and activate innate immune cells such as macro-
phages, natural killer (NK) cells and DCs, leading to
the control of viral spread and activation of the adaptive
immune response.[11] This innate immunity might be used
to improve HIV cure strategies by enhancing the clearance
of early infected cells by cytokines or immune cells.
Macrophages

Evidence has shown that HIV infects and maintains
infection in macrophages.[12] However, the detection of
HIV ribonucleic acid (RNA) and deoxyribonucleic acid
(DNA) in macrophages does not indicate that this cell type
has the ability to produce replication-component virus.[13]

The mechanism of HIV persistence in macrophages is not
completely understood.

A large amount of unintegrated HIV DNA has been
found in macrophages, which can persist for a long
time and is conducive to viral persistence.[14] Interferon
(IFN)/IFN-stimulated gene (ISG) signaling inHIV-infected
macrophages may play important roles in HIV latency.
Host restriction factors, such as sterile a-motif/histidine-
aspartate domain-containing protein 1 (SAMHD1),
apolipoprotein B editing complex (APOBEC) 3 and
myxovirus-resistance protein 2 (MX2), have been shown
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to have a large impact on HIV latency in macrophages
[Figure 1B]. SAMHD1 can inhibit HIV reverse transcrip-
tion (RT) through the depletion of cellular deoxynucleo-
side triphosphates (dNTPs).[15,16] The low intracellular
dNTP concentration in macrophages caused by SAMHD1
may affect RT of viral complementary DNA (cDNA),
restricting proviral DNA synthesis.[17] APOBEC3 pro-
teins, a family of cytidine deaminases, play critical roles in
intrinsic responses to HIV infection and the development
of the HIV reservoir. APOBEC3 proteins inhibit HIV
infection by deaminating deoxycytidine on single-strand-
ed viral cDNA produced by RT, inducing G-to-A
mutations in newly synthesized HIV DNA.[18] The
hypermutation of HIV genomes leads to the accumulation
of defective proviruses in the HIV reservoir, which cannot
produce functional viruses after reactivation. Other host
restriction factors that might restrict HIV RT and
integration include MX2, which works by hindering
nuclear accumulation and inhibiting the integration of
proviral DNA into the host genome.[19] In addition to host
restriction factors, cellular transcription factors, such as
chicken ovalbumin upstream promoter transcription
factor (COUP-TF)-interacting protein 2 (CTIP2), viral
transactivator of transcription (Tat) protein and micro-
RNAs, influence HIV latency in macrophages.[17] Marban
et al[20] showed that CTIP2 can recruit histone deacetylase
(HDAC)1 and HDAC2 and establish a heterochromatic
environmentat theHIVpromoter, leading toHIVsilencing.

DuringHIV infection, althoughmacrophages can produce
cytokines and chemokines to recruit innate and adaptive
immune cells and thus induce an efficient antiviral
response against HIV, HIV can overcome these antiviral
immune responses through several mechanisms in macro-
phages. HIV-infected macrophages can resist the cyto-
pathic effects of HIV infection, which might promote the
development of the HIV reservoir in macrophages.[21] The
expression of triggering receptor expressed on myeloid
cells 1 (TREM1) is critical to protect HIV-infected
macrophages from HIV-induced apoptosis. Campbell
et al[22] identified a mechanism by which HIV can
promote macrophage survival through TREM1-depen-
dent upregulation of B-cell lymphoma-2 (Bcl-2) family
proteins and mitofusins, which can inhibit Bcl-2-interact-
ing mediator of cell death (Bim)-mediated disruption of
the mitochondrial membrane potential and subsequent
apoptosis. In addition, the killing of macrophages by
CD8+ cytotoxic T lymphocytes (CTLs) is mediated by
caspase-3 and granzyme B, whereas the CTL-mediated
killing of CD4+ T cells by caspase and granzyme B is
independent.[23] Therefore, this inefficient CTL-mediated
killing of macrophages may contribute to the setup of HIV
reservoir in macrophages.

