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RESUMEN

El mantenimiento del reservorio latente del virus de la inmunodeficiencia humana de tipo
1 (VIH-1) en los linfocitos T CD4+ y otros tipos celulares constituye el principal problema
para conseguir la eliminaciéon del virus en las personas con VIH (PCV). El tratamiento
antirretroviral (TAR) de por vida no consigue eliminar el reservorio viral, y su interrupcion da
lugar al incremento de la viremia en pocas semanas. Los inhibidores de tirosina kinasa
(ITK), utilizados en la practica clinica para el tratamiento de la leucemia mieloide crénica
(LMC), se plantean como un posible tratamiento conjunto al TAR que permita una
reduccién notable deltamano delreservorio viral. Entre los ITKs, destacan por su potencial
actividad antiviral dasatinib y ponatinib, cuya capacidad para interferir con la proliferacion
homeostatica y la activacién mediada por el TCR de los linfocitos T CD4+ podria disminuir
notablemente el mantenimiento y proliferacién del reservorio viral de VIH-1. Este proceso
de inhibicidon parece centrado en dos mecanismos principales: i) el mantenimiento de la
actividad antiviral del factor SAMHD1 (SAM domain HD domain-containing protein 1); y ii)
la induccidn de la proliferacidon de poblaciones inmunes citotdxicas, como las células
Natural Killer (NK), los linfocitos T CD8+ y los linfocitos y®T, que son cruciales en el
mantenimiento de la respuesta antileucémica en individuos con LMC que discontinuan el
tratamiento cuando los clones leucémicos se vuelven indetectables después de varios

afos de terapia.

En este trabajo se describen tres estudios relacionados con el efecto de los ITKs en el
reservorio del VIH-1. En primer lugar, hemos reportado que los linfocitos T CD4+ de
personas con LMC que recibieron un tratamiento de intensificacién con ponatinib durante
un afo eran resistentes a la infeccion por VIH-1 in vitro gracias al mantenimiento del efecto
antiviral de SAMHD1 en estas células. Ademas, los linfocitos T CD4+ de estos pacientes
permanecieron resistentes a la infeccién por VIH-1 un ano después de que discontinuaran
el tratamiento con ponatinib, gracias a la proliferaciéon y reprogramacion de las células NK
y yOoT CD8-. En segundo lugar, hemos estudiado los cambios producidos en el tamano del
reservorio viral, su composicién y competencia para ser reactivado en dos PCV con LMC
que se encontraban en tratamiento con dasatinib durante 4 anos. Pudimos observar que el
inicio del tratamiento con dasatinib en ambos individuos supuso un descenso drastico en
el tamanfo del reservorio viral, siendo los provirus intactos indetectables durante la mayor
parte del tratamiento con dasatinib de ambos individuos. La capacidad de reactivacion del
reservorio era menor que la de PCV que sélo tomaban TAR. La inhibicién de la fosforilacién

de SAMHD1, junto con el bloqueo de la proliferacién y activacion de los linfocitos T CD4+,
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parecian ser los mecanismos implicados en estos efectos. Esta es la primera descripcién
de un tratamiento farmacoldgico oral in vivo que reduce de manera significativa el tamano
del reservorio. Por ultimo, en tercer lugar, se describe la capacidad de dasatinib y ponatinib
para modificar el metabolismo celular de los linfocitos T CD4+, CD8+ y las células NK.
Ambos ITKs mostraron ejercer un fuerte efecto citostatico sobre linfocitos T CD4+y CD8+,
lo que conferiria un potente efecto protector a los linfocitos T CD4+, pero podria reducir la
respuesta citotoxica de los CD8+. Sin embargo, en las células NK, el tratamiento con
dasatinib no impidio la activaciéon mediada por citocinas, lo cual permitiria el desarrollo de

su capacidad citotéxica.

En conclusidn, los datos presentados en esta tesis demuestran que el tratamiento con los
ITKs dasatinib y ponatinib produce un potente efecto antiviral que interfiere eficientemente
con la infeccién por VIH-1 y el mantenimiento del reservorio viral. Entre los mecanismos
subyacentes a este efecto antiviral que permiten su mantenimiento tras la interrupcion del
tratamiento se encuentran el potente efecto citostatico de los linfocitos T CD4+ y la mejora
de la capacidad citotdxica de algunas poblaciones celulares. Elfin Ultimo de estos estudios
es trasladar estos hallazgos a la clinica para poder evaluar si el tratamiento a corto plazo
con ITKs como adyuvantes del TAR en PCV podria interferir con la dinamica del reservorio

viral y contribuir a una posible cura funcional.
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ABSTRACT

The persistence of the latent human immunodeficiency virus type 1 (HIV-1) reservoir in
CD4+ T cells and other cell types remains the primary barrier to viral eradication in people
with HIV (PWH). Life-long antiretroviral therapy (ART) fails to eliminate the viral reservoir, and
treatment interruption results in increased viremia within weeks. Tyrosine kinase inhibitors
(TKIs), clinically used for the treatment of chronic myeloid leukemia (CML), are proposed as
a possible treatment in conjunction with ART that may significantly reduce the viral
reservoir. Among TKls, dasatinib and ponatinib stand out for their potential antiviral activity
by interfering with homeostatic proliferation and TCR-mediated activation of CD4+ T cells,
which are key mechanisms for HIV-1 reservoir maintenance. This inhibition process seems
to be focused on two mechanisms: i) the maintenance of the antiviral activity of the antiviral
factor SAM domain HD domain-containing protein 1 (SAMHD1); and ii) the expansion of
cytotoxic cells, such as Natural Killer (NK) cells, CD8+ T cells, and y&T cells, which are
crucial for the maintenance of the antileukemic response in people with CML who
discontinue treatment when leukemic clones become undetectable after several years of

therapy.

In this thesis, we described three studies related to the effects of TKIs on HIV-1 reservoir.
First, we have reported that CD4+ T cells from CML individuals who received one-year
ponatinib intensification treatment, were resistant to HIV-1 infection in vitro due to the
maintenance of the antiviral effect of SAMHD1 on these cells. Moreover, CD4+ T cells from
these individuals remained resistant to HIV-1 infection one year after they discontinued
ponatinib treatment, due to the proliferation and reprogramming of NK cells and CD8- yoT
cells. In the second study, we analyzed changes in viral reservoir size, composition and
competence to be reactivated in two PWH and CML who were on treatment with dasatinib
for 4 years. We observed that the initiation of dasatinib in both individuals resulted in a
drastic reduction in reservoir size, with intact proviruses being undetectable for most of the
treatment. Reservoir reactivation was decreased when compared to PWH only on ART.
Inhibition of SAMHD1 phosphorylation, coupled with blockade of CD4+ T cell proliferation
and activation, were suggested as the main mechanisms for these effects. This is the first
description of an in vivo oral drug treatment that significantly reduces reservoir size. Finally,
third study describes the ability of dasatinib and ponatinib to modify the metabolism of
CD4+ Tcells, CD8+ T cells and NK cells. Both TKIs were shown to exhibit a potent cytostatic
effect on CD4+ and CD8+ T cells, protecting CD4+ T cells against HIV-1 infection but

potentially modifying the cytotoxic response of CD8+ T cells. In NK cells, dasatinib did not
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impair cytokine-driven activation, which would allow the development of their cytotoxic

capacity.

In conclusion, the data presented in this thesis demonstrate treatment with the TKils
dasatinib and ponatinib produces potent antiviral effects that effectively interfere with HIV-
1 infection and reservoir maintenance. Among the mechanisms underlying this antiviral
effect that allow its maintenance after treatment discontinuation are the potent cytostatic
effect on CD4+ T cells and the enhanced proliferation and cytotoxic capacity of some cell
populations. The goal of these studies is to translate these findings to the clinic for the
evaluation of short-term adjunct therapy with TKIs in PWH as adjuvants of ART could
interfere with the dynamics of the viral reservoir and contribute to a possible functional

cure.
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INTRODUCTION







1. More than 40 years of HIV pandemic.

The human immunodeficiency virus (HIV) pandemic emerged in the early 1980s as a
mysterious and devastating illness that initially confused the medical and scientific
communities. The first cases were reported in 1981 in the cities of Los Angeles and New
York. There, five previously healthy young men were diagnosed with unusual conditions
such as pneumonia produced by Pneumocystis jirovecii, or Kaposi’s sarcoma, diseases
typically associated with severe immune suppression (1). These early cases, primarily
among men who have sex with men (MSM), signaled the onset of a global health crisis that
would soon spread to other populations, including people who use injected drugs,
hemophiliacs, and heterosexual individuals. This was the beginning of what later would be
known as acquired immunodeficiency syndrome (AIDS). By 1983, the causative agent, HIV,

was identified by the team of Frangoise Barré-Sinoussi, and Luc Montaigner (2,3).

According to The Joined United Nations Program on HV/AIDS (UNAIDS), there were more
than 39.9 million people with HIV (PWH) at the end of 2023, 9.3 million of them living without
treatment. From the 88.4 million people that have been infected with HIV since the
beginning of the pandemic, 42.3 million people have deceased of AIDS-related causes. To
give an end to the pandemics, UNAIDS has proposed the 95-95-95 strategy for 2025 (95%
of PWH know their serologic status, of which 95% are on antiretroviral treatment (ART), and
95% of those are with suppressed viral load). By 2023, 86% of PWH knew their serologic
status, of which 89% had access to ART, and of which 93% were with suppressed viral load.
In the same year, 630,000 PWH died of AIDS-related causes, while in 2005 2.3 million
deaths were registered (4). In 2023, more than half (52%) of PWH were living in eastern and

southern Africa (Figure 1), and about 1.3 million acquired HIV (4).

Despite the great advances that have been achieved in the past decades, the HIV pandemic
is still one of the biggest global health problems. Thus, big efforts are still necessary to
develop a safe and effective preventive vaccine, to address against disparities in access to
prevention and treatment, to fight the persistence of stigma, and to design
immunotherapies and other new strategies that may contribute to achieve a functional cure

or to eradicate the infection.
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B Western and central Africa
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Figure 1. Distribution of PWH by region, 2023. Obtained from (5).

2. Virology of HIV
2.1. HIV origin and classification

HIV is a member of the Retroviridae family, Orthoretroviridae subfamily and Lentivirus
genus, which includes enveloped viruses with two copies of single-stranded positive RNA.
This RNA is retrotranscribed into double-stranded DNA, which is then integrated into the

host cell genome (6).

HIV originated grom multiple zoonotic transmissions of simian immunodeficiency virus
(SIV) from nonhuman primates to humans in West and Central Africa. These cross-species
transmissions likely occurred through activities such as hunting and butchering primates
for bushmeat, as well as the capture, trade, and domestication of monkeys as pets (7). The
different lineages of HIV were generated from independent events of zoonotic transmission:
HIV type 1 (HIV-1) and type 2 (HIV-2) (Figure 2). Both types are also divided into groups: HIV-
1 contains groups M (responsible for the global HIV pandemic), N, O, and P; and HIV-2
contains groups A to H. The incidence of each group is very diverse: more than 39.9 million
people are infected with group M, while group O causes thousands of infections in West-
Central Africa and group N has been identified in only a few individuals in Cameroon (8-12).
HIV-1 group M originated from the SIV of the chimpanzee Pan troglodytes troglodytes in
West-Central Africa (13,14), and it contains subtypes A-K (except E and I, which are

circulating recombinant forms (CRF) (15). HIV-1 group Mis also the oldest HIV lineage found
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in humans, in which its cross-species transmission is estimated to have taken place

between 1853 and the early 1900s (16).

HIV-2 emerged from SIV-infected sooty mangabey (Cercobeus atys) monkeys, being the
cross-species events with human estimated to be between the 1940-50s in Guinea-Bissau
(17,18). HIV-2 is restricted to West Africa, although it has also been identified in North
America for the large presence of West African migrants. It is also widespread in other
countries like Brazil, India and some European countries like Portugal, France, Spain or
Belgium (19-22). HIV-2 is characterized by its lower infectivity, lower pathogenicity, higher
CD4+ T cell counts and slower progression to AIDS (23-25,25-27). Although ART is still
necessary to control the progress of the infection, itis estimated that only 15-25 % of HIV-2

infections will progress to AIDS (25).

[ ]
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[ ]
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‘Q \ ®
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/ e
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@
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Figure 2. Origin of HIV groups. HIV groups proceed from cross-species transmissions of

@ 1
SIVsmm \

different SIV strains of nonhuman primates. Created with Biorender.

In this PhD thesis, when HIV-1 is mentioned, it will be assumed that it is referred to group M,

responsible for the global pandemic.

2.2. HIV genome and virion structure

The 9.6kb HIV genome contains nine genes that encode the viral proteins (28-30). The
genome is flanked by two non-coding sequences, known as long terminal repeats (LTRs),

which are essential for integration, transcription and establishment of latency (Figure 3).
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The three major genes are group-specific antigen (gag), polymerase (pol) and envelope
(env). Gag codes for structural proteins: matrix protein p17 (MA), capsid protein p24 (CA),
nucleocapsid protein p7 (NC), and late assembly protein (p6). Pol encodes enzymes:
protease (PR), reverse transcriptase (RT) and integrase (IN). Lastly, envelope (env) produces
envelope proteins surface gp120 (SU) and transmembrane gp41 (TM). The remaining genes
code for regulatory proteins (transcriptional activator [Tat] and regulator of viral gene
expression [Rev]) and accessory proteins (viral infectivity factor [Vif], viral protein U [Vpu],

viral protein R [Vpr] and negative effector [Nef]) (Figure 3) (31,32).

HIV-1 genome

5'LTR P gag P 03 LR
[u3] R [us— 2  vif | SU/TM U3[R|US5

Figure 3. Schematic representation of HIV genome structure. Obtained from van Heuvel et

al. (33).

The HIV-1 virion is a spherical enveloped particle of 120nm (Figure 4) (6). Its outer layer is a
lipid bilayer derived from the host cell membrane, incorporating Env glycoproteins in the
form of trimeric pikes composed of gp120 and gp41, and it also contains host-derived
proteins that contribute to immune evasion. The MA protein is located beneath the
envelope, anchoring the Env trimers via interactions with gp41 and plays a role in virion
assembly and transport. Below the lipid bilayer is the conical-shaped capsid, which forms
a fullerene-like structure made of hexameric and pentameric subunits of CA. It encloses
the viral genome, composed of two identical positive-sense single-stranded RNA genomes,
tightly bound to the NC protein, along with viral enzymes: RT, IN and PR (34,35). The virion
contains several accessory proteins, including Vif, Vpr, Nef, and Vpu, which play key roles
in regulating viral replication, evading the immune response, and interacting with the host

cells (34).
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Figure 4. Schematic representation of HIV mature virion structure. Obtained from van

Heuvel et al. (33)

2.3. HIV life cycle

Before starting its replication, HIV-1 needs to interact with host cells via two major
components: i) interaction of Env spikes with CD4 receptor of the host cells (CD4+ T cells,
monocytes, macrophages and dendritic cells) and ii) interaction with C-C chemokine
receptor 5 (CCR5) (36) or C-X-C chemokine receptor 4 (CXCR4) (Figure 5A) (37). CCR5 and
CXCR4 function as HIV-1 co-receptors and the viral tropism of the strain (R5-tropic, X4-

tropic or dual-tropic) is determined by the ability of the virus to use these co-receptors (38).

2.3.1. Entry and fusion

Gp120 and gp41 interact to form the Env spikes, that permit the binding of gp120 to the
cellular receptor CD4. This binding induces conformational changes in gp120 that expose
its coreceptor-binding sites (39). Following gp120 “s attachment to the coreceptor, either
CCR5 or CXCR4, conformational changes in both gp120 and gp41 induce the fusion of viral
and cellular membranes (Figure 5B), releasing the viral core into the cytoplasm of the target

cell, initiating reverse transcription (40).

2.3.2. Nuclear entry, uncoating and reverse transcription
Viral capsid is transported along the microtubules of the host cell towards the nuclear pore
complex (NPC) (Figure 5C). After the capsid docks to the NPC (Figure 5D), it enters the
nucleoplasm and partially disassembles, releasing viral enzymes and nucleotides (Figure
5E) (41,42). Viral genome RNA (VRNA) retrotranscription into proviral double-stranded DNA
(dsDNA) is completed within the host cell nucleus (41). Viral RT is a highly error-prone DNA
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polymerase and lacks error-correcting mechanisms, resulting in extensive genetic diversity
due to mutations that leads to an accumulation of a vast number of sequence variants
within one single individual (43). Furthermore, a single cell can be infected by multiple viral
particles, leading to possible recombination events that also enhance the variability of HIV

(44).

2.3.3. Viral genome integration

The reverse transcribed viral DNA is incorporated into the host cell genome, mediated by
the IN and RT (Figure 5F). Proviral DNA forms the pre-integration complex together with IN
and Vpr. Then, two terminal nucleotides of the 3" -end of the provirus are removed and the
host DNA is cleaved, which permits the integration of the provirus (45,46). Provirus can be
integrated in any place within the host cell genome, but it targets preferentially active
transcription units (47). Thus, HIV-1 establishes its latent reservoir in the form of a provirus
that remains silent and resists elimination during ART, although it can be reactivated upon

cell activation.

HIV-1 integration displays a hon-random pattern, with preferential localization to gene-rich
regions of the host genome, with active transcription and chromatin accessibility,
facilitating more efficient expression of the viral genome (48,49). However, proviruses
integrated in these sites tend to be recognized and eliminated by the immune response or
the cell-intrinsic mechanisms (50). Integration in repressive chromatin locations may
produce a protective effect for HIV, as these proviruses may not express viral proteins that
could be detected by the immune system (51), leading to a long-term persistence of this
integrated viral DNA. Centromeric DNA and zinc finger (ZNF) genes, in particular Krippel-
associated box domain-containing ZNF (KRAB-ZNF), exhibit heterochromatin signatures,
marked by an enrichment of silencing histone modifications that maintain transcriptional
repression (52). Proviral integration within these epigenetically silenced regions promotes a
deeper state of latency, in which proviruses are more refractory to conventional reactivation

signals (53-56).

2.3.4. Transcription and translation

The HIV-1 provirus utilizes host transcription factor such as nuclear factor-kappa B (NF-kB),
that is induced when the immune response is activated, causing an increase in the
replication of the virus when immune cells are in an active state (57). Transcription factors
and RNA polymerase Il (RNA Pol ll) bind to the preinitiation complex at the 5 "-LTR promoter,

starting the transcription of the provirus and the synthesis of the first two viral proteins: Tat
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and Rev (Figure 5G). Tat enables a positive feedback loop as a result of binding to TAR,
activating positive transcription elongation factor b kinase (P-TEFb) (58-60). P-TEFb
phosphorylates the C-terminal domain of RNA Pol ll, increasing the affinity of RNA Pol Il for
proviral DNA, enabling elongation of viral transcripts (61,60). Rev modulated the transport
of the viral transcripts to the cytoplasm and their binding to the ribosomes, facilitating the
translation into viral proteins (Figure 5H) (62). Posttranscriptional modifications of viral
proteins, such as phosphorylation, methylation and acetylation, play a crucial role in this
process (63,64). Production of viral transcripts and proteins from defective proviruses do
not lead to the formation of new virions, but they may contribute to the chronic

inflammation characteristic of HIV-1 infection (65,66).