Macrophages are heterogeneous and non-dividing cells.
Tissue-resident macrophages are difficult to obtain, which
makes it challenging to investigate their role. Although
animal models have produced robust evidence for the
persistence of viral DNA in macrophages,[24] the com-
plexity of the contribution of macrophage heterogeneity
to HIV persistence cannot be completely explained.
Therefore, whether macrophages can serve as a viable
reservoir for latent HIV infection remains debatable.
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Figure 1: Innate immune response and HIV reservoir. (A) HIV reservoirs. HIV reservoirs are established early in HIV infection and hide in immune-privileged anatomic sites, including the
brain, bone marrow, lungs, lymph nodes, and GALT. (B) Macrophages and HIV reservoirs. Host restriction factors, including SAMHD1, APOBEC3, and MX2, can influence HIV latency in
macrophages by inhibiting RT. (C) DC–NK cell crosstalk. DCs are activated by HIV; secrete pro-inflammatory cytokines, including IL-12, IL-15, and IFNs; and stimulate NK cells. Activated
NK cells secrete IFN-g to promote DC maturation and Th1 immunity. DC–NK cell crosstalk is attenuated in HIV infection. (D) DCs and HIV reservoirs. Viral restriction factors play an
important role in HIV reservoirs in DCs, including SAMHD1, IFITM proteins, TRIM5a, Tetherin, and APOBEC3. HIV can counteract the immune response induced by these host restriction
factors by encoding viral accessory proteins, including Vpr and Vif, which can antagonize APOBEC3, and Vpu and nef, which can antagonize Tetherin. (E) NK cells and HIV reservoirs. NK
cells can recognize and eliminate HIV-infected cells through many different mechanisms, mainly cytokine secretion, ADCC, cytotoxic granule exocytosis, and death receptor pathway
activity, which may be effective for reducing the size of the latent HIV reservoir and become a promising strategy for achieving a functional HIV cure. ADCC: Antibody-dependent cellular
cytotoxicity; APOBEC3: Apolipoprotein B Editing Complex3; CCR5: C-C chemokine receptor 5; CD4:cluster of differentiation 4; DCs: Dendritic cells; GALT: Gut-associated lymphoid tissue;
HIV: Human immunodeficiency virus; HLA-B: Hhuman leukocyte antigen-B; IFITM: Interferon-induced transmembrane; IFN-g: Interferon g; IL-12: Interleukin-12; KIR: Killer
immunoglobulin-like receptors; MX2: Myxovirus-resistance protein 2; NK: Natural killer; NKG2DL: Natural killer group 2 member D ligand; NKG2D: Natural killer group 2D; RT: Reverse
transcription; SAMHD1: Sterile a-motif/histidine-aspartate domain-containing protein 1; Tetherin: Bone marrow stromal antigen 2; Th1 immunity: T helper 1 immunity; TNF: Tumor
necrosis factor; TRIM5a: Tripartite motif containing 5 alpha.
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NK cells
NK cells play an essential role in innate immune
responses to HIV infection.[25] A recent study showed
that NK cells migrated into lymph node follicles and
controlled simian immunodeficiency virus (SIV) replica-
tion in African green monkeys.[26] In addition, changes in
the receptor repertoire and function of NK cells were also
observed during HIV infection.[27] A recent study has
also demonstrated the associations between the receptor-
ligand repertoire of NK cell and markers of HIV
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persistence, which suggests that NK cells might influence
the level of HIV reservoir.[28]

NK cells can recognize and eliminate virus-infected cells
through many different mechanisms, mainly cytokine
secretion, antibody-dependent cellular cytotoxicity
(ADCC), cytotoxic granule exocytosis and death receptor
pathway activity [Figure 1E]. The secretion of cytokines,
such as IFN-g, tumor necrosis factor (TNF) and b-chemo-
kines, has been observed in chronic HIV infection, and
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these cytokines influence antiviral immunity and restrict
HIV spread.[27] The b-chemokines produced by NK cells,
such as CC-chemokine ligand (CCL) 3, CCL4 and CCL5,
function as natural ligands of C-C chemokine receptor 5
(CCR5), which can inhibit HIV infection of target cells.[29]