2.3.5. Assembly and budding

Gag and gag-pol are translated into polyproteins that migrate to the cell membrane. As the
Env precursor protein, gp160, travels from the Golgi to the membrane, cellular proteases
cleave it into its mature forms, gp120 and gp41. Both proteins are reorganized into Env
trimers and attached to the surface of the new forming virion, together with host cell surface
proteins. p7 and p6 will interact with vVRNA to include it inside the new virion (Figure 5l and

J) (67,68).

2.3.6. Release and virion maturation

Gagrecruits the endosomal sorting complexes required for transport (ESCRT) (69) that form
a complex that facilitates the release of the immature viral particle (Figure 5K). The viral
proteins Nef and Vpu facilitate the internalization of CD4 receptors on the cell membrane,
promoting their degradation, which avoids the anchoring of the new formed virions to the
same cell. Nef also triggers the internalization of Major Histocompatibility Complex class |
(MHC-I) to prevent antigen presentation to CD8+ lymphocytes that would activate the
immune response against the infected cell (70). Therefore, the internalization of CD4 and

MHC class | promotes the longevity of the latently infected cell and prevents new infections.

After release, the activation of PR results in the cleavage of Gag and Gag-Pol into the viral
enzymes MA, CA, NC, RT and IN (71). Then, NC binds to the vRNA, stabilizing it (72,73)
whereas CA proteins encapsulate the viral genome along with RT and IN (74). The virion is

now prepared for a new replication cycle.
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Figure 5. Schematic representation of the HIV life cycle. (A) The lifecycle begins when
the envelope proteins gp120 and gp41 bind to the CD4 receptor and the CCR5/CXCR4 co-
receptor, respectively. (B) This binding triggers fusion and release of viral core into the
cytoplasm. (C) The core moves through the cytoplasm and is directed to the nuclear pores
for import into nucleus while reverse transcription begins (D). Uncoating of the viral capsid
initiates and retrotranscription continues I. The obtained dsDNA is integrated into the cell
genome (F), which begins to transcript (G) and translate (H) into Gag polyproteins. Then,
these proteins assemble (I) and are translocated and docked at the plasma membrane to
form new virions by budding (J). After release, the virion undergoes the final maturation (K)
in which the viral protease cleaves the Gag polyprotein, transforming the virion into an

infectious particle and completing the HIV life cycle. Adapted from Masenga et al. (75).

3. HIV-1immunopathology

Currently, the most common route of HIV-1 infection is sexual transmission, followed by
injection drug use, exposure to contaminated blood via transfusions and mother-fetus
exposure (76). The HIV-1 disease course takes years for its progression and is mainly due to
the destruction of CD4+ T cells and the chronic immune activation against infected cells.

This course can be divided into three phases: i) acute, ii) chronic and iii) AIDS.
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3.1. Natural course of HIV-1 infection
3.1.1. Acute HIV-1 infection

For HIV-1 infection establishment, the virus needs that individuals are exposed to fluids or
tissues with high viral load and that the mucosal barrier is broken, which is usually produced
during sexual intercourse (77). Thus, spread of the virus usually begins in the lamina propria
of the vaginal or rectal mucosa, migrating to the proximal lymph nodes without generating
clinical manifestations. A single virion called founder virus, is responsible for HIV-1
transmission in approximately 80% of heterosexual individuals, about 60% of MSM, and

40% of injection drug users (78).

Even in the absence of ART, the first three weeks of the acute phase are characterized by
undetectable viral load and absence of immune response (Figure 6A). The establishment of
latent viral reservoirs occurs early during this initial phase of infection. From lymph nodes,
the virus migrates to gut-associated lymphoid tissue (GALT), the spleen and bone marrow,
while also extending into blood stream. Thus, HIV-1 causes a massive depletion of CD4+ T
cells and viremia reaches its peak (10°%-10” RNA copies/mL) (79). The CD4 count attains its
lowest point, known as the nadir. The first antibodies against HIV-1 proteins can be detected
3 to 6 weeks after infection (80), so the control of viremia relies initially in Natural Killer (NK)
cells and later, in CD8+ T cell cytotoxic response (81). Clinical symptoms during this first
phase of the disease correspond to the acute retroviral syndrome (ARS), characterized by
retro-orbital pain, fever, sore throat, muscle aches and non-pruritic macular erythematous

rash (82).

3.1.2. Chronic HIV-1 infection

During this phase, the combined humoral and cellular immune responses are able to
controlthe viremiathatisreduced to the viral set point (83). However, the immune response
is uncapable of eradicating the latent HIV-1 reservoir that has been promptly established in
severaltissues inthe early phases of the acute infection. CD4 counts are partially recovered
after the immune response and relative control of the viremia, but the continuous HIV-1
replication due to the persistence of the viral reservoir causes a progressive decay in CD4
counts during the chronic phase of the disease. When they reach a level below 200 cells/pL,
the onset of AIDS begins (Figure 6A and B) (84,85). This phase may have an average lasting
of 10 years, in which the continuous immune response develops a chronic inflammatory

state that cannot resolve the infection and leads to a state of immune exhaustion in which
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the elimination of CD4+ T cells by HIV-1 active replication and the senescence of CD4+ and

CD8+ T cells result in alterations of immune activation and T cell maturation (86).

3.1.3. AIDS

AIDS is defined by a rapid increase in viremia, a decrease in CD4 count below 200 cels/pL
and subsequent infections by opportunistic pathogens (Figure 6A,B) (87). The survival rate

of people diagnosed with AIDS that do not receive ART is below 20% after 6 years (88).
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Figure 6. Natural course of HIV-1 infection. Changes in viral load (A) and CD4+ T cell

counts (B) during progression of HIV-1 disease. Adapted from Bekker et al. (89).
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3.2. Immune response against HIV-1
3.2.1. Innate immune response and antiviral factors

Innate immune cells utilize their pathogen-recognition receptors (PRRs) for the detection of
pathogen-associated molecular patterns (PAMPs). In infected cells, HIV-1 activates PRRs
such as Toll-like receptors (TLR 1-10) that can induce cell death on infected cells (90) or
inflammatory activation (91) and can detect different components of HIV-1. TLR7 and TLR9
detect single-stranded RNA (sRNA) of HIV-1 (92), mucosa epithelial cells utilize TLR2 and
TLR4 expression for the detection of gp120 (93), and TLR7 and TLR8 recognize vVRNA (94).

Activation of PRRs usually triggers the production of interferon type | (IFN-0/f), emphasizing
the importance of plasmacytoid dendritic cells (pDCs) in producing these antiviral
cytokines. This, in turn, induces the expression of IFN-stimulated genes (ISGs) that activate
the adaptive immune response (95,96). Tetherin is one ISG that is activated via IFN and may
interfere with virion release (97), but also may induce the activity of NF-kB transcription
factor and the release of proinflammatory cytokines (98). IFN also activates other essential
antiviral factors such as i) the tripartite motif-containing protein 5 alpha (TRIM5a), that
destabilizes virion capsid and provokes its degradation (99); ii) apolipoprotein B mRNA
editing catalytic polypeptide-like (APOBEC3G), that generates hypermutation in viral DNA
(100); and iii) S-adenosynelmethionine-dependent demethylase 1 (SAMHD1), that
decreases the concentration of free triphosphate nucleotides (dNTPs) required for vVRNA
reverse transcription (101). In infected cells, detection of PAMPs of HIV-1 also stimulates
the production of IFN that blocks the cellular cycle via STAT1/STAT2 and protein synthesis
to stop HIV-1 lifecycle (102).

Therefore, the detection of HIV-1 via PRRs induces the activation of monocytes,
macrophages and dendritic cells (DCs) and non-infected surrounding cells. Macrophages
are a secondary cellular reservoir for HIV-1, following CD4+ T cells, and when infected, they
initiate an inflammatory response by activating NF-kB transcription factor, that promotes
the expression of proinflammatory cytokines (IL-1f, IL-6 and TNF-a), thereby contributing to
vasodilation and the extravasation of immune cells (103). IFN-a activates NK cells that can
detect infected cells through their loss of MHC-I expression (“missing self”) or via
recognition by HIV-1-specific antibodies. These antibodies mediate antibody-dependent
cell-mediated cytotoxicity (ADCC) through the interaction between the Fc domain of
immunoglobulins and the CD16 receptor of NK cells (104). NK cells then release pro-

inflammatory cytokines and cytolytic granules, inducing target cell death (105). NK cells are
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the most dominant innate lymphoid cells (ILC) subset and represent 5-10% of peripheral
blood mononuclear cells (PBMCs). Other cytokines released during innate and adaptive
immune responses also stimulate the activity of NK cells, such as IL-12, IL-15, IL-2, and IL-

18 (106).

3.2.2. Adaptive immune response

The adaptive immune response comprehends the humoral immunity, based on the
production of HIV-1-specific antibodies by B cells, and cell-mediated response driven by
CD4+ and CD8+ T cells. Both responses are developed in days to weeks after the peak of
viremia, involving the expansion, maturation, and interaction of T and B cells in secondary
lymphoid organs such as spleen or lymph nodes (107). The first antibodies produced during
the acute infection are non-neutralizing and do not select for viral escape, but can induce
ADCC responses (108). On the other hand, antibodies that neutralize the founder virus are
not detected until 3 months or more after infection (109). Thus, by the time a potent and
effective antibody response develops, HIV-1 has already established viral reservoirs. This
underscores the importance of the innate immune response in preserving the integrity of

the immune system until a more specialized adaptive response can take over.

CD4+ T cells are divided into T helper (Th), regulatory T cells (Treg), and follicular helper T
cells (Tfh), with different functions in the immune response. Th cells are further subdivided
in more specialized subsets, being the most relevant Th1, Th2, Th9, Th17, and Th22. Th1
cells play a crucial antiviral role by inducing the secretion of IL-2 and IFN-y, promoting
antigen presentation by increasing HLA class | and |l gene expression, which is particularly

important for antigen presenting cells (APCs) (110).

Th2 cells play an important role in protecting against helminths and also in repairing tissues,
particularly by the production of IL-4, IL-13 and IL-10 (111,112). Th9 cells provide immunity
against helminth parasites (113) and tumors by secreting IL-9, IL-3 and IL-21 (114). Th22
cells are involved in skin barrier function and the maintenance of the mucosal immunity
through the production of IL-22, that drives the secretion of antimicrobial peptides and
mucus (115). Th17 cells are also important in mucosal immune responses through the
production of IL-17 that regulates both humoral and cellular responses in tissues (116).
(117). Tfh cells are mainly found in the germinal centers of the secondary lymphoid organs,
where they participate in antigen presentation by follicular dendritic cells (fDCs) and

maturation of B cells (118). Conversely, Treg cells can inhibit T-cell activation and
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proliferation through contact-dependent mechanisms and by suppressing IL-2 production

(119).

The initial CD8+ T cell responses are directed against epitopes of Nef and Gag , but both
proteins end up producing escape mutations that evade these responses (120). In contrast,
later CD8+ T cell responses are characterized by cells that do not drive escape mutations,
as they target viral proteins that are less prone to mutation but are still able to interfere with
viral replication, thereby contributing to HIV-1 control (121). These CD8+ T cells produce
cytotoxic molecules such as perforin and granzyme B that form pores and activate

caspases in infected target cells (122).

Gamma delta T cells (yoT cells) are unconventional T cells that also contribute to the
immune response against HIV-1, as they do not require antigen presentation via MHC to
recognize and respond to infected cells. ydT cells primarily reside in tissues and can
produce cytokines and chemokines that activate and recruit other immune cells, thereby
regulating NK cell immunity, promoting B cell and DCs maturation and antigen
presentation, and activating macrophages (123-126). However, HIV-1 interferes with the
proliferation and distribution of certain yoT cell subtypes, impairing their ability to support
DCs and B lymphocytes differentiation into APCs (127). Given that both the number and
functions of yoT cells are significantly reduced during HIV-1 infection, several strategies are

being explored to activate and expand these cells.

3.2.3. Chronic inflammation

Chronic inflammation is a hallmark of HIV infection, persisting even in individuals
effectively treated with antiretroviral therapy, and contributes significantly to immune
system dysfunction and disease progression. In fact, elevated inflammation markers in
PWH are strongly associated with disease progression and predict earlier onset of non-AIDS
events (128-130). This persistent inflammation relies on the production of viral transcripts
and proteins from both defective and intact proviruses (131,132). The continuous
production of viral particles contributes to IFN-a production (133) and immune activation
through NF-kB pathway, which induces the overexpression of IL-6 and IL-8 (134,135),
resulting in chronic immune activation. Immune activation leads to a decrease in the half-
lives of CD4+ and CD8+ T cells, as well as T-cell exhaustion characterized by the expression
of senescence markers, such as PD-1 (136,137). The activity of NK and B cells is also
impaired during chronic HIV-1 infection, which contributes to immune system activation

due to suboptimal viral control (138). Treg cells are also depleted during chronic HIV-1
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infection as they are susceptible to viral infection, leading to a deficit of these cells that are
necessary for inhibiting T-cell activation and proliferation(139-141). Moreover, the induction
of pro-inflammatory cytokines promotes aberrant thymic Treg development, further

compromising theirimmunoregulatory capacity (142).

4. Viral reservoir of HIV-1

Latent infection established by HIV-1 is characterized by the integration of viral DNA into the
host genome without active viral transcription or translation; however, it retains the capacity
to replicate upon cell stimulation. Viral reservoirs are defined as specific cell types or
anatomical locations where replication-competent forms of the virus persist (143). Unlike
other viruses capable of establishing latency, such as herpesviruses, which may produce
viral proteins essential for initiating and sustaining the viral latency, HIV-1’s persistence
relies on the nature of the infected immune cells, which may be in a resting or activated

state.

The proportion of resting CD4+ T cells containing integrated provirus is comparably low in
both blood and lymph nodes (approximately, one reservoir cell per one million resting CD4+
T cells), and significantly lower than the frequency of cells carrying unintegrated viral
genomes (144). These unintegrated genomes, though much shorter-lived (144), can
complicate the assessment of the HIV-1 reservoir during untreated HIV-1 infection.
Nonetheless, the reservoir is long-lived, with an estimated half-life of 44 months, and
previous data has suggested that it may require more than 70 years of continuous ART to
induce a significant decay of HIV-1 reservoir cells (145). Furthermore, immune pressure
during two decades of ART drives the selection of intact proviruses that are integrated into
repressive chromatin locations, such as KRAB-ZNF genes (51). This protective effect, along
with the maintenance and proliferation of latently-infected cells, makes HIV-1 reservoir

especially stable over time.

4.1. Methods for measuring HIV-1 reservoir size

Detecting changes in HIV-1 reservoir size during ART presents several major challenges: i)
over 90% of proviruses in PWH on ART contain mutations or deletions, rendering them
defective and replication-incompetent; ii) not all intact genomes (those without defects)
can be induced to produce infectious virions; iii) as mentioned above, the frequency of
latently infected cells is extremely low; iv) most of the HIV-1 reservoirs resides in

inaccessible tissues, such as the central nervous system (146-151). Therefore, although
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total reservoir size does not accurately reflect its functional capacity, measuring the
reservoir adequately remains essential. This reservoir is quite stable over time (145) but, as
infected cells tend to decay over time in PWH on long-term ART, the reservoir may become
enriched with defective proviruses (51). It is also important to determine the anatomical
localization of the reservoir, and which reservoirs are intact and capable of producing new
virions, and which are defective but still produce viral particles, contributing to chronic
immune activation and exhaustion (65,152). However, high inter-individual variability

complicates the identification of specific tissue locations of the viral reservoir (153-155).

Measuring total and integrated HIV-1 DNA by quantitative PCR (qPCR) or droplet digital PCR
(ddPCR) is a highly reproducible method that can be performed in both tissues and blood
samples (156,157). This PCR method employs a two-step amplification strategy: the first
PCR amplifies genomic segments between HIV-1 LTRs and proximal Alu elements, while the
second round uses nested LTR-specific primers to enhance sensitivity by targeting the viral
LTR region (156,157). However, this method tends to overestimate the replication-

competent reservoir size, since most integrated proviruses are defective (158).

The quantitative viral outgrowth assay (QVOA) was one of the standard measurements of
the replication-competent HIV-1 reservoir. In this technique, infected cells are stimulated
and cultivated with other cells that are susceptible to infection. However, the need for a high
number of cells and the fact that not all infected cells are reactivated (underestimating
reservoir size), together with its high cost and labor requirements, makes this technology
not ideal for measuring reservoir size (159,160). The viral protein spot (VIP-SPOT) is an ex
vivo assay that allows the detection of p24 production at the single-cell level upon
reactivation of latently infected cells, being especially sensitive for measuring the
replication-competence of the reservoir in HIV-1 cure studies (161). The sensitivity and
reproducibility of this assay also depends on the number of cells, and cells that are used

for reactivation in this method cannot be analyzed phenotypically after p24 detection (161).

The intact proviral DNA assay (IPDA) is a ddPCR technique that solves the problems with
the number of cells, cost and labor requirements that QVOA presented. This method
differentiates between intact and defective provirus without the need for sequencing the
DNA (162). However, it has been observed that less than 2% of the estimated intact
proviruses are likely to be activated ex vivo, thus showing problems in determining the
proportion of cells producing replication-competent virus (163). Another issue is sequence

polymorphisms that result in the need for alternative primer/probe sets for this technique
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(164). Additionally, this technique does not provide information about the integration sites
of the provirus, which is important because intact provirus located in non-transcriptionally

active locations in the chromatin will not induce effective replication cycles (51).

Proviral reactivation assays have been proposed as a solution, as they allow the detection
of the provirus competence for its reactivation. The miniQVOA, described by Vigén et al
(165), allows the reactivation of the proviruses in isolated CD4+ T cells by using CD3 plus
anti-CD28 to induce T-cell activation in the presence of brefeldin A to inhibit protein
transport from the endoplasmic reticulum to the Golgi apparatus (165), and then p24-gag
production is measured by flow cytometry. Although this method cannot discriminate
between reactivation from intact or defective proviruses, it permits the detection of provirus

competence after measuring reservoir size by other techniques.