Moreover, killer immunoglobulin-like receptors (KIRs)
expressed on NK cells can interact with human leukocyte
antigen (HLA) molecules to regulate the activity of NK
cells against HIV-infected cells and control the progres-
sion of HIV infection. The presence of KIR3DS1 and
HLA-B Bw4-80I is associated with improved HIV control,
further supporting the role of NK cells in mediating the
protective effect against HIV infection progression.[30] In
addition, in the context of the anti-HIV immune response,
an upregulated inhibitory receptor T cell immunoreceptor
with immunoglobulin (Ig) and immunoreceptor tyrosine-
based inhibition motif (ITIM) domain (TIGIT) expression
on NK cells correlates inversely with CD4-T cell counts
and positively with plasmaHIV viral loads by reducing the
NK production of IFN-g.[31] Zhang et al[32] recently found
that TIGIT expression on NK cells impaired the ability of
NK cells in inhibiting HIV-1 replication, which provides
an insight to the role of NK cells in the anti-HIV immune
response in relation to TIGIT expression.

HIV Nef has been shown to downregulate the expression
of major histocompatibility complex (MHC) class I
molecules on the surface of infected cells to escape
recognition and lysis by CD8+ T cells.[33] However,
reduced MHC class I expression might avoid CTL
recognition but increase the lysis of HIV-infected cells
by NK cells. Interestingly, HIV Nef can downregulate
HLA-A and HLA-B but not HLA-C or HLA-E.[34] The
presence of HLA-C and HLA-E may play an important
role in avoiding the mass activation of NK cells and
protect HIV-infected cells against NK cell lysis. The ability
of HIV to balance escape from CTLs and protection from
NK cell-mediated attack is important for HIV immune
evasion and HIV persistence.[35] In addition, HIV
infection results in the upregulation of ligands for natural
killer group 2D (NKG2D), which can induce the
activation of NK cells.[36] However, HIV can also limit
and regulate the expression of some NKG2D ligands by
expressing viral accessory proteins.[37]

Furthermore, ADCC mediated by NK cells may be
associated with control of HIV infection. However, ADCC
is also restricted by HIV immune evasion.[38] In addition to
exertingantiviralactivity,NKcellsalsoplay important roles
in immune regulation and adaptive immune response
development. Several studies have demonstrated that NK
cells can regulate the functions of DCs and T cells.[39]

However, HIV infection can interfere with the crosstalk
between NK cells and DCs [Figure 1C].[39] Although there
are currently no data to identify a direct effect of NK cells
on the HIV reservoir, the recognition of general stress
signals induced early inHIV infection byNKcellsmay have
a crucial role in the development of the reservoir.
Dendritic cells

The populations of DCs mainly include plasmacytoid DCs
(pDCs), myeloid DCs and monocyte-derived DCs, which
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are susceptible to infection with HIV and can transfer HIV
to CD4+ T cells to enhance HIV transmission. DCs can
mediate HIV trans-infection through infectious synapses
and infectious exosomes,[40] allowing efficient virus
dissemination. Follicular DCs can capture and maintain
large amounts of HIV, acting as a persistent HIV
reservoir.[41] In addition, Langerhans cells may be a
potential HIV reservoir.[42]

However, DCs are the main antigen-presenting cells that
link innate and adaptive immune responses and play a
critical role in the induction of protective immune
responses against HIV. DCs can activate immune
responses against HIV by mediating the differentiation,
activation and proliferation of T and B cells.[43] During
HIV infection, DCs can produce type I IFNs by sensing
viral products, which can induce ISGs and upregulate class
II HLA and costimulatory molecules, leading to restricted
viral replication and increased expression of molecules
involved in antigen (Ag) presentation and costimula-
tion.[43] As for macrophages, the viral restriction factors
in DCs induced by type I IFNs also play an important role
in inhibiting HIV replication, including SAMHD1,
interferon-induced transmembrane proteins, tripartite
motif containing 5 alpha, bone marrow stromal antigen
2 (BST2 or Tetherin) and APOBEC3.[44] However, HIV
can counteract the immune response induced by these host
restriction factors by encoding viral accessory proteins,
including Vpr and Vif, which can antagonize APOBEC3,
and Vpu and Nef, which can antagonize Tetherin
[Figure 1D].[44] Therefore, DCs may contribute to HIV
immune control by numerous mechanisms, and further
studies will need to be performed to take advantage of
these DC functions for HIV control.
Adaptive Immune Response and HIV Reservoir

Few individuals can naturally control HIV infection by
immune-mediated mechanisms. This HIV control might
be attributed to a broad and fine regulation of the adaptive
immune responses that participate to limit the size of
the HIV reservoirs,[45] suggesting that immunotherapies
consisting of enhanced T cell and B cell responses might
contribute to achieving a functional HIV cure.
Antibody responses

Accumulating evidence has demonstrated thatHIV-specific
Abs play an important role in HIV control. These Abs have
the capability to bind with HIV Ags and prevent the virus
from invading host target cells. They can also meditate a
wide range of functions by direct neutralization of viral
infectivity or through interactions between the Fc domain
of the antibody and Fc receptors, complement proteins,
or lectins to promote HIV elimination. These later
functions mainly include ADCC, antibody-dependent
cellular phagocytosis, complement-dependent cytotoxicity
and anti-inflammatory activities.[46]

Broadly neutralizing Abs (bNAbs) with breadth and
potency can neutralize a wide spectrum of HIV variants,
exhibiting potential for effectively decreasing HIV reser-
voirs. Early first-generation bNAbs displayed a good
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neutralizing breadth but had limited potency, resulting in
little clinical benefit. With the development of single-cell
antibody cloning methods, second-generation bNAbs
have shown the potential for a role in achieving a
functional HIV cure.[47] bNAbsmainly target five epitopes
onHIV envelope (Env) including the CD4-binding site, the
V3- and V1/V2-glycans on gp120, the gp120-gp41
interface and the gp41 membrane-proximal region
(MPER).[48] A study showed that bNAbs could reduce
the HIV reservoir and interfere with its establishment in
humanized mice.[49] Another study evaluated the presence
of plasma bNAbs in HIV-infected infants. It demonstrated
that plasma bNAbs could effectively target diverse
autologous circulating viruses in multivariant HIV
infection.[50] However, HIV can avoid Ab control by
changing the variable epitopes, leading to neutralization
escape. Changes in the HIV envelope conformation and
glycan abundancemay also affect the exposure of relatively
conserved epitopes and induce HIV immune escape.[51]

In addition, HIV infection can occur via genital mucosal
tissues, which comprise a multicellular layer of stratified
squamous epithelial cells. Both cell-free and cell-associat-
ed infectious HIV can infect host cells.[46] Previous studies
suggest that cell-to-cell HIV transmission makes a large
contribution to its rapid dissemination throughout the
mucosal site of the human body. Indeed, bNAbs could
contribute to protection against HIV transmission
through cell-free or cell-to-cell HIV transmission path-
ways,[40] which would lead to new therapeutic and next-
generation therapeutic approaches for reducing the HIV
reservoirs and inhibiting HIV transmission.
CD8+ T cell responses

CD8+ T cells play a critical role in the antiviral immune
response against HIV. Evidence has shown that CD8+ T
cells might mediate the control of HIV replication and the
prevention of HIV infection progression. The common
features from elite controllers were described previously:
HIV-specific CD8+ T cells mediate durable HIV con-
trol.[52] During acute HIV infection, CD8+ T cells are
involved in the post-peak decline in HIV viremia. CD8+

T cells can recognize HLA class I molecules on the surface
of HIV-infected cells and lyse those cells through the
secretion of perforin and granzymes. The secretion of
cytokines, including IFN-g, TNF-a, CCL5 and macro-
phage inflammatory proteins 1a and 1b, also has antiviral
effects. In addition, CTLs can eliminate infected cells
via Fas/Fas-ligand interactions and the TNF-related
apoptosis-inducing ligand (TRAIL)/TRAIL receptor
(TRAIL-R) pathways.[53] The ability of CTLs to effectively
recognize and eliminate HIV-infected cells is essential
for reducing HIV reservoirs. Although CTLs can inhibit
defective proviruses, their ability to control intact
proviruses is limited.[54] The effectiveness of CD8+ T cells
in restraining HIV reservoirs remains unclear. In addition,
CTL-mediated HIV eradication faces some obstacles, such
as HIV immune escape, CD8+ T cell exhaustion, CD8+