Several techniques also allow the detection of active forms of the reservoir. One example
are those techniques that measure translationally-competent virus, such as the digital p24
molecule assay technology (SIMOA) immunoassay that detects the production of p24
molecules at single cell level, although it cannot differentiate p24 production between
intact and defective provirus (166,167). Production of p24 can also be assessed using live
cells in flow cytometry, as is the case with the single-cell FISH-flow cytometry technique
(168,169). On the other hand, there are those techniques that measure levels of
transcriptionally-competent virus, such as the Tat/Rev induced limiting dilution assay
(TILDA) (170), or the HIV-DNAscope and RNAscope (171). RNAscope allows the detection
of HIV-1 RNA , while the DNA scope detects viral DNA in cells and tissues (172). The
sensitivity of both techniques closely matched qPCR measurements, but the preservation
of tissues and cells allows the simultaneous assessment of viral reservoirs in their native
tissue microenvironment, information that is destroyed by nucleic acid extraction methods
(172). However, both techniques have a limited ability to quantify the viral reservoir in

tissues due to the restricted tissue accessibility in clinical trial participants.

Real-time reverse transcription (RT-qPCR) has allowed the detection of total, integrated and
episomal HIV-1 DNA, in cost- and labor-efficient manner. The fact that more than 90% of
the integrated provirus is defective makes interpretation of the results obtained by this
technique challenging (146,158,162). However, measuring total HIV-1 DNA is
recommended when only a limited number of cells are available, and the results obtained

in the detection of integrated HIV-1 DNA correlate with IPDA measurements (173).
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4.2. Methods for measuring the integration sites

Analyzing HIV-1 proviral integration sites is essential because the genomic locations where
proviruses insert directly influence clonal expansion and long-term persistence of infected
cells, even under suppressive ART (174). Understanding these integration patterns can help
identify mechanisms that sustain the reservoir and inform strategies aimed at its

eradication (175).

Techniques such as matched integration-site and proviral sequencing (MIP-seq) (176) or
multiple-displacement-amplification single-genome sequencing (MDA-SGS) (177), permit
the analysis of the distribution of HIV-1 DNA integration sites. Although these technologies
require a vast number of isolated CD4+ T cells and a significant investment in labor and
cost, they can provide information on reservoir maintenance. These techniques can help
determine why certain HIV-1-infected cells exhibit a tendency to proliferate more actively in

vivo, which may be useful for targeting these cells in HIV-1 cure strategies (167).

4.3. Locations of HIV-1 reservoirs
4.3.1. Cellular reservoirs

CDA4+ T cells represent the major cellular reservoir of HIV-1, but some subtypes are more
prone to being infected by HIV-1 and harboring more viral reservoirs. The reservoir in CD4+
T cells is recognized for its remarkable stability. CD4+T cells constitute the most significant
obstacle to achieving a cure due to their high frequency and slow decay rate (145,178). HIV-
1 infection is typically observed in resting memory CD4+ T cells and can be established
either through infection of these resting memory cells or through infection of an activated
CD4+ T cell that subsequently transitions into a memory cell (pre-activation latency)
(179,180). However, HIV-1 preferentially infects activated CD4+ T cells, that later can shift
to a resting state, establishing another pathway for latency (post-activation latency) (181).
Latently infected cells produce molecules that promote their own survival, increasing their
half-life, along with increased gene and marker expression forimmune evasion, particularly

the expression of immune checkpoints, such as PD-1 or TIGIT (182,183).

Resting memory cells can be divided into different subtypes: naive T cells (Tn), transitional
memory T cells (Ttv), stem cell memory T cells (Tscum), central memory T cells (Tcwu), effector
memory T cells (Tem), and terminally differentiated effector memory T cells (Temra) (Figure 7)

(184,185).
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Naive (Ty) Transitional Stem cell Centralmemory Effector memory Terminally

memory memory (Tem) (Tem) differentiated
(Trm) (Tscm) effector memory
(Tempa)
CD45RA+ CD45RA- CD45RA+ CD45RA- CD45RA- CD45RA+
CD45RO0O- CD45RO+ CD45RO- CD45RO+ CD45RO+ CD45R0O-
CCR7+ CCR7+ CCR7+ CCR7+ CCR7- CCR7-
CD27+ CD27+ CD27+ CD27+ CD27+/- CD27-

Figure 7. Main surface markers for identification of memory subpopulations in T cells.
Surface markers are included for memory subpopulations that are usually found in blood.

Created with Biorender and adapted from Corneau et al. (184).

It is well established that CD4+ T cell susceptibility to HIV-1 infection increases with T cell
differentiation (186,187). Although viral DNA has been detected in all those subtypes, Tcw,
T and Tem contain the highest proportion of proviruses (188,187). Tscm cells exhibit an
exceptionally long half-life, making them the most stable component of the latent reservoir
(189). They also have the capacity to differentiate into Tcw and Tem cells, while Tm cells
representintermediate phenotypes between Tecm and Tem, as Temcan further differentiate into
Tem cells. Tem cells exhibit a long half-life, possess self-renewal capabilities, and make the
largest contribution to the overall population of provirus-containing cells (190). Tem cells
have a higher replication capacity and contain a greater proportion of intact proviruses

(191-194).

Each of these cell types contributes to maintaining its own latent HIV-1 reservoir (195). Ty
cells also serve as a significant source of the virus following treatment interruption or
failure, suggesting that this subtype of CD4+ T cells is also important for latent HIV-1
infection (196). Temra cells harbor higher proportions of unstable viral forms, contributing to

T cell activation, which in turn promotes reservoir maintenance and viral rebound (197).

As was mentioned before, CD4+ T cells can be divided into subtypes according to their
functionality. The Th1 subset preferentially harbors intact viral genomes maintained by
clonal proliferation (191), Th17 cells also harbor viral reservoirs (198), and Tfh cells contain

replication-competent proviruses in secondary lymphoid tissues (147,199).
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Myeloid cells, specifically macrophages and DCs, have also been identified as cells that
may harbor HIV-1 reservoir (Figure 8). Macrophages containing replication-competent viral
DNA have been found in several tissues (200). fDCs are present in secondary lymphoid
tissues and also contain replication-competent proviruses that, as has been observed in
classic DCs, can be transferred to CD4+ T cells during antigen presentation (cell-to-cell
transmission) (201). Viral DNA or RNA has also been found in astrocytes or microglia, which
are long-lived cell types, but these reservoirs have not shown replication-competency

(202).

4.3.2. Anatomic sites of the reservoir

CD4+ T cells of blood are fewer than 2% of the total CD4+ T cells found in the body, making
tissues the main location for HIV-1 reservoirs. Latent infected cells have been found in
lymph nodes (147), GALT (148,149,203), the central nervous system (204), lungs (205), bone
marrow (206,207) and the genital tract (208,209) (Figure 8). Moreover, intact viral genomes
have been found in at least 28 different tissues (154). Secondary lymphoid tissues, such as
spleen, lymph nodes, and GALT, contain the major proportion of HIV-1 replication as aresult
of the large amounts of Tfh cells that are susceptible to HIV-1 infection (210) and the
difficulty of trafficking cytotoxic T cells to these sites (211-213). The brain and testis are
called “sanctuary sites” for the HIV-1 reservoir, as ART cannot penetrate them (214).
Additionally, immune cells and responses cannot easily access the testis, and multiple
mechanisms suppress the immune response in this tissue (215-217). Thus, finding a cure
for HIV-1 requires controlling and eradicating HIV-1 reservoirs in all these tissues and
organs. The Last Gift tissue donation research study is a program focused on end-of-life
HIV-1 cure research, in which individuals choose to donate their bodies to science shortly
before death from non-AIDS related causes (153). This clinical research maps the
anatomical distribution of the HIV-1 reservoir in tissues rarely accessible in living patients
and is producing important advances in understanding the reservoirs distribution (153-

155).

33




Spleen
Liver

Macrophages
i Lymphocytes P (
Activated
Nervous
system
Resistance to Resting 4
JIKine Kiling Response to a Astrocyte
i “ Genome U specific stimulation
- % integration
Transcriptional sites Adipocytes
activity 2 ZQ)
Dendritic W
. % Intact
cells % ~
=7 versus
Provirus sequence ) defgctive
Tissue Celltype  Cell properties and location \ proviruses

Figure 8. Localization of HIV-1 reservoirs. HIV-1 reservoir is characterized by its
anatomical location, cell types that can harbor proviruses, properties that define those cell
types as HIV-1 reservoirs, the integration sites within the host cell genome, and the

characteristics of the provirus. Obtained from Deeks et al. (218).

4.3.3. HIV-1 reservoir maintenance and proliferation
4.3.3.1. Homeostatic proliferation

The site of HIV-1 integration within the host cell genome may impact the ability of the
provirus to survive in latency. HIV-1 proviruses tend to integrate more often into introns of
genes that are actively being transcribed (219,220), but those integrated in non-genic sites
of the genome are likely to be latent for longer periods (176). HIV-1 reservoirs that are
located in introns of active genes are also modulated by epigenetic silencing mechanisms,
such as DNA methylation (221,222), and histone acetylation (223,224) and deacetylation
(225,226).

The main mechanism for HIV-1 reservoir maintenance and proliferation is the clonal
expansion of CD4+ T cells, resulting from activation of these cells via antigen presentation
(TCR-mediated activation) or yc-cytokine stimulation (227). This process generates
proviruses with identical integration sites in the genomes, even though these proviruses
sometimes come from different cells (228). Moreover, in PWH on ART, the limited sequence
evolution in the viral reservoir implies that ART prevents viral replication cycles, and only

certain proviruses are maintained through T-cell proliferation (229).

Cytokine-stimulation of CD4+ T cells, mainly by IL-7 and IL-15, promotes their proliferation

and survival, enabling the persistence of proviruses (Figure 9) (188). Both cytokines induce
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T-cell expansion and maintenance by triggering the signal transducer and activator of

transcription 5 (STAT5) via the JAK-STAT pathway (230).
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Figure 9. Clonal expansion of HIV-1-infected CD4+ T cells. Production of IL-2, IL7 or IL-15
by immune cells, such as macrophages, T cells and NK cells, drives the clonal expansion of
latently infected CD4+ T cells, enabling the persistence of HIV-1 proviruses. Created with

Biorender.

4.3.3.2. Antigen-driven reservoir replenishment

TCR-mediated activation of CD4+ T cells also mediates the proliferation and maintenance
of the reservoir, as these cells are activated by antigen presentation, generating cellular
clones in response to infection and tumor antigens (231,232). Therefore, TCR-mediated
activation is responsible for CD4+ T cells differentiation into effector memory subsets that

maintain virus clonotypes (Figure 10) (233).

Another mechanism is the active transcription and translation of proviruses, either
defective or intact, which is detectable in PWH on ART (150,234). This mechanism results
in the detection of infected cells by the immune response that leads to immune
senescence. Itis also an opportunity for TCR-mediated activation of other CD4+ T cells that

leads to clonal expansion and immune senescence (235).
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Figure 10. TCR-mediated activation of HIV-1-infected CD4+ T cells. Activation of CD4+ T
cellsisinduced by the presentation of antigens by APCs, which promotes the differentiation
of CD4+T cells into memory subsets and the reactivation of the provirus, producing new

virion particles. Created with Biorender.

Thus, HIV-1 reservoir maintenance and proliferation are deeply linked to intrinsic T cell
maintenance and immunity mechanisms, and reducing HIV-1 reservoir size involves
modifications or alterations of these mechanisms. This maintenance of viral reservoirs
despite long-term treatment with ART results in chronic immune activation that leads to
non-infectious complications and co-morbidities such as cardiovascular diseases, liver

and kidney diseases, neurocognitive detriment, and non-AIDS malignancies (236).

5. Cellular metabolism in HIV-1 infection
Metabolic pathways and immune activation are closely linked to the immune response
against HIV-1 infection, as well as with the susceptibility of host cells to the virus. New
therapeutic strategies aim to modulate cellular metabolism to increase CD4+ T cells

resistance to HIV-1 infection and to strengthen the cellular immune response.

5.1. Metabolism and susceptibility to HIV-1 infection

Activated CD4+ T cells are more susceptible to HIV-1 infection, while resting CD4+ T cells
exhibit strong resistance to infection (237,238). Ty cells, which show high resistance to HIV-
1 infection, exist in a quiescent state in which cellular metabolism depends mainly on low

levels of oxidative phosphorylation (OXPHOS) in the mitochondria (239). T-cell
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differentiation into effector or memory T cells modifies cellular metabolism, increasing
glutaminolysis and glycolysis (240). However, it has been observed that HIV-1 may not
select CD4+ T cells based on cellular differentiation, but on higher mitochondrial biomass,
elevated glucose uptake, or increased OXPHOS (241). Thus, HIV-1 preferentially selects
CD4+ T cells with high metabolic activity. Moreover, mitochondrial respiration plays a
critical role in regulating HIV-1 replication, as opposed to aerobic glycolysis (241), as CD4+
T cells with higher mitochondrial metabolism show increased susceptibility to HIV-1 (242).
It has been proposed that inhibiting specific pathways in the cellular metabolism of CD4+
T cells may promote resistance to HIV-1 infection and interfere with HIV-1 provirus

reactivation in latently infected cells.

5.2. Metabolism and the immune response against HIV-1

HIV-1 chronic infection is characterized by T-cell exhaustion of the immune response. In the
first weeks of acute infection, oxidative stress and hyperactivation of mitochondrial
metabolism produce CD8+ T cells characterized by mitochondrial impairment and reduced
expression of genes involved in the tricarboxylic acid (TCA) cycle (243). These CD8+ T cells
are incapable of developing memory subsets and have little potential for controlling HIV-1
infection in the absence of ART, relying on glucose metabolism (244). Similar alterations are
observed in NK cells in PWH, where reduced OXPHOS and mitochondrial impairment
reduce the production of IFNy (245). It has been suggested that functional mitochondrial
metabolism and the capacity to change metabolic activity are crucial for a CD8+ T-cell
response capable of controlling HIV-1 infection (241). Therefore, restoring mitochondrial
metabolism in CD8+ T and NK cells may be a good strategy to enhance a potent immune

response that can control HIV-1 infection.

6. Antiretroviral therapy

ART is a combination of three to four antiviral compounds that control HIV-1 replication, but
must be administered as a life-long treatment (246). ART reduces plasma viremia in almost
all individuals to nearly undetectable levels, which significantly lowers the sexual
transmission of HIV-1, thereby contributing to the prevention of new infections (247).
Furthermore, initiating ART immediately or early after an HIV-1 diagnosis reduces the risk of

acquiring HIV-1 within a serodiscordant relationship by 96% (248).

ART is divided into seven classes as they interfere with key steps of the HIV-1 replication

cycle (249):
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o Nucleoside reverse transcriptase inhibitors (NRTIs): interfere with the
elongation of viral DNA. Some examples include abacir, lamivudine, tenofovir,
and emtricitabine.

e Non-nucleoside reverse transcriptase inhibitors (NNRTIs): block the DNA
polymerase function of the viral RT. Some of them include doravirine, etravirine,
and rilpivirine.

e Protease inhibitors (Pls): block the cleavage of Gag and Gag-pol. Some
examples are darunavir, ritonavir, saquinavir, and tipranavir.

e |ntegrase inhibitors (INIs): target the IN and block its function, resulting in
circularized vDNA that cannot be integrated into the host cell genome. These
compounds are cabotegravir, dolutegravir and raltegravir.

e Entry inhibitors: this group includes three types of compounds: post-
attachment inhibitors (fostemsavir and ibalizumab-uiyk), CCR5 receptor

antagonists (maraviroc), and fusion inhibitors (enfuvirtide).

ART alone is incapable of eradicating HIV-1 infection, since viral reservoirs are maintained
even in the presence of ART as a life-long treatment (250), and ART interruption leads to viral
rebound (251). The long-acting ART approach is an injectable alternative to the treatment
that may be used in PWH with poor adherence to daily oral ART or uncontrolled HIV-1
infection (252,253). The regimen of cabotegravir plus rilpivirine can be administered every
2 months, maintaining viral suppression. Lenacapavir treatment every 6 months was

approved as an adjunctive treatment for multidrug-resistant HIV-1 (254).

However, ART has also facilitated the existence of two preventive methods. Pre-exposure
prophylaxis (PrEP) is a successful preventive strategy for individuals at substantial risk of
infection (255). Effectiveness varies depending on adherence to treatment levels. MSM
have demonstrated higher efficacy rates compared to the results observed in studies
involving only women (256). In addition to this preventive method, post-exposure
prophylaxis (PEP), which contains three antiretrovirals (tenofovir, emtricitabine and
raltegravir), should ideally be started as soon as possible, and no later than 72 hours,

following exposure to the virus, reducing the transmission risk by 80% (257,258).
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7. Strategies to tackle HIV-1 reservoirs
7.1. Natural control of the infection

Although natural control of the infection does not result from therapeutic interventions,
certain individuals can control HIV-1 in the absence of ART. These individuals are known as
elite controllers (ECs) and viremic controllers (VCs), and they represent 1-5% of all PWH.
ECs are characterized by maintaining viremia below 50 copies/mL, while VCs suppress viral
replication between 50 and 2,000 copies/mL (259). It is worth mentioning a third group,
referred to as post-treatment controllers (PTCs) who can control viral replication between
50-400 copies/mL after ART interruption (260), although the mechanisms of viral control
differ from those observed in ECs and VCs (261,262).

An enhanced immune response is responsible for viral control in ECs and VCs. NK cells in
ECs usually present an increased expression of activation markers that trigger a heightened
ADCC response (263), along with high numbers of cytotoxic NK populations (264). The
primary factor in immune control among ECs and VCs is the differentiation of CD8+ T cells
targeting conserved and vulnerable epitopes of HIV-1 (265). In ECs, it has been shown that
CD8+ T cells also have the capacity to eliminate resting CD4+ T cells that are HIV-1-infected,
which may be highly effective in reducing proviral reservoirs (266). Moreover, the presence
of certain MHC-I alleles in ECs and VCs enhances antigen presentation of HIV-1, triggering
a potent and durable CD8+ T cell response (267-269). However, not all ECs possess these

alleles, and not all individuals who develop an efficient CD8+ T cell response (270).

It has been hypothesized that, in ECs, proviral integration into transcriptionally inactive
genomic regions might be one of the factors enabling viral control (271). Initially, it was
found that, in ECs, intact proviruses tend to be more integrated into KRAB-ZNF genes with
repressive expression, which may contribute to controlling HIV-1 infection (271). However,
this feature was also identified in clonally expanded CD4+ T cells of PWH on long-term ART
(272), indicating that this feature is not unique to ECs. In contrast, defective proviruses and
nonclonal intact proviruses lack preferential integration sites near KRAB-ZNF genes, and
tend to integrate in proximity to cancer associated genes such as BACH2 or MKL2
(174,273,274). ZNF genes are actively transcribed in resting memory CD4+ T cells (176,271)
), but their silencing during cellular activation might contribute to clonal expansion rather
than viral expression (272). Thus, the role of proviral integration sites in the natural control

of infection remains a matter of debate.
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Many strategies aiming to cure HIV-1 seek to extrapolate the immunological features found

in ECs and VCs using therapeutic interventions.