T cell compartmentalization and HIV latency.[55] A better
understanding of the roles of CD8+ T cells related to HIV
reservoirs could provide promising immune strategies for
the prevention and cure of HIV/AIDS.
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In addition to the CTL response, the CD8+ T cell non-
cytotoxic antiviral response (CNAR) can suppress HIV
replication. A recent study showed that non-cytolytic
CD8+ T cells could mediate HIV suppression by silencing
long terminal repeat (LTR)-dependent HIV transcription
and that this activity was an MHC-independent immu-
noregulatory mechanism that regulated the proliferation
and activation of CD4+ T cells.[56] The CNAR is also
associated with the secretion of a soluble CD8+ T cell
antiviral factor (CAF) that contributes to blocking HIV
transcription and affects all HIV isolates. The CNAR and
CAF might have characteristics of both innate and
adaptive responses and play a role by inhibiting HIV
transcription.[53]
Immune Interventions for HIV Cure

A sustained HIV-specific immune response is essential for
the elimination of HIV-infected cells during ART
administration. Many studies have focused on “Shock
and Kill” strategies to eliminate HIV reservoirs. “Shock
and Kill” aims to reverse HIV latency and increase viral
gene expression [Figure 2A], followed by clearance of
infected cells via immune-mediated killing by NK cells,
CTLs and bNAbs.[57] However, “Shock and Kill” has
been challenging to achieve. The localization of reac-
tivated CD4+ T cells in protected sites, insufficient
expression of HIV Ags by reactivated CD4+ T cells, low
levels and impaired function of HIV-specific CD8+ T cells,
and presence of CTL escape mutants might affect the
effectiveness of “Shock and Kill” strategies.[58] Therefore,
insufficient antigen induction by latency-reversing agents
(LRAs) and the lack of effective clearance by immuno-
therapies are the main concerns. A deep understanding of
antiviral immune responses and immune escape strategies
could contribute to the development of immune
approaches targeting the HIV reservoir, which has
implications for generating a functional HIV cure.
Innate immunity-based interventions for HIV cure

Innate immunity might play critical roles in reversing HIV
latency and eliminating HIV-infected cells. Studies have
shown that innate immunity, currently mainly considered
to be mediated by DCs and NK cells, can improve the
effectiveness of HIV cure strategies.[59] DCs have been
reported to reactivate latently infected cells in “Shock and
Kill” strategies through their antigen presentation func-
tion. Tsai et al[60] showed that the selective Toll-like
receptor 7 (TLR7) agonist GS-9620 could induce HIV
reactivation and improve immune effector functions
specifically targeting HIV-infected cells. They suggested
that the induction of latency reversal by GS-9620 requires
the presence of pDCs and production of IFN-a. A recent
phase 1b clinical trial also showed that GS-9620 was
associated with an induction of immune cell activation, a
reduction in intact proviral DNA during ART, and an
increase in the rebound time after ART interruption.[61]