7.2. Allogeneic stem-cell transplantation via CCR5

Homozygosity for the deletion of 32 amino acids in CCR5 allele (CCR5A32/A32) generates
resistance against HIV-1 infection, blocking the entry of the virus into CD4+ T cells as they
lack CCR5 expression on the cell surface (275). Allogeneic stem-cell transplantation from
CCR5A32/A32 donors is, to date, the only strategy that has led to a functional cure and a
substantial reduction in the HIV-1 reservoir in some individuals (276-280). Several studies
have shown that reservoir size reduction results from the effects of cancer treatments,
graft-versus-host immune response and substitution of infected cells after transplantation
(281,282), while the CCR5A32 mutation may not directly affect reservoir size (283).
Recently, a case of stem-cell transplantation from a wild-type CCR5 donor was reported
(284), which also demonstrated the role of graft-versus-host events in reducing the HIV-1

reservoir.

However, this cure approach presents several limitations, such as high mortality and
morbidity associated with stem-cell transplantation, the need for HLA-compatible
CCR5A32/A32 donors, the risk of viral reseeding from the small number of infected cells
that may remain after transplantation, or the presence of CXCR4-tropic variants that can
replenish the viral reservoir and are associated with increased pathogenicity (218).

Therefore, stem-celltransplantation is not considered a viable curative strategy for all PWH.

7.3. Shock and kill

This pharmaceutical approach uses latency reversal agents (LRAs) for the reactivation of
latently infected cells (the shock), thereby making them vulnerable to the cytotoxic immune
response and ART (the kill) (Figure 11). Many substances can be used as LRAs; some types
include: i) cytokines or receptors agonists (IL-7, IL-15 or TLR2, 3) such as flagellin or
Pam3CSK4; ii) epigenetic modification enzyme inhibitors (histone deacetylase inhibitors
such as trichostatin A or histone methyltransferase inhibitors such as chaetocin); or iii)
cellular signaling modulators that promote activation of the protein kinase C (PKC) pathway
(prostratin or bryostatin) (285,286). Although several LRAs have been tested in humans,
they have failed to reduce reservoir size (287-292), and none of them is fully approved for
their use in HIV-1 cure strategies. It should be noted that only a small proportion of the
reservoir size consists of intact proviruses that are inducible by LRAs (293-295), and that

latently infected cells are more resistant to killing by CD8+ T cells (296). Moreover, many
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LRAs have some off-target effects that result in toxicity. Thus, new LRAs are necessary for

reducing the off-target effects and improving the immune response of PWH (297).

Additionally, immunomodulatory strategies should also be implemented to enhance the
capacity of cytotoxic cells for “the kill” part of this strategy. In this regard, several
approaches are being evaluated such as 1) the IL-15 superagonist N-803 to boost NK and
CD8" T cell activity (298); blockade of the PD-1/PD-L1 immune checkpoint pathway to
reinvigorate exhausted CD8" T cells (299); adoptive transfer of HIV-specific CAR-T cells
engineered to recognize viral envelope antigens (300); therapeutic dendritic cell vaccines
loaded with HIV peptides to prime robust CD8" T cell responses (301); combinations of N-
803 with broadly neutralizing antibodies (bNAbs) to maintain immune activation after ART
interruption (302); or CTLA-4 blockade to enhance follicular helper T cell and CD8* T cell

functions (3083).
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Figure 11. Graphic representation of the Shock & Kill strategy. LRAs induce the
transcription of viral DNA and the generation of viral proteins (the shock). Thus, the
activated cell becomes visible to the immune response, which eliminates it (the kill).

Adapted from (297) and created with Biorender.

7.4. Block and lock

This strategy involves permanently pushing HIV-1 into a deeply latent epigenetic state that
resists natural reactivation of the provirus, known as deep latency (304,305), using latency
promoting agents (LPAs) (Figure 12). Some approaches within this strategy include the use
of Tat-inhibitors such as dihydrocorstatin (306); short interfering RNA, which induce
transcriptional gene silencing by targeting promoting regions (307); or inhibitors of mTOR,

which block NF-kB pathway (308). Some LPAs are still in early phases of development, and
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many lack the “lock” function, in which provirus reactivation is impeded even after LPA
withdrawal (309). Although it is an interesting and promising strategy, clinical trials have not
yet started or are still ongoing, and more data and compounds are necessary to advance

this approach.
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Figure 12. Graphic representation of Block & Lock strategy. LPAs induce the deep latency
state in persistently infected cells, preventing natural reactivation of these cells via TCR-
mediated activation or cytokine stimulation. In this strategy, the activity of LPAs is

maintained even when ART is interrupted. Adapted from (304) and created with Biorender.

7.5. Immunotherapy with broadly neutralizing antibodies

Broadly neutralizing antibodies (bNAbs) have emerged as an opportunity to replace or
combine with ART for the suppression or even eradication of the HIV-1 reservoir (310,311).
bNAbs have been identified in individuals infected with highly mutable RNA viruses prone
to escape through quasispecies formation such as HIV-1, Zika, influenza, Ebola and
Marburg, SARS-CoV-2, and hepatitis C virus, because these antibodies can neutralize
multiple co-circulating quasispecies of the same virus (312-314). Therefore, bNAbs have
been isolated from PWH and can efficiently block a wide range of genetically diverse HIV-1

strains, and in PWH it has been observed that they can reduce viremia (315-318).

By targeting the HIV-1 envelope, bNAbs competitively inhibit viral gp120-CD4 interactions,
thereby interfering with viral fusion and entry into susceptible cells (319). Additionally, these
antibodies also facilitate recognition by cytotoxic cells, leading to elimination of infected
cells and virions by cytotoxicity and phagocytosis (320). Nonetheless, the immune
response can also produce anti-drug antibodies (ADAs) against the bNAbs that may reduce
treatment efficacy by neutralizing the bNAbs or accelerating their clearance, which makes

necessary the pre-screening for antibody-sensitivity (319).
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The first generation of bNAbs, such as 2F5, 2G12, and 4E10, were tested in human clinical
trials (321-324) and showed only a transient reduction in viral load. The rapid selection of
viral escape mutations led to treatment failure and viral rebound (321,325). Second-
generation bNAbs, such as VRCO01, 3BN117, and 10-1074, have shown enhanced breadth,
potency, safety, and tolerability (315,326-328). However, immunization with a single bNAbs
has only produced a transient reduction in viral load, with a rapid viral rebound occurring in
most individuals (319). In contrast, combination therapy with two or more bNAbs has
achieved prolonged virologic control in most participants by effectively restricting viral
escape mutations. Furthermore, combining bNAbs, such as 3BNC117 and 10-1074,
targeting distinct epitopes, has enhanced neutralization breadth (319,329). Yet,
immunotherapy with two or more bNAbs has still been insufficient in preventing viral
escape. Obtaining bNAbs against every HIV-1 variant that can escape existing antibodies
remains a major challenge, and the efficacy of bNAbs relies on ART regiment and antibody

half-life (330).

Thus, bNAbs have also been used in combination with LRAs, inducing a reactivation effect
in latently infected cells that exposes them to the bNAbs (331). Additionally, bNAbs have
been used for the prevention of HIV-1 infection (332,333) with the objective of expanding the
number of available preventive treatments. VRC01 was tested in humans, but it did not

prevent HIV-1 infection (334).

Long-term delivery of anti-HIV-1 bNAbs via adeno-associated virus (AAV) vectors shows
potential for HIV-1 prevention and treatment. The preliminary study described by Martinez-
Navio et al. (331) demonstrated that one monkey infected with SHIV that received AAV-
encoded bNAbs, maintained effective antibody levels for over two years, leading to
sustained viral suppression. Although this provides proof-of-concept that this strategy
could be feasible as a functional cure, it also highlights that the formation of anti-drug
antibodies (ADAs) is a important challenge for the practical application of this approach in

humans.

Nonetheless, bNAbs show promising characteristics and results that can help in controlling
viremia and reducing reservoir size, but viral diversity, immune cell exhaustion and antibody

half-life remain as challenges to be addressed in the future (335).

7.6. Vaccines

The high mutation and recombination rate of HIV-1 and its capacity to establish viral

reservoirs have been great obstacles for the development of safe and effective HIV-1
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vaccines (336,337). Several clinical trials have tried to implement vaccines to reduce the
HIV-1 reservoir size, but no significant changes were observed (338-340). In 1986, the first
phase | clinical trial for a prophylactic vaccine was performed in the Democratic Republic
of Congo (341). In this study, a vaccinia vector expressing the unprocessed gp160 HIV-1
envelope protein was used. Two more trials focused on using the Env protein, VAX003 (342)
and VAX004 (343), but the high variability of Env caused that infection rates were similar
between vaccine and placebo groups. Thus, vaccine trials were later focused on inducing
T-cell responses. The Step Study and the Phambili study used an adenoviral vector that
encoded for Gag, Nef, and Pol, but both failed to reduce the risk of HIV-1 infection (344-
346).

The next clinical trials were aimed at inducing both cellular and humoral immunity. The
HTVN 505 trial used three DNA primes that induced antibodies and CD4+/CD8+ T cell
responses, but again failed to prevent HIV-1 infection (347). However, the RV144 efficacy
trial later showed positive results for preventing HIV-1 acquisition (348). The HVTN 702
clinical trial in South Africa derived from the initial RV144 clinical trial that was developed
in Thailand with a vaccine containing gp120-SU subunit (349). In HVTN 702, clinical phase
[l was achieved, but the vaccine failed to prevent HIV-1 infection (350). In another clinical
trial, called Imbokodo/HTVN705, in which a mosaic vaccine was used (composed of
different epitopes from HIV-1 variants), the low efficacy of the vaccine in preventing new

cases resulted in the early termination of the study (351).

One novel approach for preventive vaccines is the use of immunogens that induce the
maturation of B lymphocytes, triggering the production of potent bNAbs (352,353). One of
these immunogens is eOD-GT8, which focuses on inducing VRCO1-like bNAbs (354).

Nevertheless, new approaches in this field are emerging as future candidates for a vaccine
that achieves a significant and durable HIV-1 suppression. One of these approaches is the
induction of HLA-E specific CD8+ T cells using cytomegalovirus (CMV)-vectored vaccine in
non-human primates, with potential for reducing HIV-1 replication (355). The HIVACAT T-cell
is a novel HIV-1 vaccine immunogen focused on inducing cellular immune responses. In
this approach, the AELIX-002 trial has showed that a combination of three of these
immunogens elicited robust T-cell responses with no serious adverse effects (356). Another
approach in rhesus macaques used an Ankara vaccine with TLR7 agonists plus anti-PD-1
blockade (one of the immune checkpoints expressed by exhausted T cells), which induced

a potent CD8+ T cell response with capacity to migrate to lymphoid nodes and reduce
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reservoir size (357). In the same way, using TLR7 agonists but in a modified adenovirus
vaccine, another study showed an induction of the innate immune response that controlled
viral rebound after ART interruption, and also decreased viral DNA (358). These new
approaches show promising results, but the resistance of latently infected cells to killing by

the cytotoxic immune response still represents a major issue in vaccine development.

Currently, the development of vaccines with novel technologies, such as mRNA vaccines,

represents new candidates that may result in efficient prophylactic HIV-1 vaccines.

7.7. Cancer immunotherapy: tyrosine kinase inhibitors

Cancerimmunotherapy has emerged as a strategy that may enhance the immune response
and interfere with reservoir maintenance. In this regard, tyrosine kinase inhibitors (TKls),
which are used for the treatment of chronic myeloid leukemia (CML), have shown promising

results in inducing HIV-1 suppression effects and interfering with HIV-1 integration.

CML is a myeloproliferative neoplasm that originates from the translocation between the
Abelson murine leukemia gene (ABL1) on chromosome 9 and the breakpoint cluster region
(BCR) gene on chromosome 22, resulting in the formation of the Philadelphia (Ph)
chromosome abnormality, which produces the oncoprotein BCR::ABL1 (359). The
permanently active tyrosine kinase activity of BCR::ABL1 causes unlimited replication of
myeloid cells (360-364). TKls block the interaction between BCR::ABL1 and ATP, which

impedes the uncontrolled cellular proliferation (365,366).

Currently, six TKIs have been approved for CML treatment: imatinib (1% generation);
nilotinib, dasatinib and bosutinib (2" generation); ponatinib and asciminib (3™ generation).
The efficacy of TKls is determined by their ability to induce a deep molecular response
(DMR), in which BCR::ABL1 cancer transcript expression is less than 0.01%, corresponding
to a 4-log reduction. The synthesis of the first TKI, imatinib, substantially increased the life
expectancy of PWH due to its high efficacy in inhibiting BCR::ABL1, but second-generation
TKls (dasatinib, nilotinib and bosutinib) were later generated for the treatment of CML
patients with resistance mutations against imatinib (367). These second-generation TKls
showed enhanced effects against leukemia, but also some adverse effects, although they
all were approved as first-line treatment. Nilotinib, a derivative of imatinib, has shown
similar or slightly increased antileukemic effects compared to imatinib, but also an
augmented risk of vascular side effects (368). Bosutinib has demonstrated higher inhibitory

effects against BCR::ABL1 than imatinib, establishing enhanced antileukemic responses,
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but also a higher incidence of cardiovascular side effects (369) or gastrointestinal toxicity

(370).

Dasatinib is 350 times more potent than imatinib in inhibiting BCR::ABL1, inducing
accelerated and enhanced antileukemic responses, with a recommended dose of 100 mg
daily. Dasatinib also shows an increased probability of pleural effusions (up to 30% of CML
patients), but this can be addressed with a lower dose (50mg per day), or corticosteroids
(368). Thus, second generation TKls induce an enhanced response against leukemia
compared to imatinib, but the survival rates of people treated with imatinib or second
generation TKls are similar. Although there is an increased probability of severe toxicities
with all second generation TKIs, all of them can be managed with dose readjustments and

therapeutic interventions.

Ponatinib is a third-generation TKI that exhibits a 500 times greater inhibitory capacity than
imatinib against BCR::ABL1 kinase activity (371). It is used in people with CML who has
developed resistance mutations to dasatinib or nilotinib, including the mutation T315I in
BCR::ABL1 (368). The stronger antileukemic effects of ponatinib are penalized by adverse
effects, such as thrombotic events, vascular occlusions, heart failure, and hepatotoxicity
(372). Ponatinib is not used as afirst line treatment due to the elevated incidence of arterial
ischemic events (373). To avoid these adverse effects, it is recommended to use low-dose

ponatinib of 30 mg daily or even 15 mg (the approved dose is 45 mg daily) (368)

Asciminib is the last TKI that has been approved and it is recommended for CML patients
who have been treated previously with 2 or more TKIs, and like ponatinib, in cases with the
T3151 mutation (374). In a study in which it was compared to imatinib and all second
generation TKls, asciminib showed better antileukemic response and fewer adverse effects

than the rest of the TKls (375).

All TKls, except asciminib, are ATP-competitive inhibitors that compete with ATP for binding
to ABL1 (376). Asciminib is an allosteric inhibitor that induces a conformational change
locking the kinase in an inactive state (376). TKls are also differentiated by their off-target
effects. Dasatinib exhibits a significantly broader kinase inhibition profile compared to
imatinib or nilotinib, targeting not only BCR::ABL1 but also KIT, PDGFR, SRC family kinases,
EPHA, EGFR and MAP kinases (377). Bosutinib does not inhibit KIT or PDGFRA, although it
does interfere with cell cycle regulation (378,379). Ponatinib shows the broadest kinase
inhibition profile, targeting ABL1, KIT, PDGFR, SRC family kinases, VEGFR, EGFR, HER2,
FLT3, FGFR and JAK2 (Figure 13). Asciminib “s unique binding to the ABL1 myristoyl pocket,
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distinct from conventional ATP-competitive inhibitors, confers unparalleled selectivity,

causing no off-target effects (380).
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Figure 13. Comparison of the off-target spectrum of ATP-competitive tyrosine kinase
inhibitors: a) imatinib, b) nilotinib, c) dasatinib, d) bosutinib, and e) ponatinib. Highlighted
targets are labeled when their activity is inhibited more than 80%. Size and color intensity

of each node increases with the degree of inhibition. Obtained from Lee et al., 2021 (376).

Despite the TKls potent cytostatic and inhibitory effects in T cells, the reports of

opportunistic infections are sporadic (381).

7.7.1. Use of TKIs against HIV-1 infection

Some off-target effects of TKls can interfere with T cell activation and proliferation, HIV-1
replication, and can also enhance the cytotoxic immune response against infected cells.
The resistance of latently infected cells and the nature of HIV-1 reservoir maintenance
highlight the need for cure strategies that disrupt the maintenance and proliferation of these

cellular reservoirs.
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7.7.1.1. TKlIs as senolytics in chronic HIV-1 infection

Some TKIs reduce senescent cell burden and decrease the production of proinflammatory
cytokines (382), which may critically impact the effects of chronic inflammation in HIV-1
infection. Dasatinib was selected as a senolytic drug due to its potential to inhibit the
pathways that protect senescent cells from proapoptotic signals (383). It has also been
observed that this TKI reduces the production of proinflammatory cytokines that promote
chronic inflammation, such as IL-6, IL8, monocyte chemotactic protein 1 (MCP-1), and
granulocyte macrophage colony-stimulating factor (GM-CSF) (382). Reducing both
proinflammatory cytokines and the proportion of senescent cells resulted in an increase in
health and lifespan (382). These effects are not observed in other TKls, such as imatinib or
nilotinib, which have less potential for inhibiting different kinases (384,385). Nonetheless,
imatinib and dasatinib have shown potential in reducing PD-1 expression in CD8+ T cells,
which may improve the cytotoxic response by CD8+ T cells in HIV-1 infection (386). The
reduction in PD-1-positive CD8+ T cells by dasatinib may be due to its induction of
lymphocytosis (386,387). Furthermore, dasatinib reduces the number of Treg cells (386),
which may reduce the induction of aberrant thymic Treg cells in chronic HIV-1 infection

(142).

Thus, dasatinib could also be used as a senolytic drug in chronic HIV-1 infection, reducing
chronic inflammation and the number of senescent immune cells with impaired cytotoxic

and immune functions that fail to eliminate latently infected cells.

7.7.1.2. Interference with TCR-mediated activation of T cells

Dasatinib and bosutinib inhibit the Src family of tyrosine kinases (SFKs), which are involved
in T cell proliferation and maturation (388,389). One of these SFKs is Lck, mainly expressed
in T cells and one of the major contributors to TCR-mediated activation of these cells, as it
interacts with CD4 and CD8 receptors (390) (Figure 12). Lck is also implicated in the
phosphorylation of the SAMHD1 antiviralimmune factor. Phosphorylation at threonine 592
(T592) by cyclin A2/Cdk1 induces the change to phosphorylated SAMHD1 (pSAMHD1), the
inactive form of the protein that stops degradation of dNTPs, which facilitates HIV-1

transcription and increases cell susceptibility to infection (101).

Another target of Lck that is the protein kinase C theta (PKCB8), which is triggered after TCR
and CD28 activation, resulting in activation of NF-kB, which ultimately is involved in T cell
activation (391-393). Lck phosphorylates PKCB at threonine 538 (T538) and at tyrosine 90

(Y90), triggering PKCBO activation that leads to T-cell activation and HIV-1 replication (394~
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396). Thus, inhibition of Lck interferes with HIV-1 transcription and T cell activation, which
disrupts provirus reactivation and the establishment of new HIV-1 infections. The reduction
of T-cell activation may also contribute to reducing persistent inflammation and secretion

of proinflammatory cytokines in HIV-1 infection.

Dasatinib / Ponatinib |

Membrane translocation and kinase activation

|

NF-kB, NFAT and AP-1 activation

T cell activation and proliferation

Figure 14. Phosphorylation of PKCO during TCR-mediated activation and inhibition by
dasatinib and ponatinib. TCR engagement initiates Lck-dependent phosphorylation of
ZAP-70, which activates the adaptor protein SLP-76 to recruit and stimulate PLCy1 and GLK.
PLCy1 activation results in conformational changes in PKC8. PKC8 activation is regulated
by sequential phosphorylation events: GLK (potentiated by CD28-PDK1 signaling)
phosphorylates T538, Lck directly phosphorylates Y90, and phosphorylation at T219
facilitates PKC86 membrane translocation. Additional TCR-induced phosphorylation events
further modulate PKCB6 activity. AMPK also contributes to T538 phosphorylation. Once
activated and membrane-localized, PKCO drives downstream transcription factors (NF-kB,
NFAT, and AP-1) to trigger T-cell activation, proliferation, and effector functions. Dasatinib
and ponatinib directly inhibit Lck activity, impeding PKC8 activation, which interferes with T

cell activation. Adapted from Wang et al. (397).
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7.7.1.3. Interference with homeostatic proliferation of T cells

Stimulation by yc-cytokines, such as IL-7 and IL-15, results in the clonal proliferation of T
cells (227), which also leads to the clonal expansion of latently infected T cells, enabling
the persistence of HIV-1 proviruses (188). The proliferation of T cells by both cytokines is
mediated by the activation of STAT5 through the JAK-STAT pathway (230). Furthermore, IL-2
and IL-7 induce the phosphorylation of SAMHD1 in CD4+ T cells through mechanisms
different from TCR-mediated activation (398). Both dasatinib and ponatinib strongly inhibit
IL-7 induced proliferation of T cells (399) and block the phosphorylation of SAMHD1 induced
by IL-7 (400). However, they do notinterfere with IL-15 induced phosphorylation of SAMHD1,
indicating that both cytokines use distinct pathways for inducing T-cell proliferation and
SAMHD1 phosphorylation (399). Although the exact mechanisms by which dasatinib blocks
IL-7-induced proliferation of T cells are still not elucidated, it has been shown that this TKI
interferes with STAT5 phosphorylation in chronic myelogenous leukemia cells (K562 human
CML cells) (401). It was later confirmed that dasatinib inhibits STAT5 phosphorylation
induced by IL-7 in CD4+ T cells (399). These effects were not observed with other TKls, or
were not strong enough to produce a significant reduction in clonal expansion of CD4+ T
cells and inhibition of SAMHD1, which would result in interference with HIV-1 reservoir

replenishment (399).

Furthermore, the inhibition of the JAK-STAT pathway has been considered for the reduction
of the pool of senescent cells and the secretion of proinflammatory cytokines (402). The
JAK-STAT pathway controls cytokine production (403,404), and its inhibition may reduce the
secretion of IL-6 and TNF-a, which contribute to chronic inflammation in PWH (134,135).
This mechanism would also be important for the potential use of TKls as senolytic drugs in

chronic HIV-1 infection.

7.7.1.4. TKIs enhance the cytotoxic immune response

Another important characteristic of dasatinib is its ability to induce the proliferation and
maturation of cytotoxic immune cell populations, called large granular lymphocytes (LGLSs),
which have immunomodulatory effects in CML and HIV-1 infection. LGLs are cytotoxic cells
(CD8+ T, yoT, and NK cells) that are able to induce a better antileukemic response (405-
407). In CML individuals, dasatinib treatment induces the proliferation of NK cells (CD3-
CD56+) and matured NK cells (CD3-CD56+CD57+) (408) with less production of inhibitory
markers such as KIR2DL5 or NKG2A (409,410). In fact, it has been hypothesized that the
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expansion of these NK cell subsets is driven by the combination of CMV reactivation, CML,

and dasatinib treatment (411,412).

Dasatinib treatment also induces the proliferation of effector memory CD8+ T cells and yoT
cells in almost half of CML patients (413,414). Dasatinib treatment interferes with and
reduces Treg cell activity, which may allow the maturation and enhancement of the
cytotoxic cell response in the context of exhausted immune responses (415). The
proliferation of LGLs and enhancement of the cytotoxic response may play a critical role in
controlling HIV-1 infection in PWH who interrupt ART treatment, as these cellular
populations are important for infection control in ECs. In a previously published work from
our group, we observed that mature NK and y&T cells of individuals with CML have the
capacity to develop an antiviral immune response against HIV-1-infected-CD4+ T cells

(416). In fact, mature NK cells are associated with the control of HIV-1 infection (417,418).

7.7.1.5. Dasatinib and ponatinib are the preferred choices against HIV-1

As was mentioned above, not all TKIs have the same spectrum of off-target effects, resulting
in different interference with HIV-1 reservoir maintenance and provirus reactivation. Second
generation TKIs are less specific for the BCR::ABL1 kinase and have a wider spectrum of
tyrosine kinase inhibition. Imatinib has shown little capacity to inhibit SAMHD1
phosphorylation and NF-kB activity and it does not interfere with HIV-1 integration. Nilotinib
inhibits SAMHD1 phosphorylation but still does not interfere with the reverse transcription
of HIV-1 (419). Despite its potent cytostatic effect, bosutinib would need twice the
recommended dose in vivo for PWH in order to suppress HIV-1 replication, which may

increase the probability of adverse side effects (419).

On the other hand, dasatinib and ponatinib efficiently block SAMHD1 phosphorylation and
interfere with HIV-1 replication and integration (419). Interestingly, these effects are
achieved with dasatinib even when it is used at one-fifth of the recommended dose in CML
patients, which makes it a safer option than ponatinib for its use in PWH (419). Ponatinib is
less efficient than dasatinib in blocking other tyrosine kinases such as Lck, although its
potent cytostatic effect is caused by inhibition of tyrosine kinases whose role in HIV-1
reservoir maintenance is not yet fully understood (420). Nonetheless, dasatinib and
ponatinib meet four inclusion criteria (Figure 13) that make them viable candidates for

adjuvant treatment in PWH aimed at reducing the HIV-1 reservoir size or even eradicating it.

In previous work, our group established that dasatinib use is recommended in PWH with

ART that does not include ritonavir or cobicistat to avoid interactions, as both compounds

51




inhibit cytochrome P450 3A4 (CYP3A4) that is needed for processing dasatinib (419). The
anti-proliferative effects of dasatinib and ponatinib in CD4+ T cells were further described
(398,399,419), showing that both TKIs have the strongest inhibition of TCR-mediated
activation. Additionally, CD4+ T cells and monocyte-derived macrophages treated with
dasatinib in vitro are resistant against HIV-1 infection (419,421), even after they recover their
capacity to become activated and despite SAMHD1 being phosphorylated (416). In a study
published by our group, in vivo pre-treatment with dasatinib of humanized mice rendered
CD4+T cells resistant to HIV-1 infection and impaired their maturation into effector memory
subsets, which are crucial for HIV-1 reservoir maintenance (422). In a small cohort of PWH
diagnosed with CML who initiated TKI therapy while on ART, we observed a markedly
reduced reservoir size, with no intact proviruses detected in two participants (165). This
reduction was associated with the potent cytostatic effect of dasatinib, which maintains

SAMHD1 inits active form and disrupts the maintenance of latently infected CD4+ T cells.
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Figure 15. Dasatinib and ponatinib meet four characteristics that make them the preferred
choices for adjuvant treatment in PWH on ART: 1) they inhibit CD4+ T cell proliferation
induced by homeostatic cytokines, such as IL-2, IL-15 and IL-7, which are essential for
reservoir maintenance and replenishment; 2) they interfere with TCR-mediated activation
of T cells, which is implicated in the clonal proliferation of the reservoir and provirus
reactivation; 3) they block SAMHD1 phosphorylation at T592, which preserves SAMHD1
antiviral function by degrading dNTPs necessary for viral transcription; 4) they increase the

proliferation of NK and y&T cells with cytotoxic antiviral potential. Created with Biorender.
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7.7.1.6. Interruption of TKI treatment

When a stable DMR is achieved, TKI treatment can be interrupted, leading to treatment free
remission (TFR), in which CML is controlled and DMR maintained without TKls. Until now,
only 50% of CML individuals who have interrupted treatment with second-generation TKls
maintain TFR and do not relapse into CML (423). The probability of interrupting treatment
while not relapsing into CML may be determined by the potency of the TKI in inhibiting
BCR::ABL1 (the greater the potency, the higher the probability of maintaining DMR) and by
the proliferation of LGLs (424,425). In fact, expansion of NK cells and mature NK cells is
associated with better control of CML after dasatinib treatment is interrupted (426). In CML
participants maintaining TFR, TKI treatment resulted in the maintenance and proliferation
of CD3-CD56+CD16+ NK cells (implicated in the ADCC response) and mature NK cells, with
enhanced cytotoxic activity and the capacity to interfere with HIV-1 integration (416). Thus,
these observations support the crucial role of these cytotoxic cell populations in
maintaining the antileukemic response during TFR and suggests that they also have antiviral

potential against HIV-1 infection.

As part of Study 1 of this thesis, we investigated if one year of treatment with ponatinib in
CML participants induces resistance to HIV-1 in CD4+ T cells, assessing the maintenance
of resistance effects during TFR. In Study 2, we analyzed the reservoir size, and
characterized it by IPDA, in two PWH with CML who were on long-term treatment with
dasatinib. In Study 3, we measured the effects of both dasatinib and ponatinib on the
cellular metabolism of CD4+ and CD8+ T cells and NK cells, which is crucial in both HIV-1

infection and the development of the antiviralimmune response.
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HYPOTHESIS AND
OBJECTIVES







Hypothesis

Although many strategies have tried to reduce or eradicate the reservoir size of HIV-1, none
has been shown to be sufficiently effective to achieve a functional cure or the eradication
of the infection. Furthermore, ART alone fails to completely eliminate the virus from the
body and, when treatment s discontinued, HIV-1 viremia rebounds. Chronic HIV-1 infection
leads to non-infectious complications and comorbidities, which makes it necessary to

search for new strategies that significantly reduce HIV-1 reservoirs.

We hypothesize that TKls such as dasatinib and ponatinib have important off-target effects
that may impact the maintenance of viral reservoirs and interfere with HIV-1 infection.
Consequently, transient treatment with TKls in PWH may enhance the resistance of CD4+ T
cells against HIV-1 infection and induce the proliferation of cytotoxic populations that may

control the maintenance of HIV-1-infected cells.

Objectives

Our main objective was to investigate if transient treatment with TKls dasatinib and
ponatinib can reduce the HIV-1 reservoir and enhance antiviralimmune responses in PWH,
by promoting resistance of CD4+ T cells to HIV-1 infection and inducing the proliferation of

cytotoxic immune cell populations.
Our specific objectives were:

1. To evaluate if one year of treatment with ponatinib may induce sustained
resistance against HIV-1 infection and to assess its role in enhancing cytotoxic
immunity against viral infections and cancer.

2. To examine the effects of long-term treatment with dasatinib on HIV-1 infection
in PWH with CML. This objective is further divided into:

a. To measure the HIV-1 reservoir size and its composition.
b. To assess the competence of the HIV-1 provirus for reactivation.
3. To determine the impact of TKI treatment on mitochondrial and glycolytic

metabolism of CD4+ and CD8+ T cells, and NK cells.






MATERIAL AND
METHODS







1. Studycohorts

1.1. Study |

This was a substudy of the multicenter, open-label, single-arm, Phase Il exploratory trial
NCT04043676, which enrolled individuals with CML that were Philadelphia chromosome-
positive (n=11). The objective of the clinical trial was to assess the ability of ponatinib to
enhance the antileukemic response that could maintain CML remission without relapsing
following the discontinuation of TKI treatment, in a cohort of individuals that were on
imatinib treatment. All participants gave informed written consent in compliance with the
principles of the Helsinki Declaration. The study protocolreceived review and approval from
the Ethical Committee for Clinical Research with Medicines at Hospital Universitario La
Princesa (Madrid, Spain) (protocol number 17/18), as well as from the ethical committees

of the other participant hospitals.

The primary endpoint of the substudy was to evaluate the potential of ponatinib to induce
the generation of cytotoxic cell populations that are implicated in maintaining the
antileukemic response after TKl treatment interruption and that could have both anticancer
and antiviral activity. Inclusion criteria were as follows: to be over 18 years old, not preghant,
to have received treatment with 400mg of imatinib for at least 4 years, to demonstrate DMR4
(>4 log reduction in BCR::ABL1; corresponding to a 99,99% reduction compared to baseline
levels established at diagnosis) for at least the last 4 months, and to provide written
informed consent. Recruitment of the selected participants was conducted at the Hospital
Universitario Ramén y Cajal (Madrid, Spain), Hospital Regional de Malaga (Malaga, Spain)
and Hospital Universitario Virgen de la Salud (Toledo, Spain). Upon enrollment, participants
discontinued imatinib and initiated the intensification treatment with 15mg of ponatinib
daily for 12 months, after which ponatinib treatment was stopped. Follow-up continued for
an additional of 12 months, during which participants received no TKI treatment, as CML

relapse typically occurs within the first 6 to 8 months after treatment cessation (426-429).

PBMCs were obtained from blood samples using Ficoll-Hypaque gradient centrifugation
(Sigma Aldrich, St. Louis, MO). Plasma was also isolated and stored at -80°C. The isolated
PBMCs were then cryopreserved in liquid nitrogen. The initial sample was collected prior to
initiating ponatinib treatment and before imatinib treatment discontinuation. The second
sample was taken after 12 months of ponatinib treatment, coinciding with the

discontinuation of ponatinib. Subsequent samples were collected at approximately 3, 6 and
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12 months following the cessation of ponatinib. The sample collection is represented in

Figure 16.
@
Imatinib Ponatinib Treatment free remission (TFR)
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Figure 16. Representation of sample collection for CML participants included in Study

1.2. Study Il

This study involved blood sample collection from two individuals with chronic HIV-1
infection who were subsequently diagnosed with CML, starting dasatinib treatment. First
participant (participant #004) was recruited at ICH Study Center (Hamburg, Germany)
whereas second participant (participant #006) was enrolled at University Hospital of
Cologne (Cologne, Germany). Blood samples were obtained at different time points for

both participants.

A control group of 20 PWH was also recruited at Hospital Clinico San Carlos (Madrid,
Spain). These controls were divided into two subgroups: 10 matched to participant #004
and 10 matched to participant #006 based on age at sampling, age at HIV-1 diagnhosis,

duration of HIV-1 infection, and time on ART.

All subjects gave written informant consent in accordance with the declaration of Helsinki.
The study was approved by the Ethic Committee of Instituto de Salud Carlos Il (IRB

IORG0006384) as wells as by all Ethics Committees of all participating hospitals.

PBMCs were isolated using Ficoll-Hypaque gradient centrifugation (Sigma Aldrich, St.
Louis, MO) and cryopreserved for subsequent analysis. Plasma was also isolated and

stored at -80°C.
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1.3. Study Il

Blood samples from 8 healthy donors were obtained from the French blood bank
(Etablissement Frangais du Sang) and processed at Institut Pasteur (Paris, France). PBMCs
were isolated using Ficoll-Hypaque gradient centrifugation (Sigma Aldrich, St. Louis, MO)

and cryopreserved for further analysis.

1.4. Flow cytometry antibodies

The antibodies used for all flow cytometry experiments are included in table 1.

Marker Fluorochrome Reference Vendor
CD3 Bv510 564713 Becton Dickinson
CD8 APC-H7 560273 Becton Dickinson
CD45RA PE-Cy7 561216 Becton Dickinson
CCR7 Bv421 562555 Becton Dickinson
CD56 Bv605 562780 Becton Dickinson
TCRyd PE 331209 BioLegend
CD107a PE-Cy7 561348 Becton Dickinson
*p24-gag FITC 6604665 Beckman Coulter
*pSAMHD1 PE 875935 Cell Signaling

*p24-gag core antigen was stained using the KC57 clone.
*pSAMHD1 is determined by phosphorylation of SAMHD1 at T592.

Table 1. Flow cytometry antibodies used in Studies | and Il.

1.5. Flow cytometry staining

Approximately, 5x10°-10° PBMCs were collected in 5mL polystyrene round-bottom tubes
and washed with 2mL of phosphate-buffered saline (PBS). The antibody cocktail for surface
marker staining was prepared in PBS1x supplemented with 2% fetal bovine serum (FBS) for
Fc blocking and added to all tubes. Cells were incubated at 4°C in the dark for 20-30
minutes and then washed with 1mL PBS1x. Subsequently, cells were fixed with 300mL

paraformaldehyde (PFA) 1% for 20mins at 4°C in the dark.

For intracellular staining, IntraPrep permeabilization reagent (Beckman Coulter, Marseille,
France) was used instead of PFA, following the protocol according to the manufacturer:
cells were fixed for 20 minutes in the dark at 4°C using fixation buffer, and then washed with
PBS1x. Cells were subsequently permeabilized with permeabilization buffer, and the

intracellular antibody cocktail was added. The mixture incubated for 15-20 minutes at room
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temperature in the dark. Cells were washed with PBS1x, fixed with PFA 1% for 20 minutes at

4°C in the dark, and acquired using a flow cytometer.