Therefore, TLR7 agonists can be combined with thera-
peutic vaccines and bNAbs to enhance the HIV-specific T
cell response and ADCC, thereby improving the elimina-
tion of HIV-infected cells [Figure 2B]. In addition, DC-
based immunotherapeutic vaccines have been developed
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Figure 2: Immune interventions for HIV cure. (A) “Shock” HIV out of hiding. HIV latency in reservoirs is reversed, leading to increases in viral gene expression and viral protein production. (B)
Innate immunity-based interventions for HIV cure. TLR7 agonists and pDCs reactivate HIV-infected cells. HIV-infected cells can be recognized and killed by CTLs and NK cells. MoDC induce CTL
and CD4+ T cell responses through Ag presentation. DC-based immunotherapeutic vaccines also involve CD40L, which can enhance DC maturation, interleukin(IL)-12p70 (IL-12p70)
production and Ag presentation. (C) T cell-based interventions for HIV cure. CTL-mediated immunotherapy plays a critical role in eliminating the HIV reservoir. CAR-T cells target HIV binding
sites on the surface of reactivated reservoir cells and secrete granzymes and cytokines to kill HIV-infected cells. (D) Antibody-based interventions for HIV cure. HIV-specific bNAbs can bind with
different epitopes of HIV Env and promote the elimination of HIV reservoirs. Bispecific Abs can simultaneously bind with two different Ag binding sites or epitopes with different inhibitory effects
on HIV Env to produce immune responses. DART proteins can improve the recognition of HIV Env on the surface of infected cells and recruit effector cells to eliminate infected cells. (E)
Hematopoietic stem cell transplantation for HIV cure. Allo-HSCTwith homozygous CCR5D32 donor cellsmay achieve HIV remission, further supporting the development of functional HIV cures.
The graft-versus-host effect may be a key factor in achieving a sterilizing cure of HIV infection after allo-HSCT. Abs: Antibodies; ADCC: Antibody-dependent cellular cytotoxicity; Ag: Antigen;
allo-HSCT: Allogeneic hematopoietic stem cell transplantation; bNAbs: Broadly neutralizing Abs; CAR-T: Chimeric antigen receptor T; CCR5: C-C chemokine receptor 5; CD40: Cluster of
differentiation 40; CD40L: CD40 ligand; CTLs: Cytotoxic T lymphocytes; DART: Dual-affinity retargeting; DC: Dendritic cell; DNA: Deoxyribonucleic acid; FcgR: Fc gamma receptor; HIV:Human
immunodeficiency virus; HIV Env: HIV envelope; IFNg: Interferon g; IL-2: Interleukin-2; MHC: Major histocompatibility complex; MoDC: Monocyte-derived DCs; NK: Natural killer; pDCs:
Plasmacytoid DCs; PLWH: People living with HIV; RNA: Ribonucleic acid; TCR: T-cell receptor; TLR7: Toll-like receptor 7; TNF-a: Tumor necrosis factor-a.
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to promote the recovery of the host immune response by
DC-specific antigen presentation. AGS-004 is a DC-based
immunotherapy that consists of mature autologous DCs
coelectroporated with transcribed RNA encoding autolo-
gous HIV Ags (Gag, Vpr, Rev, and Nef) and synthetically
derived CD40L [Figure 2B]. A recent study investigated
the impactof theHDACinhibitorvorinostat combinedwith
AGS-004 on theHIV reservoir. However, the interventions
had no effect on the HIV reservoir, as measured by a
quantitative viral outgrowth assay.[62] This result might be
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attributable to the small sample size of the study, uncertain
efficacy of vorinostat in vivo, and absence of HIV-specific
CD8+ T cell responses. In addition, NK cells have been
shown to play an essential role in immune control of HIV
infection. Immunotherapies aimed at restoring the func-
tionality of NK cells in HIV infection and improving the
NK cell survival capacity and the ability to recognize
latently HIV-infected cells might be effective in reducing
the size of the latent HIV reservoir. These strategies might
become promising for functional cure of HIV.
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T cell-based interventions for HIV cure
Previous studies showed that stimulation of HIV-specific
CTLs might facilitate the elimination of the HIV reservoir
after viral reactivation. Increasing evidence supports that
focusing on CTL responses targeting specific regions of the
viral proteome is beneficial for HIV cure.

Increasing preclinical evidence suggests that vaccine-
induced CD8+ T cell-mediated immunity can provide
protection against retroviral infection and establish durable
remission after therapeutic vaccination.[63] HIV-specific
CD8+ T cells have also been shown to provide durable
control following HIV infection, which can enhance
vaccine-induced humoral immunity offering incomplete
protection. Fan et al[64] evaluated the effect of adoptively
transferred vaccine-induced HIV subtype C Env-specific
CTLs on plasma viremia after ART interruption in a
macaque subtype B simian-human immunodeficiency virus
(SHIV) model. They demonstrated that autologous Env-
specific T cells enhanced by therapeutic vaccination could
inhibit SHIV rebound in ART-free macaques. Another
studyevaluated the relationshipbetweenGag-specificCD8+

T cell responses and the anti-SIV efficacy of CD8+ T cells
after vaccination. It indicated that the induction of Gag-
specific CD8+ T cells through therapeutic vaccination could
enhance the antiviral efficacyofCD8+Tcells.[65]Thesedata
suggest that CTL-mediated immunotherapy plays a critical
role in suppressing HIV rebound and eliminating the
HIV reservoir.