1.6. HIV-1 infection of PBMCs

PBMCs were cultured in RPMI 1640 medium supplemented with 10% fetal calf serum (FCS),
2 mM L-glutamine, 100 pg/mL streptomycin and 100lU/mL penicillin (Biowhittaker,
Walkersville, MD). Cells were activated with 10 pg/mL of phytohemagglutinin (PHA) (Sigma-
Aldrich) and 300 IU/mL of IL-2 (Chiron, Emeryville, CA) for 48 hours. Following activation,
cells were subjected to in vitro infection with the HIV-1 strain NL4-3_wt (430) using
spinoculation: cells were centrifuged at 600g for 30 minutes at 25°C in the presence of the
virus, and then washed twice with PBS1x. Infected cells were then cultured for 72 hours in
round-bottom 96-well plates containing RPMI supplemented with 300 IU/mL of IL-2. Cells
were collected and processed for intracellular flow cytometry staining using the following
antibodies: CD3-Bv510, CD8-APCH7, CD45RA-PE-Cy7, CCR7-Bv421, pSAMHD1-PE and
p24-gag-PE. CD4+ T cells were defined as CD3+CD8-, as HIV-1 infections induces the
downregulation of the CD4 receptor (431). CD4+ T subpopulations were designated as
follows: CD45RA+CCR7+ (Tn), CD45RA-CCR7+ (Tcm); CD45RA-CCR7-  (Tem);
CD45RA+CCR7- (Temra). Gating strategy is shown in supplementary Figure S1. Samples were
acquired using a LSR Fortessa flow cytometer and data analyzed with FlowJo v.10.7.0

software.

1.7. Evaluation of the cytotoxic response against HIV-1 infected cells

TZM-bl luciferase-reporter target cells (obtained from human cervix; NIH AIDS Research
and Reference Reagent Program, no. 8129) were infected with the HIV-1 strain NL4_3_wt for
48 hours and cultured in DMEM medium supplemented with 10% FCS, 2mM L-glutamine,
100ug/mL streptomycin and 100IU/mL penicillin (Biowhittaker, Walkersville, MD). After 48
hours, PBMCs were added to the TZM-bl monolayer at a 1:1 ratio and co-cultured for 1 hour.
After co-culturing, TZM-bl cells were detached using trypsin-EDTA solution (Sigma Aldrich-
Merck, Darmstadt, Germany). Caspase-3 activity, used as a marker of cellular apoptosis,
was measured in TZM-bl cells using the Caspase-Glo 3/7 analysis system (Promega), as
previously described (432). Direct cellular cytotoxicity (DCC) fold-change was determined
using the following formula:
Average caspase — 3 activity (RLUs) in HIV — infected TZM cocultured with PBMCs
obtained after ponatinib treatment and during TFR

Average caspase — 3 activity (RLUs) in HIV — infected TZM cells cocultured with PBMCs
obtained before ponatinib treatment
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PBMCs from study participants were also collected after the 1-hour co-culturing with
infected TZM-bl cells. For determination of cytotoxic immune cells (CD8+ T cells, NK cells
and yd T cells) and their degranulation activity, we used the following antibodies for flow
cytometry staining of surface markers: CD3-Bv510, CD8-APCH7, CD56-Bv605, TCRyd-PE,
CD107a-PE-Cy7. Gating strategy is shown in supplementary Figure S2. Data was acquired
using the Cytek Aurora spectral flow cytometer and SpectroFlo software. Data and gating

were analyzed using FlowJo v10.7.1.

1.8. Determination of cytotoxic immune response against autologous HIV-1
infected CD4+ T cells

CD4+ T cells were isolated from PBMCs of participants using the CD4+ T cell isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany), following manufacturer’s instructions:
PBMCs were washed with PBS1x and resuspended in isolation buffer (50mL PBS1x + 200mL
EDTA + 250mL FBS) and then incubated with anti-CD4 magnetic beads for 20 minutes at
40C. After washing with PBS1x, PBMCs were subjected to a magnetic field to deplete non
CD4-expressing cells. Cells that remained bound to the magnetic beads were collected by
elution once the magnetic field was removed. CD4 negative cells were were also collected

separately.

Isolated CD4+ T cells were activated with 10 ug/mL of PHA (Sigma-Aldrich) and 300
units/mL of IL-2 (Chiron, Emeryville, CA) for 48 hours and then infected in vitro with NL4-
3_wt for 72 hours in the presence or absence of autologous cytotoxic cells (CD8+ T, NK and
yO T cells) at 1:1 ratio, and cultured in RPMI medium with 300 units/mL of IL-2. Cytotoxic
cells were not purified in previous steps to reduce cells loss. Cells then were collected, and
intracytoplasmic production of p24-gag in CD4+ T cells was assessed using flow cytometry
with the next antibodies for intracellular staining: CD3-Bv510, CD8-APCH7, CD45RA-PE-
Cy7, CCR7-Bv421, pSAMHD1-PE and p24-gag-FITC. CD4+ T subpopulations and gating
strategy were designated as in 7.6. HIV-1 infection of PBMCs. Samples were acquired on an

LSR Fortessa flow cytometer and data analyzed using FlowJo v.10.7.0 software.

1.9. Ex vivo reactivation of HIV-1 provirus from CD4+ T cells of PWH

CD4+ T cells were isolated from PBMCs and cultured in RPMI 1640 medium enriched with
10% FCS, 2 mM L-glutamine, 100 pg/mL streptomycin and 100lU/mL penicillin
(Biowhittaker, Walkersville, MD). Cells were cultured with Dynabeads Human T Activator
CD3/CD8 (ThermoFisher Scientific) and 300 IU/mL of IL-2 (Chiron, Emeryville, USA) for 5

days for TCR-mediated activation of the CD4+ T cells. Provirus reactivation was then
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induced using 25 ng/mL of phorbol 12-myristate 13-acetate (PMA) and 1.5 pg/mL inomycin
for 16-18 hours, and brefeldin A (BD GolgiPlug, BD Biosciences) was also included in the
culture medium to prevent the release of the viral particles from the CD4+ T cells. PMA and
ionomycin robustly activate CD4+ T cells by stimulating several transcription factors, such
as PKCO or NF-kB, that lead to the transcription of the HIV-1 provirus. Cells were then
collected for intracellular staining for flow cytometry, following the same procedure as in

1.6. HIV-1 infection of PBMCs. Gating strategy is shown in supplementary Figure S3.

1.10. Quantification of integrated and total HIV-1 DNA

PBMCs from PWH were used for DNA extraction with the QIAamp DNA Blood Mini Kit
(Qiagen lberia, Madrid, Spain). DNA was quantified with Nanodrop 2000C (Thermo Fisher
Scientific, Waltham, MA). Integrated provirus DNA was quantified using TagMan probes
conjugated with the FAM fluorochrome through a nested Alu-LTR PCR, as previously
described (156,165,433) on a ddPCR system (BioRad laboratories). The list of primers and
probes is included in table 2. First, oligonucleotides for the Alu conserved sequence and
the HIV-1 LTR were used for a conventional PCR under the following conditions: 95°C for 8
minutes, 12 cycles of 95°C for 1 minute, 60°C for 1 minute, 72°C for 10 minutes and 72°C
for 15 minutes. This was followed by a quantitative PCR (QPCR) using TagMan probes with
FAM/ZEN/lowa Black quenchers (Integrated DNA Technologies, IDT) and TagMan Master Mix
(Life Technologies). In this gPCR, the HIV-1 LTR and Lambda T primers were used for nested
amplification of products of the first PCR. gPCR cycling was as follows: 95°C 8 minutes, 50
cycles of 95°C 10 seconds, 60°C for 10 seconds and 72°C for 9 seconds).

Primers for CCR5 housekeeping gene, conjugated with the VIC fluorochrome were used as
control for quantification of total DNA in the gPCR. In the same gPCR, total HIV-1 DNA was
determined using previously described primers (434): U5 region of the HIV-1 LTR (probe MH
531) and 5 “end of the gag gene (probe MH 532). The Two-LTR circles (2-LTR) were amplified
with primers targeting both LTRs (HIV F and HIV R1). For determination of copy nhumbers of
both integrated and total HIV-1 DNA, the DNA of the 8E5 cell line was used as reference.

Integrated HIV-1 DNA is expressed as copy numbers per 10° PBMCs.
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Primer/Probe Sequence Target

L-M667 ATGCCACGTAAGCGAAACTCTGGCTAACTAGGGAACCCACTG Integrated

(HIV-1-LTR HIV-1 DNA

primer) (first PCR)

Alu1 TCCCAGCTACTGGGGAGGCTGAGG Alu
sequence

Alu 2 GCCTCCCAAAGTGCTGGGATTACAG Alu
sequence

LambdaT ATGCCACGTAAGCGAAACT Integrated
HIV-1 DNA
(gPCR)

AA55M(LTR GCTAGAGATTTTCCACACTGACTAA Integrated

primer) HIV-1 DNA
(9aPCR)

MH-603 ACACTACTTGAAGCACTCAAGGCAAGCTTT LTR

CCR5 CAAAAAGAAGGTCTTCATTACACC CCR5
human
gene

MH 531 TGTGTGCCCGTCTGTTGTGT U5 region
of LTR

MH 532 GAGTCCTGCGTCGAGAGAGC 5’end of
gag

Table 2. List of primers used for quantification of integrated and total HIV-1 DNA.

1.11. Intact proviral DNA measurements

The IPDA assay was performed following the protocol described in (162,435). A summary of
the primers and probes used in the protocolis included in Table 3. The procedure involved
two ddPCR steps: first, proviral DNA was quantified and classified as intact and defective
by targeting the Y (psi) region (frequent site of small deletions) and the env region of the HIV-
1 genome. For the Y region, FAM-labelled probes were used, whereas VIC probes were used
for the env region. Droplets positive for FAM were scored as 3 “-defective, droplets positive
for VIC were classified as 5 "-defective, and double-positive droplets were scored as intact

proviruses.

In the second step, the input cell number was determined by quantifying the cellular RPP30
gene (located at chromosome 10:90,880,081 on GRCh38), which was also used to

calculate the DNA shearing index (DSI), which allows the determination of intra-amplicon
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shearing (that usually occurs during the DNA isolation procedure). DSl is used for shearing
correction, as DNA shearing typically reduces intact provirus counts. For the quantification
of proviral DNA, up to 500ng of genomic DNA was analyzed per reaction, with up to four
replicates performed. For input cell quantification, up to 50 ng of genomic DNA was used.
DNA from cryopreserved PBMCs of HIV-1 negative donors was used as a template control,
while water was used as no-template control. DNA of the 8E5 cell line was used as an HIV-
1 positive control. ddPCR was performed on the BioRad QX200 AutoDG Digital Droplet PCR
system using the ddPCR Supermix for Probes (no dUTPs) (BioRad laboratories, Madrid,
Spain). PCR conditions were as follows: 95°C 10 minutes, 45 cycles of 94°C for 30 seconds
and 59°C for 1 minute, 98°C for10 minutes. Droplets were assessed using the QX200
droplet reader (Bio-Rad). Data was analyzed using QX Manager Software 2.0 (Bio-Rad).
Samples that showed a DSI<0.50 were included for analysis. IPDA results of intact and
defective proviruses are reported as proviral counts/10°® PBMCs. Representations of

graphical analysis are shown in supplementary Figures S4 and S5.

Primer/Probe Sequence Target

W Forward CAGGACTCGGCTTGCTGAAG HIV-1 W region

W Reverse GCACCCATCTCTCTCCTTCTAGC HIV-1 W region

W Probe TTTTGGCGTACTCACCAGT HIV-1 W region

env forward AGTGGTGCAGAGAGAAAAAAGAGC HIV-1 env region
env reverse GTCTGGCCTGTACCGTCAGC HIV-1 env region
env intact CCTTGGGTTCTTGGGA HIV-1 env region
probe

env hypermut CCTTAGGTTCTTAGGAGC HIV-1 env region

(APOBEC-3G gene)

RPP30 probe  CTGACCTGAAGGCTCT Cellular RPP30
gene

RPP30 GATTTGGACCTGCGAGCG Cellular RPP30

Forward gene

RPP30 GCGGCTGTCTCCACAAGT Cellular RPP30

Reverse gene

Table 3. List of primers and probes used in the ddPCR for the IPDA.
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1.12. CMV serology

The levels of CMV-specific IgG antibodies were measured in the plasma samples of
participants in collaboration with the Serology Service of the Instituto de Salud Carlos Ill.
The commercial kit Liaison CMV IgG (Diasorin, Italy) was used following the manufacturer 's
instructions. Values above 230 IU/mL were considered positive. Results are expressed as

positive (Pos) or negative (Neg).

1.13. Cellular metabolism assay

PBMCs from healthy donors were used to isolate CD4+ and CD8+ T cells with EasySep
enrichment kits (StemCell Technologies), and NK cells with NK cell isolation kit (Miltenyi
Biotec). CD4+ and CD8+ T cells were cultured in RPMI 1640 medium supplemented with
10% fetal calf serum (FCS), 2 mM L-glutamine, 100 pg/mL streptomycin and 100 IU/mL
penicillin (Biowhittaker, Walkersville, MD), in the presence of 200 IU/mL IL-2 (Miltenyi).
Depending on the condition, cells were cultured for 72 hours in the presence/absence of 75
nM dasatinib, 150 nM ponatinib and/or PHA 2ug/mL, generating six conditions for CD4+ and
CD8+ T cells:

e Basal (RPMI+IL-2)

e Dasatinib: dasatinib 75 nM

e Ponatinib: ponatinib 150 nM

e PHA-activated: PHA 2 pg/mL

e Dasatinib + PHA: dasatinib 75 nM + PHA 2pg/mL
e Ponatinib + PHA: ponatinib 150 nM + PHA 2pg/mL

Purified NK cells were cultured for 16-18 hours in RPMI 1640 medium in the presence or
absence of dasatinib and/or 100 ng/mL IL-15, 50 ng/mL IL-12 and 50 ng/mL IL-18 (Miltenyi

Biotec).

After culture, CD4+T, CD8+ T and NK cells were washed and resuspended in Seahorse XF
DMEM medium (pH 7.4, Agilent Technologies) supplemented with 10 mM glucose, 2 mM
glutamine and 1 mM pyruvate. XF96 V3 PS plates (Seahorse Biosciences) were coated with
0.5 mg/mL Cell-Tak (Corning). CD4+ and CD8+ T cells were plated in 5 to 6 replicates at a
concentration of 250,000 cells/well, while NK cells were plated at 200,000 cells/well, then
incubated for a minimum of 45 minutes in a CO,-free incubator at 37°C. Oxygen
consumption rate (OCR), extracellular acidification rate (ECAR) and proton efflux rate (PER)

were measured using a Seahorse XFe96 Extracellular Flux Analyzer (Agilent Technologies).
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The Seahorse XF Cell Mito Stress Test (Agilent Technologies) was performed on all cell types
following manufacturer “s instructions for drug injections: i) Seahorse XF DMEM medium; ii)
2.5 pM oligomycin; iii) 0,9 yM carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone
(FCCP) and iv) 1 uM rotenone/antimycin A. The Seahorse XF Glycolytic Rate Assay Kit was
used for CD4+ and CD8+ T cells following manufacturer s indications: i) Seahorse XF
DMEM medium; ii) 2.65 uM oligomycin; iii) 100 mM 2-Deoxyglucose (2-DG). Functions of
reagents from the Mito Stress test Kit and the Glycolysis Stress Test kit are detailed in

Supplementary Table 1. Data was analyzed using Agilent Seahorse Analytics.

1.14. Statistical analysis

Statistical analysis was performed using GraphPad Prism v10.2.1 (GraphPad Software Inc.,
San Diego, CA) and Stata 17 (StataCorp, College Station, TX). Data normality was assessed
using the Shapiro-Wilk normality test. Comparisons between group medians were
calculated using the Paired t-test when data followed a normal distribution, while the
Wilcoxon matched pairs signed rank test was used when data normality was not assumed.
One-way ANOVA was used to calculate statistical significance among groups when data
followed a normal distribution. P values (p) < 0.05 were considered statistically significant.
For correlations between intracellular levels of p24-gag and pSAMHD1, Pearson’s or

nonparametric Spearman “s rank correlation coefficients (r) were determined.
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1.1. Study participants

Eleven individuals with CML from the NCT04043676 phase Il clinical trial were recruited for
this substudy with the objective of determining if one-year treatment with ponatinib is able
to induce the development of cytotoxic cell populations with anticancer and antiviral
activity. Additionally, we studied if these cytotoxic populations could maintain their
cytotoxic activity after treatment interruption. Main sociodemographic and clinical data are
detailed in Table 4. Most participants were male (82%) with a median age at sampling of 50
years old (Interquartile range (IQR) 40-57) and median age at CML diagnosis of 39 years old
(IQR 22-43). The median time since CML diagnosis was 11 years (IQR 7-19), while the
median duration of imatinib treatment was 10.2 years (IQR 4.7-16.3). 64% of participants
showed a low Sokal risk score, which is a parameter used in clinical practice for the

prediction of patient outcomes and treatment strategies (436).

Ponatinib treatment did not produce an immunosuppressive effect as most participants did
not present opportunistic infections or CMV reactivation during ponatinib treatment and
TFR, despite most of them being seropositive for CMV (91%). None of the participants
experienced a relapsed of CML, and all maintained DMR after a medium follow-up period

of 2.9 years (IQR 2.24-3.51).

ID of Gender Age at CML Sokal risk score Time from Time on treatment 1gG against
participants (M/F) Age diagnosis before ponatinib CMLdiagnosis with imatinib CMV
02_02 M 62 40 uD 21 18.0 Pos
02_03 M 57 51 ub 7 4.2 Pos
04_01 M 11 22 Low 20 16.3 Pos
04_02 F 53 43 Intermediate 9 4.7 Pos
04 03 M 48 30 Low 18 15.2 Pos
04 04 M 39 21 Low 18 14.5 Pos
04_06 M 29 19 Low 10 6.5 Neg
04_07 F 40 32 Low 7 6.5 Pos
04_08 M 56 51 Low 5 4.7 Pos
04 09 M 50 39 Low 11 10.2 Pos
10_01 M a9 43 uD 16 16.4 Pos

CML, Chronic Myeloid Leukemia; F, Female; M, male; Neg, negative; Pos, Positive; UD,
Undetermined.

Table 4. Sociodemographic and clinical data of the recruited participants.

1.2. Treatment with ponatinib induced resistance to HV-1 infection in vitro

As treatment with ponatinib may induce lymphopenia due to its potent cytostatic effect on
T cells, we first assessed if levels of CD4+ T cells in blood were modified by this treatment.
The median percentage of CD4+ T cells was 33.3% (IQR 18.7-44.1) during imatinib

treatment. After the 1-year period of treatment with ponatinib, the median percentage of
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CD4+ T cells was 32.0% (IQR 15.6-45.1). During the 1-year follow-up after ponatinib
treatment was discontinued, the median percentage of CD4+ T cells was 32.8% (IQR 16.9-

46.7). Thus, ponatinib treatment did not significantly reduce the levels of CD4+ T cells.