The effective and sustained T cell response that chimeric
antigen receptor (CAR)-T cells can afford might be critical
in the development of effective strategies for HIV cure
[Figure 2C]. Studies have demonstrated that HIV-specific
CAR-modified CD4+ T cells directly suppress HIV
replication in vitro and eliminate virus-infected cells.[66]

Maldini et al[67] developed dual CD4-based CAR-T cells
with distinct costimulatory domains to optimize HIV-
specific CAR-T cell therapy. This study showed that these
cells could promote HIV suppression and reduce HIV
viremia and the tissue viral burden in a bone marrow,
liver, thymus (BLT) humanized mouse model. However,
some potential limitations exist for CAR-T cell therapy.
The target epitopes must be expressed on the cell surface at
a high density, and all current CARs target highly variable
envelope glycoproteins. The other important obstacle to
overcome before testing CAR-T cells in PLWH is the lack
of safe and effective LRAs.

Antibody-based interventions for HIV cure
As with T cell responses, an antibody-mediated immune
response can be evoked to promote a functional HIV cure.
In recent years, HIV bNAbs, which are being explored as
potential therapeutic and preventative agents, have been
identified to bind with different epitopes of HIV Env
[Figure 2D].The protective effect of bNAbshas been shown
in humanized mouse and non-human primate animal
models. Furthermore, the effectiveness of bNAbs in HIV-
infected individuals is being evaluated in clinical trials.

Clinically advanced bNAbs, including the CD4 binding
site-targeting bNAbs 3BNC117 and VRC01, have been
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evaluated in HIV-infected individuals in clinical trials. A
clinical trial showed that the combination of 3BNC117
and 10–1074 could maintain long-term viral suppression
in individuals with antibody-sensitive HIV reservoirs
following ART interruption.[68] A phase 1b clinical trial
also concluded that the combination of 3BNC117 and
10–1074 more effectively suppressed HIV viremia than
either antibody alone.[69] In addition, Astronomo et al[70]

showed that intravenous VRC01 was distributed in rectal
and vaginal tissues and could protect against ex vivo HIV
challenge. Other clinical trials also showed that VRC01
could promote HIV remission by preventing viral
replication and eliminating infected cells.[71] However,
recently, two randomized clinical trials found that VRC01
could not prevent HIV acquisition, which suggests that
a broader and more potent combination of Abs should
be used. In addition to CD4 binding site-specific Abs,
the bNAbs currently in advanced clinical development
include agents targeting the V3-glycan site (PGT121 and
10–1074), MPER epitope (10E8) and V2-glycan site
(PGDM1400 and CAP256).[47] Together these studies
emphasize that Abs can prevent HIV infection if fully
sensitive to the virus.[72] The bNAb monotherapy trials
showed that a single bNAb therapy might select for HIV-
resistant variants; therefore, bNAb combinations might be
more effective against HIV than monotherapies, which
should be recommended.

To confront the emergence of viral escape mutants, the
antiviral activity of bispecific andmultispecific Abs against
HIV has been explored. Bispecific Abs can simultaneously
bind with two distinct Ag binding sites or epitopes with
different inhibitory effects on the pathogen or can connect
to cells to produce immune responses. The dual-affinity
retargeting (DART) scaffold is a bNAb-based modality
that provides relatively good stability, manufacturability,
and potency [Figure 2D]. [73] Previous studies have
focused on DART proteins that can recognize both the
HIV envelope and CD3 molecules. This combination
should induce the clearance of HIV-infected cells by
increasing cytotoxic T cell recruitment to Env-expressing
infected cells.[74] However, these molecules mainly target
HIV-infected cells and do not play a role in viral
neutralization. Other studies have reported the develop-
ment of bispecific anti-Env Abs with an enhanced
neutralization breadth and potency, which play a critical
role in the control of HIV infection.[75] In addition, a
trispecific antibody that combines three HIV-specific
bNAbs demonstrated outstanding HIV coverage with
remarkable potency in neutralization assays, which
showed the effectiveness of trispecific Abs for HIV
prevention and functional cure.[76]
Hematopoietic stem cell transplantation for HIV cure