To estimate the capacity of ponatinib to induce resistance against HIV-1 infection in CD4+ T
cells, PBMCs obtained from different time points were infected in vitro with the NL4-3_wt
strain for 72 hours after cellular activation, and intracellular p24-gag levels were measured
in CD4+ T cells by flow cytometry. The gating strategy is included in supplementary Figure
S1.The percentage of p24-gag+ CD4+ T cells was 3.7-fold (p=0.0180) lower after 12 months
of treatment with ponatinib, compared to previous treatment with imatinib (Figure 17A).
p24-gag CD4+ T cells levels remained significantly reduced at 3 and 12 months after
discontinuing ponatinib (3.7-fold, p=0.0092 and 4.7-fold, p=0.0006, respectively). Analysis
of CD4+ memory subpopulations revealed similar results in Tyand Tcm, as percentage of
p24-gag+ cells was significantly lower after 1-year treatment with ponatinib (-3.2-fold,
p=0.0098 in Ty and -4.5-fold, p=0.0098 in Tcwm) (Figure 17B). The percentage of p24-gag CD4+
T cells was significantly lower 12 months after treatment interruption in all CD4+ T
subpopulations: Ty (-2.8-fold, p=0.0420), Tcwm (-4.5-fold, p=0.0186), Tem (-2.7-fold, p=0.0186)
and Temra (-3.0-fold, p=0.0313). Interestingly, these findings suggest that ponatinib induced
a resistant effect in all CD4+ T subpopulations, and this effect was maintained after

treatment discontinuation.
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Figure 17. Levels of p24-gag+ CD4+ T cells during imatinib treatment, after 1-year
ponatinib and treatment free remission (TFR). After 72 hours of infection in vitro of
PBMCs, intracellular levels of p24-gag in total CD4+ T cells (A) and in CD4+ memory
subpopulations (B) were determined. Each dot represents the median of all samples and
vertical lines are the standard error of the mean (SEM). Wilcoxon matched-pairs signed rank

test and paired t-test were used to assess the statistical significance.
1.3. Ponatinib reduced the phosphorylation of SAMHD1 in CD4+ T cells.

To further explore the observed resistance effect generated by ponatinib, we determined if
the antiviral immune factor SAMHD1 remained in its active form. The phosphorylation at

T592 of SAMHD1 in CD4+ T cells from all time points of the study after 72 hours of infection
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with NL4-3_wt strain was analyzed. The percentage of pPSAMHD1+ CD4+ T cells was 5.7-fold
lower (p=0.0050) after 12 months of treatment with ponatinib compared to imatinib (Figure
18A). This analysis was also extended to CD4+ subpopulations, in which a significant
reduction in pPSAMHD1+ CD4+ T cells was observed in Tcm and Temra cells (2.8-fold, p=0.0397
and 3.3-fold, p=0.0372) after ponatinib treatment compared to previous imatinib treatment
(Figure 18B). No significant reductions were found during TFR. These results indicate that
the levels of the inactive form, pSAMHD1, are impacted after one-year of ponatinib
treatment in total CD4+ T cells. However, this effect was not observed in all CD4+ T subsets

and was not maintained after ponatinib treatment discontinuation.
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Figure 18. Phosphorylation of SAMHD1 at T592 before and after one-year treatment
with ponatinib and during TFR. After 48 hours of activation with PHA and 72 hours of
infection with NL4-3_wt, the intracellular levels of pPSAMHD1 in total CD4+ T cells (A) and in

CD4+ memory T cell subpopulations (B) were analyzed. Each dot corresponds to the mean
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value of all samples and vertical lines represent the SEM. Wilcoxon matched-pairs signed

rank test and paired t-test were used for assessment of statistical significance.

1.4. Cytotoxic activity is enhanced against HIV-1 infected cells after

ponatinib treatment

Since TKI treatment may increase the development of cytotoxic cell populations, we
explored the potential of ponatinib to induce such an effect after 12 months of treatment.
PBMCs obtained from the 11 participants at different time points were cocultured with HIV-
1-infected TZM-bl cells for 1 hour to determine their DCC. Higher DCC was observed in
PBMCs after 12 months of ponatinib treatment (2.5-fold, p=0.0049) compared to previous
treatment with imatinib (Figure 19). This enhanced DCC was also detected in PBMCs
obtained after 12 months of TFR (2.6-fold, p=0.0098).
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T
12 [}
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TFR discontinuation
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Figure 19. Analysis of DCC in PBMCs after coculture with HIV-1 infected cells. Caspase-
3 activity in HIV-1-infected TZM-bl cells was analyzed as an apoptosis indicator after
coculture with PBMCs. Each dot corresponds to the mean value of all samples and vertical
lines represent the SEM. Wilcoxon matched-pairs signed rank test and paired t-test were

used for assessment of statistical significance.
1.5. Correlation between p-24-gag, pSAMHD1 and DCC

Given the increased DCC in PBMCs, we next asked whether the antiviral factor SAMHD1 or
the increased DCC were the factors implicated in the resistance of CD4+ against HIV-1 in
vitro infection. Only a positive correlation was found between the intracellular levels of
pPSAMHD1 and p24-gag (r = 0.7448, p=0.0135) in CD4+ T cells obtained after 3 months of
ponatinib treatment interruption (Figure 20A). Between DCC and p24-gag levels, we found

a significative negative correlation after 12 months of ponatinib treatment (r = -0.6858,
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p=0.0286), and after 3 (r = -0.7043, p=0.0266) and 6 months (r = -0.7800, p=0.0046) of
ponatinib treatment discontinuation (Figure 20B). These results suggest a significant role of
DCC in interfering with HIV-1 infection in vitro in CD4+ T cells obtained from these

participants.
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Figure 20. Analysis of correlation of p24-gag levels with pSAMHD1 or DCC. The
association between the levels of p24-gag and pSAMHD1 (A) and DCC (B) was studied in
total CD4+ T cells in all timepoints of the study, using Pearson’s or nonparametric
Spearman s rank correlation coefficients. Each dot corresponds to one sample. The

straight line in the graph represents a simple linear regression.
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1.6. Treatment with ponatinib modifies the levels of cytotoxic cells

Cytotoxic cell populations were studied in the PBMCs that were cocultured with HIV-1-
infected TZM-bl cells to determine their role in inducing DCC. The gating strategy is shown
in supplementary Figure S2. After 12 months on TFR, we observed 1.3-fold (p=0.0322)
higher levels of NK cells (CD3-CD56+) compared to treatment with imatinib (Figure 21A, left
graph). However, during ponatinib treatment and throughout TFR, the degranulation

capacity, as assessed by CD107a expression, was not significantly altered (Figure 21A, right

graph).

CD8-Tyd+ cells (CD3+CD8-TCRyd+) were increased after 12 months of treatment with
ponatinib (2.0-fold, p=0.0020), and at 3 (2.1-fold, p=0.0195), 6 (2.3-fold, p=0.0273) and 12
(2.4-fold, p=0.0020) months after treatment interruption (Figure 21B, left graph). The
expression of CD107a in these cells remained unchanged during ponatinib or during TFR
(Figure 21B, right graph). Similarly, the levels of CD8+Tyd+ cells (CD3+CD8+ TCRyd+) and
their CD107a expression remained unaltered during and after ponatinib treatment (Figure

21C).

Across all time points of the study, no significant differences were detected in the levels of
CD8+T cells (Figure 21D, left graph), although the expression of CD107a marker was higher
in CD8+ T cells 12 months after ponatinib discontinuation compared to treatment with

imatinib (1.7-fold, p=0.0469) (Figure 21C, right graph).
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Figure 21. Levels and degranulation capacity of cytotoxic cells cocultured with HIV-1-
infected TZM-bl cells. Using flow cytometry, we analyzed the levels of NK cells (CD3-
CD56+) (A), CD8-Tyd+ cells (CD3+ CD8-TCRyd+) (B), CD8+Tyd+ (CD3+CD8+TCRyd+) (C)
and CD8+ T cells (CD3+CD8+) (D), and their degranulation capacity assessed by CD107a
expression (represented in the right graphs). Each dot represents the mean value of all
samples, with vertical lines indicating the SEM. Statistical analysis was conducted using

the Wilcoxon matched-pairs signed rank test and paired t-test.
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1.7. DCC against autologous HIV-1-infected CD4+ T cells

To validate the impact of DCC in the resistance of CD4+ T cells against HIV-1 infection, we
isolated CD4+ T cells obtained after 12 months of ponatinib discontinuation, activated
them and then infected with the NL4-3_wt strain in the presence or absence of autologous
cytotoxic cells (mainly, NK, Tyd and CD8+ T cells) for 72 hours. In total CD4+ T cells, the
expression of p24-gag was 1.6-fold lower (p=0.0469) when they were cocultured with the
cytotoxic cells in comparison to CD4+ T cells infected alone (Figure 22A). Similar results
were observed in all CD4+ T subpopulations that we analyzed: Ty (2.4-fold, p=0.0391); Tem
(1.7-fold, p=0.0352); Tem (1.4-fold, p=0.0313) and Temra (2.7-fold, p=0.0313) (Figure 22B).
Thus, we confirmed the role of cytotoxic cells in interfering with HIV-1 infection in vitro after
12-month of ponatinib treatment. Furthermore, this effect is maintained after 12 months of

treatment discontinuation.
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Figure 22. Analysis of p24-gag expression in CD4+ T cells obtained 12 months after
ponatinib discontinuation and after coculture with autologous cytotoxic cells. Using
the NL4-3_wt strain and in the presence or absence of autologous cytotoxic cells, we
infected CD4+ T cells for 72 hours and measured p24-gag expression by flow cytometry in
total CD4+ T cells (A) and CD4+ memory subpopulations (B). Each dot corresponds to the
mean of all samples and vertical lines represent the SEM. Comparison between both

conditions was performed using the paired t-test.
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1.1. Study participants

Clinical and sociodemographic data of all participants in this study are shown in Table 5 and
Supplementary table 2. A total of 22 participants were recruited: 2 PWH and CML that were
on ART and TKI treatment, and 20 PWH that were only on ART and that were recruited as the

control group.

The first participant with HIV and CML (participant #004) is a 51-year old male who was
diagnosed with HIV-1 infection 17 years ago and with CML 13 years ago. He was recruited at
ICH Study Center (Hamburg, Germany). He started ART regime of raltegravir, abacavir and
lamivudine (RAL/ABC/3TC), and after 9 years he transitioned to bictegravir, emtricitabine
and tenofovir (BIC/FTC/TAF). After CML diagnosis, he started and maintained TKI treatment
with imatinib for 9 years, but a change to dasatinib was necessary due to fatigue and
polyneuropathy. He continued the treatment with dasatinib for 3 years and 4 months, in
which he maintained the DMR. Given the strong and sustained antileukemic response, he
interrupted dasatinib in order to observe if this response could be preserved after treatment
discontinuation. The DMR was maintained for 4.3 months, but he relapsed in CML and
dasatinib was reintroduced, controlling CML. Due to fatigue and eczema, after 3.7 months
he switched to asciminib and has remained on it since then. Median CD4 and CD8 counts
were 1014 cells/pL (IQR 733-1236) and 639 cells/uL (IQR 442-824) respectively, with a
median ratio of CD4/CD8 of 1.6 (IQR 1.1-1.7). A scheme of the particpant “s follow-up is

included in Figure 23.

The second participant (participant #006) is a 63-year old male who was diagnosed with
HIV-1 infection 23 years ago and with CML 5 years ago. He was enrolled at the University
Hospital of Cologne (Cologne, Germany). Before CML diagnosis, he was on treatment with
zidovudine, rilpivirine and tenofovir (AZT/RPV/TDF). As dasatinib was chosen as TKI
treatment once CML was diaghosed, he changed his ART regimen to bictegravir,
emtricitabine and tenofovir (BIC/FTC/TAF) to avoid interactions with dasatinib. During all
dasatinib treatment, he maintained a molecular response of 3.0 (which corresponds to a 3-
log reduction in BCR::ABL1 transcript levels). HIV-1 viral load was undetectable. Median
CD4 and CD8 counts were 812 cells/uL (IQR 787-1309) and 3251 cells/pL (IQR 2231-3909),
respectively. Median CD4/CD8 ratio was 0.3 (IQR 0.2-0.4).
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Figure 23. Scheme of follow-up for participants #004 and #006.

Ten PWH on ART with undetectable viral load were recruited as controls for participant
#004. They were selected based on matching criteria of age, time on HIV-1 infection and
time on ART. Eight out of ten participants were males. The median age was 47.5 years (IQR
41-52.5). Median infection time with HIV-1 was 15 years (IQR 12.75-19), while median time
on ART was 14.5 years (IQR 12.0-17.5). Median CD4 count was 870 cells/uL (IQR 570.5-
1034.5), median CD8 count was 818 cells/pL (IQR 456.5-1046.5), and median CD4/CD8
ratiowas 1.08 (IQR 0.8-1.43).

For participant #006, 10 PWH on ART were also selected based on matched age, time with
HIV-1 infection and time on ART. 70% of the participants were males, with a median age of
58.0 years (IQR 54-64). Median infection time was 29.5 years (IQR 23.8-32.3), whereas
median time on ART was 28 years (IQR 22-31.5). Median CD4 count was 934.5 (IQR 800.5-
1047.75) and median CD8 count was 1206.5 (IQR 760.5-1591.5). Median CD4/CD8 ratio
was 0.77 (IQR 0.54-0.95).



Controls for Controls for

Participant #004 Participant #006

participant #004 participant #006

Gender, n ()

Male 1 (100%) 8 (B0%) 1 {10094) 7(70%)

Female - 2 (20%) - 3(30%)
Age 50 47.5(41-52.5) 62 58 (54-64)
Age at HIV diagnosis 29 32 (24.75-40.5) 33 30.5(24.5-37.8)
Infection time (years) 17 15(12.75-19) 25 29.5(23.8-32.3)
Time on ART (years) Tim 14.5(12-17.5) 25 28(22-31.5)
Current ART regime

BIC/FTC/TAF 1 (100%) 2 (20%) 1(100%4) 2(20%)

DTG/3TC - 5 (5004) - 4 (4004)

DTG/RPY - 1 (109%)

DRV/COBU/FTC/TAF - 1 (10%4) - 2 (20%)

DOR/TDR/FTC = 1(10%)

RPV/FTC/TAF - - - 2(20%)
Time on current ART regime 2.1 3.24(1.91-4.43) 5.5 3.79(1.17-5.37)
(vears)
Nadir CD4+ per mL 563 181(111.5-312) = 181 (175-283)
CD4+ Tlymphocytes per mL 044 870(570.5-1034.5) 8125 §34.5(800.5-1047.5)
CD&+ Tlymphocytes per mL 639 818(456.5-1046.5) 3251.8 1206.5(760.5-1591.5)
CD4/CD8 ratio 1.6 1.08 (0.8-1.43) 0.36 0.77(0.54-0.95)
Sokalrisk score Undetermined MNA High MA
'tl;ir;n;:;um CML diagnosis 13 NA 5 NA
Time on dasatinib (years) 4.1 NA 4.3 NA
F;:;;;u::‘:siitg?em with TKI Yes, imatinib NA No NA
Time on previous TKl (years) g MNA - MNA

3TC, lamivudine; ART, antiretroviral treatment; BIC, bictegravir; COBI, cobicistat; CML, chronic
myeloid leukemia; DRV, darunavir; DOR, doravirine; DTG, dolutegravir; FTC, emtricitabine; NA, not
applicable; RPV, rilpivirine; TAF, tenofovir alafenamide; TDF, tenofovir disoproxil fumarate; TKI,
tyrosine kinase inhibitor.

Table 5. Sociodemographic and clinical data of all participants recruited for this study.

Continuous variables are represented as median (Interquartile range), whereas qualitative

variables are represented as number and percentage of participants.
1.2. Effect of dasatinib treatmentin CD4+ T cell proliferation

Dasatinib treatment may induce cytopenia as it inhibits the homeostatic maintenance of T
cells by IL-2 and IL-7 and their activation induced via TCR stimulation (399,419). We
determined the number of CD4+ T cells and the frequency of memory subpopulations in
order to evaluate if changes in HIV-1 infection or reservoir size could be caused by a strong
reduction in CD4 counts or a modification of the distribution of memory subpopulations. In
participant #004, CD4+ T cells were maintained at a median of 925.16 cells/uL (IQR 742.25-

1180.5) during all dasatinib treatment, while in the control group CD4+ count was 808.2
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cells/pL (IQR 570.5-1034.5) (Figure 24A). In participant #006, CD4+ levels decreased after
starting dasatinib treatment, but they were maintained at 839.5 cells/pL (IQR 787.0-919.0)
during all dasatinib treatment, whereas in the control group, CD4 count was 930.0 cells/pL
(IQR 800.5-1047.75) (Figure 24A). Thus, in both participants the number of CD4+ T cells was
always above 500 cells/pL and at similar levels to the control groups, indicating that

dasatinib treatment did not cause a strong reduction of CD4+ counts.

We also studied the frequencies of CD4+ T subpopulations in several blood samples of both
participants and control groups using flow cytometry. We determined CCR7 and CD45RA
expression on total CD4+ T cells that were defined as Ty (CD45RA+CCR7+), Tcm (CD45RA-
CCR7+), Tem(CD45RA-CCR7-) and Temra (CD45RA+CCR7-). In both participants, Tem and Temga
were the most frequent subpopulations during all dasatinib treatment. In participant #004,
Temand Temra represented a median of 48.65% (IQR 33.78-65.25) and 35.07% (IQR 22.25-
45.6), respectively, of all CD4+ subpopulations during all dasatinib treatment. In the control
group, Tem and Temra cells also represented 31.6% (IQR 28.4-34.93) and 34.63% (IQR 29.98-
42.23), respectively. In participant #006, TEM cells alone represented 74.14% (IQR 70.85-
76.9) of all CD4+ during dasatinib, while in the control group TEM cells represented 53.33%
(IQR 48.3-57.5) (Figure 24B).

In the control group for participant #004, we found 2.92-fold (p<0.0001) higher levels of Tem
compared to Tem cells. Temra cells were found at 1.51-fold (p=0.0386) and 3.20-fold (p=0.005)
higher levels than Ty and Tem. In the control group for participant #006, we found similar
results with increased levels of effector memory subpopulations. Tem cells were the most
frequent CD4+ subpopulation, with 5.36-fold (p<0.0001), 2.35-fold (p<0.0001) and 3.79-
fold (p<0.0001) higher levels of Tem compared to Ty, Tem and Temra, respectively. Together,
these data show that dasatinib is not modifying the distribution of CD4+ subpopulations in
both participants on treatment with ART and dasatinib, compared to PWH only on ART,
suggesting that reservoir size should not be modified by a reduction in CD4+ counts or

proliferation of naive subpopulations that are more resistant to HIV-1 infection.
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as the data were normally distributed.
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Figure 24. Analysis of CD4+ T cell count and distribution of subpopulations during
dasatinib treatment and in control groups. (A) CD4+ T cell count expressed as cells/pL in
participant #004 and #006 (left) and in control groups of PWH only on ART (right). (B)
Distribution of CD4+ T cell subpopulations T Naive (Tn), T central memory (Tcm), T effector
memory (Tem) and terminally differentiated effector memory (Temra), expressed as
percentages in participants #004 and #006 (left) and in control groups (right). Each dot
corresponds to one sample. Vertical lines in control groups represent the median and

SEM. Statistical significance among control groups was calculated using one-way ANOVA




1.3. Decay of HIV-1 integrated DNA after dasatinib treatment introduction

To determine whether long-term treatment with dasatinib was interfering with HIV-1
reservoir maintenance and proliferation, the number of integrated HIV-1 proviral copies was
calculated by Alu-LTR PCR, using DNA isolated from PBMCs from all participants included

in the study.