Allogeneic hematopoietic stem cell transplantation (allo-
HSCT) might dramatically reduce the HIV reservoir
when complete donor chimerism is achieved, which might
be sufficient to achieve HIV remission [Figure 2E]. The
“Berlin patient” received two allo-HSCTs using cells
from a donor with a homozygous mutation in
CCR5 (CCR5D32/D32) and achieved sustained HIV
remission.[77] The “London patient”, who underwent
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allo-HSCT, has been in HIV remission for 30months with
no detectable replication-competent virus in diverse HIV
reservoir sites.[78] Another study also suggested that allo-
HSCT with homozygous CCR5D32 donor cells might
achieve HIV remission, further supporting the develop-
ment of strategies for functional HIV cure based on
preventing CCR5 expression.[79] A multicenter random-
ized controlled trial demonstrated that human umbilical
cord mesenchymal stem cell infusion in chronic immune
non-responder HIV-infected patients was safe and well
tolerated.[80] In addition, HLA-mismatched allogeneic
adoptive immunotherapy has been shown to be safe and
potentially contribute to achieving better immune resto-
ration in immunosuppressed AIDS patients.[81]

The mechanisms of HIV eradication associated with allo-
HSCT have been investigated. Salgado et al[82] found that
5 of 6 participants who received allo-HSCT with CCR5-
wild-type donor cells eliminated all measurable HIV
reservoirs. They also demonstrated that the graft-versus-
HIV-reservoir effect might be a key factor in achieving a
sterilizing cure of HIV infection after allo-HSCT.
However, studies have indicated that the SHIV DNA
reservoir cannot be eradicated after allo-HSCT in a non-
human primate model, despite high levels of donor
chimerism and graft-versus-host disease.[83] Allo-HSCT
may result in a reduction in the HIV reservoir, but viral
rebound can still occur. Eberhard et al[84] described the
immunological reconstitution and HIV-specific T cell
response breadth and functionality of 16 HIV-infected
individuals who received allo-HSCT. High T cell activa-
tion was found after early allo-HSCT, which might
increase the risk of engrafted cell infection in deep tissues
and reseeding of HIV reservoirs, suggesting the impor-
tance of maintaining ART after allo-HSCT. In addition,
Xu et al[85] recently reported the use of clustered regularly
interspaced short palindromic repeats (CRISPR)-CRISPR
associated protein 9 (Cas9) gene editing in a patient with
acute lymphoblastic leukemia whowas infected with HIV.
Authors selected an HLA-compatible person as the donor
for stem-cell transplantation in this patient, and the donor
stem cells were subjected to genome editing with the use of
CRISPR–Cas9 technology to knock out CCR5 before
infusion into the HIV-infected recipient. The edited stem
cells were engrafted, and at 19months after transplanta-
tion, the leukemia was in remission, and the patient
continues to have HIV infection and to receive ART.
Although we achieved successful transplantation and
long-term engraftment of CRISPR-edited hematopoietic
stem and progenitor cells, the percentage of CCR5
disruption in lymphocytes was only approximately 5%,
which indicates the need for further research into this
approach.[85] Further studies on CCR5-defective cells,
especially cells used for cord blood transplantation,
engineered CCR5-knockout cells for autologous and
allogeneic transplantation, and allogeneic transplantation
with ART might be needed to develop an effective cure
strategy and achieve HIV remission.

Conclusions

The HIV reservoir represents a major barrier to HIV
eradication. Effective innate and adaptive immune
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responses are essential for elimination of the HIV
reservoir. However, host immune responses might occur
too late or be insufficient, resulting in an inability to
effectively eliminate the HIV reservoir. Therefore, the
development of effective immunological approaches will
most likely be needed. In addition, future work should
specifically focus on combining immunotherapeutic
strategies linking of innate and adaptive immune
responses and antiretroviral drugs to eradicate HIV
reservoirs. Complex combination of synergistic strategies
may represent a promising way forward for HIV cure.
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