In participant #004, after 3.5 months of dasatinib treatment, we observed a 7.94-fold
decrease of HIV-1 integrated DNA compared to imatinib treatment, which represented a
reduction from 1737.80 copies/10° cells to 218.78 copies/10° cells. This decrease was more
pronounced after 9.5 months of dasatinib, when integrated proviruses diminished to 1.50
copies/10° cells, and was maintained at a median of 0.88 copies/10° cells (IQR 0.40-1.00)
during all dasatinib treatment, TFR, dasatinib reintroduction and asciminib treatment.
Thus, HIV-1 integrated proviruses were maintained at lower levels after 9.5-months of
dasatinib compared to the control group, which had a median of 30.98 copies/10° cells

(IQR: 2.25-316.23), (Figure 25A).

In participant #006, the number of copies of integrated provirus was at a median of 160.09
copies/10° cells (IQR 10.88-335.11). Dasatinib treatment for 5 months reduced HIV-1
integrated DNA by 1.60-fold compared to treatment only on ART. This decline was more
marked after 1 year and 4 months of dasatinib, with a 29.17-fold decrease. Integrated HIV-
1 DNA was then maintained at a median of 6.85 copies/10° cells (IQR 3.63-11.75) during all
dasatinib treatment. The copies of integrated provirus in the control group were determined
at a 14.50-fold higher levels compared to median levels during dasatinib treatment of

participant #006 (Figure 25B).

Together, dasatinib treatment induced a strong reduction in the reservoir size of both
participants. Remarkably, in participant #004, this reduction was maintained when
dasatinib treatment was interrupted, indicating that its effects on interfering with reservoir

maintenance persist.
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Figure 25. Dasatinib treatment substantially decreases the reservoir size in both
participants with HIV and CML. (A) Quantification by Alu-LTR PCR of proviral DNA per 108
cells in participant #004 (left) and in control group of PWH only on ART (right). (B) Proviral
DNA quantification in participant #006 (left) and the control group of PWH only on ART
(right). Each dot corresponds to one sample. Vertical lines in control groups represent

median = SEM.
1.4. Dasatinib treatment reduces both intact and defective proviruses

In a previous work (165), we described in two PWH with CML that were one year on
treatment with dasatinib, finding that number of copies of intact and defective proviruses
were not modified after dasatinib treatment introduction. However, we still have not
determined whether long-term treatment might interfere with the maintenance of intact
and defective proviruses. For this purpose, we analyzed integrated proviruses with IPDA in
DNA extracted from PBMCs of all the participants included in the study. Due to scarcity of
the samples, IPDA could not be done in samples of participant #004 obtained before

dasatinib treatment.

In participant #004, copies of intact proviral DNA were 158.0 copies/10° PBMCs after 3.5

months on dasatinib treatment, and after 9.5 months intact HIV-1 DNA was undetectable.
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It was only detectable again after 3 years and 4 months of dasatinib treatment (19.7
copies/10° PBMCs) and 1 month after dasatinib interruption (10.33 copies/10® PBMCs).
Thus, after 9.5 months of dasatinib, levels of intact proviruses were lower compared to the
control group, in which the number of intact copies was 158.6 copies/10° PBMCs (IQR 1.0-
256.0) (Figure 26A). When analyzing defective proviruses, 3 “-defective were at a median of
62.02 copies/10° PBMCs (IQR 27.06-98.68) after 9.5 months on dasatinib, and decreased
to a median of 19.05 copies/10° PBMCs (IQR 3.80-31.47) from 1 year and 4 months of
dasatinib onwards. Levels of 3 "-defective proviruses were 9.41-fold higher in the control
group, in which the median was 179.29 copies/10° PBMCs (IQR 60.54-289.96) (Figure 26A).
5 "-defective proviruses appeared to remain stable in participant #004 throughout dasatinib
treatment, TFR, dasatinib reintroduction and asciminib treatment. After 9.5 months of
dasatinib, 5 "-defective proviruses were at a median of 16.82 copies/10° PBMCs (IQR 7.34-
26.3), and were maintained at a median of 14.87 copies/10° PBMCs (IQR 2.76-27.28) from
1 year and 4 months on dasatinib onwards. The number of 5 -defective proviruses was

10.66-fold higher in the control group (Figure 26A).

In participant #006, the median intact proviruses was 39.83 copies/10° PBMCs (IQR 1.0-
65.5) during treatment with ART only. Then, intact proviruses remained undetectable during
all dasatinib treatment. In the control group, the median of intact proviruses was 27.39
copies/10° PBMCs (IQR 0.0-54.5) (Figure 26B). We also found a substantial reduction in
defective proviruses once dasatinib treatment started. 3 "-defective proviruses decreased
5.21-fold after dasatinib treatment started compared to treatment only on ART, and the
median of 3 “-defective proviruses was maintained at 24.74 copies/10° PBMCs (IQR 11.36-
48.65). Levels of 3 "-defective proviruses in control group were 3.57-fold higher compared
to treatment with ART and dasatinib of participant #006 (Figure 26B). The number of 5°-
defective proviruses was 7.55-fold lower after dasatinib treatment started compared to
treatment only on ART. 5" -defective proviruses were maintained at a median of 16.33
copies/10° PBMCs (IQR 7.69-16.80) during all dasatinib treatment. The number of copies of
5 -defective HIV-1 DNA was 6.76-fold higher in the control group compared to treatment
with ART and dasatinib in participant #006 (Figure 26B).

Ourfindings indicate that dasatinib was able to reduce both intact and defective proviruses,
and this effect was maintained even when dasatinib treatment was interrupted in
participant #004. Surprisingly, intact proviruses were undetectable in both participants

during most of the dasatinib treatment.
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Figure 26. Strong reduction of intact and defective proviruses after initiation of
dasatinib treatment. Intact and defective proviruses were quantified using the IPDA in a
ddPCR. (A) Quantification of intact, 3 "-defective and 5 "-defective proviruses in participant
#004 (left) and the control group of PWH only on ART (right). (B) Quantification of intact, 3 "-
defective and 5 “-defective proviruses in participant #006 (left) and in the control group of
PWH only on ART (right). Each dot corresponds to one sample. Vertical lines in control

groups represent median = SEM.
1.5. Dasatinib treatment interfered with proviral reactivation

After analyzing the reservoir size in both participants, we characterized the reservoir
functionality by inducing proviral reactivation in isolated CD4+ T cells. These cells were first
activated with CD3/CD28 and IL-2 for 5 days, and then provirus was reactivated using PMA
and ionomycin for 18 hours, combined with brefeldin Ato inhibit the release of viral particles
into the culture medium. p24-Gag production in total CD4+ T cells and CD4+

subpopulations was assessed by flow cytometry. Median p24-Gag+ in total CD4+ T cells
was 2.49% (IQR 0.91-4.39) in participant #004, including both dasatinib and asciminib

treatment. Of note, the lowest proviral reactivation was observed during asciminib
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treatment. In the control group, p24-Gag+ CD4+ T cells levels were 3.31-fold higher, with a
median of 8.22% (IQR 1.50-13.45). Thus, proviral reactivation in participant #004 was
always lower than in the control group (Figure 27A). In participant #006, we found a median
of p24-Gag+ CD4+ T cells that was 4.03% (IQR 1.97-5.73) during all dasatinib treatment,
whereas median proviral reactivation in control group was 5.62% (IQR 2.79-7.53). Thus,
proviral reactivation in participant #006 was similar to participant #004, but it was higher

than in the control group only after 2 years and 4 months (Figure 27A).

In participant #004, median proviral reactivation in CD4+ T subpopulations was 3.23% (IQR
1.69-4.72) in Ty, 3.01% (IQR 0.85-5.29) in Tem, 1.37% (IQR 0.83-1.79) in Tem and 2.0% (IQR
0.84-3.07) in Temra. Thus, proviral reactivation in the subpopulations was lower than in total
CD4+ T cells during all dasatinib treatment, TFR and asciminib. Furthermore, it was not
above the median proviral reactivation of Tcm cells of the control group, which was found to
be the main source of viral reactivation. In the control group, reactivation of provirus was
1.43-fold (p=0.0488) higher in Ty than in Tem, and 8.32-fold (p=0.0406) higher in Tcm cells than
in Tem (Figure 27B). Almost identical results were obtained in participant #006, in which
median p24-Gag+ CD4+ T cells was 2.83% (IQR 0.99-5.15) in Ty, 2.80% (IQR 0.46-4.56) in
Tem, 2.01% (IQR 1.25-2.90) in Tem and 3.18% (IQR 1.39-5.22) in Temra, resulting in a proviral
reactivation that was not above the detected reactivation in Teum of the control group. Again,
the proviral reactivation in the control group was higher in Ty and Tcm cells. p24-Gag+
detection in Ty was 3.45-fold (p=0.0216) and 3.07-fold (p=0.0089) higher than in Tewm and
Temra, respectively. In Tem, proviral reactivation was 4.66-fold (p=0.00251) and 4.15-fold
(p=0.0208) higher than in Tem and Temra, respectively (Figure 27B).

Altogether, our results link the decrease in the reservoir size with a reduction in the proviral
reactivation in both participants, in comparison with PWH only on ART. Moreover, this
reduced proviral reactivation is detected in all CD4+ subpopulations that were analyzed,
suggesting that the effect of dasatinib against HIV-1 infection is extended to all CD4+

subsets.
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Figure 27. Dasatinib treatment interferes with proviral reactivation in total CD4+ T cells
and memory subpopulations. Reactivation of HIV-1 provirus was induced by activation of
CD4+ T cells with CD3/CD28 and subsequent stimulation with PMA and lonomycin. p24-
Gag production was assessed by flow cytometry. (A) Percentage of p24-Gag+ total CD4+ T
cells in participants #004 and #006 (left) and in control groups (right). (B) Percentage of p24-
Gag productionin Ty, Tem, Tem and Temra cell subpopulations in both participants (left) and in

control groups of PWH only on ART (right). Each dot corresponds to one sample. Vertical
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lines in the control groups represent the median £ SEM. Statistical significance in control

groups was evaluated using one-way ANOVA.
1.6. SAMHD1 antiviral activity was maintained during all dasatinib treatment

Giventhe strong reduction in both reservoir size and the reactivation of the provirus, we next
tested if long-term treatment with dasatinib was able to inhibit the phosphorylation at T592
of the antiviral immune factor SAMHD1, which would maintain its antiviral activity. After
CD4+ T cells isolation and activation with CD3/CD28 for 5 days, we analyzed the frequency

of pSAMHD1 in total CD4+ T cells and memory subpopulations.

In total CD4+ T cells of participant #004, SAMHD1 phosphorylation did not increase during
all dasatinib treatment and remained below control levels, with a median of 1.56% (IQR
0.37-2.82) of pSAMHD1. Median pSAMHD1+ in total CD4+ T cells of the control group was
12.52% (5.08-20.4). Similar results were found in total CD4+ T cells of participant #006, in
which median percentage of pPSAMHD1 was 4.03% (IQR 1.97-5.73), whereas in the control
group median was 11.33% (IQR 6.35-15.33) (Figure 28A). Therefore, the phosphorylation of
SAMHD1 in total CD4+ T cells was always lower in both participants than in control groups.
These results can also be extended to the different CD4+ T subpopulations that were
analyzed, in which pSAMHD1 in both participants was never above the detected levels in
both control groups, with no differences between subpopulations. However, we did find
statistical differences in the subpopulations of control groups. In the control group for
participant #004, the percentage of pPSAMHD1 was 37.12-fold (p=0.0069) and 11.63-fold
(0.0127) higher in Ty than in Tem and Temra, respectively. We also found 22.18-fold (p=0.0370)
higher percentage of pSAMHD1 in Tcm than in Tew, that was also observed in the control
group for participant #006, in which pSAMHD1 was 2.60-fold (p=0.0127) higher (Figure 28B).
We found no correlation between p24-Gag production and phosphorylation of SAMHD1 in

CD4+T cell during all dasatinib treatment.

These results provide evidence of the inhibition of the phosphorylation of SAMHD1 by
dasatinib treatment in CD4+ T cells, which would maintain the antiviral effects of SAMHD1,
resulting in an interference with HIV-1 infection and proviral reactivation. Furthermore, the
effects of dasatinib are extended to all CD4+ subpopulations, enabling possible the
maintenance of SAMDH1 function in all CD4+ T cells, regardless of their differentiation

state.
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Figure 28. SAMHD1 phosphorylation at T592 was blocked during dasatinib treatment.
The percentage of pPSAMHD1 was measured in isolated CD4+ T cells by flow cytometry after
activation with CD3/CD28 for 5 days and subsequent stimulation with PMA/lonomyicin for
18h. (A) Percentage of phosphorylation at T592 of SAMHD1 in total CD4+ T cells in
participants #004 and #006 (left) and in control groups of PWH receiving only ART (right). (B)
Percentage of pPSAMHD1 in CD4+ T subpopulations of both participants (left) and control
groups (right). Each dot corresponds to one sample. Vertical lines in control groups
represent the median = SEM. Statistical significance in control groups was evaluated using

one-way ANOVA.
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1. Dasatinib and ponatinib treatment in vitro impaired mitochondrial and

glycolytic activity in CD4+ T cells.

In order to evaluate the impact of dasatinib and ponatinib treatment on cell metabolism,
we determined the metabolic activity of CD4+ T cells that were isolated from PBMCs of 5
different healthy donors. Cells were cultured for 72 hours in the presence or absence of

dasatinib, ponatinib, and also in the presence of PHA to induce cellular activation.

The metabolic activity of unstimulated CD4+ T cells was at low levels in both OCR and ECAR
measurements, in accordance with their quiescent state (Figure 29A, left graphs).
Treatment with dasatinib or ponatinib of non-stimulated CD4+ T cells did not induce
changes in mitochondrial or glycolytic metabolism, although cells remained in a
susceptible state in which they could respond to inhibitory or activating compounds. Thus,
in these treated cells, oligomycin was able to reduce mitochondrial respiration, while FCCP
could induce maximum cell respiration. This was also observed in the glycolytic
metabolism, where the use of rotenone plus antimycin A induced an increase in ECAR,

indicating an increase in the glycolytic activity of these cells (Figure 29A, lower left graph).

Treatment with dasatinib or ponatinib together with PHA produced a strong inhibitory effect
on cell metabolism, showing low OCR and ECAR values that indicated a suppression of
mitochondrial and glycolytic metabolism (Figure 29A, right graphs). Again, these cells
remained susceptible to inhibitory and activating stimuli despite their low metabolic
activity, although their capacity to respond to the different drugs was substantially reduced
in comparison with CD4+ T cells that were activated with PHA. As a result, dasatinib and
ponatinib treatment of PHA-stimulated cells induced a 2.99-fold (p<0.0001) and 3.01-fold

(p<0.0001) reduction of OCR compared to PHA-only treated cells, respectively.

This reduction was also observed in ECAR measurements, where dasatinib and ponatinib
provoked a 4.11-fold (p<0.0001) and 4.7-fold (p=0.0002) reduction compared to PHA-only
treated CD4+ T cells (Figure 29B). Therefore, our results suggest that dasatinib and
ponatinib induce a potent cytostatic effect that interferes with the activation of CD4+ T cells
via mitochondrial and glycolytic metabolism, which is crucial for the establishment and

maintenance of HIV-1 infection.

103




Rotenone +

= 100 FCCP = 300 recp antimycin A
E Rotenone + -8~ Basal E —¥ PHA
g 0= . Oligomycin antimycin A Dasat g Oligomycin —+ Dasat+PHA
I3 Medium —a Ponat 3200_ Medium -#- Ponat+PHA
2 60= »
o ;i ©
e 3
— 404 g -
+ o + 100
3 3
o 207 o
44 14
80IIIIIIIIIIIIIIIIII 8cIIIIIIIIIIIIIIIIII
20 40 60 80 100 120 20 40 60 80 100 120
Time point Time paint
= =
= 301 ‘£ 80 Rotenone +
i:E" -e- Basal E:E" Antimycin A 2DG - PHA
[-% Dasat [=% Medium —+— Dasat+PHA
£ Rotenone + £ 60
o 20 Antimycin A = Ponat - -8~ Ponat+PHA
= Medium 2-DG =
[} [}
o O 40+
- l l =
+ +
« 104 <
=] [a] -
a ] 20
2 ' z
& 0
(Lﬂ 0 1T 1rrrrr1rrrriua " 8 m
20 40 60 80 100 20 40 80 80 100
Time point Time point
B
- <0.0001 .
= _ =
E 150 <0.0001 E 30m 0.0002
£ = <0.0001
o
£ =%
8 E
- 1004 o 20
E 8
—- -
4 50 i g 104
D
8 BL =7 o = I
o % L
8 0 T T T T T T 9 0 T T T T T T
X ~ X ~
& F & F T
& F &) 4 R L P ) < L 3
-s < 3 S & &
NS A * & &
< < < <

Figure 29. In vitro treatment with dasatinib or ponatinib strongly reduces cell
metabolism. Isolated CD4+ T cells from PBMCs of healthy donors were treated in the
presence or absence of dasatinib, ponatinib and PHA for 72 hours. The graphs show the
median results from different experiments with 5 donors. (A) Representative experiment of
Seahorse XF Analyzer with MitoStress Test kit for OCR and Glycolytic Stress kit for ECAR
measurements in non-activated CD4+ T cells (left) and PHA-activated cells (right). (B)
Representative analysis of OCR and ECAR (based on the same measurements as in panel
A). Bar graphs represent the median + SEM. Paired t-tests were used for differences

between conditions in CD4+ T cells.
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2. Metabolic suppression of CD8+T cells by treatment in vitro with dasatinib

and ponatinib

Following the same procedure as with CD4+ T cells, we next tested if the cytostatic effect
induced by dasatinib and ponatinib extended to CD8+ T cells, as their activity is necessary
for control and elimination of HIV-1-infected cells. Again, OCR was measured as an

indicator of OXHPOS, while ECAR was measured as an indicator of glycolytic metabolism.

The quiescent state of non-stimulated CD8+ T cells resulted in low levels of OCR and ECAR
in basal conditions that were not modified by dasatinib or ponatinib treatment (Figure 30A,
left graphs). As with CD4+ T cells, CD8+ T cells responded to activating and inhibitory drugs
for both mitochondrial and glycolytic metabolism, allowing maximum respiratory capacity
of OCR (after FCCP injection) or an increase in ECAR (after rotenone plus antimycin A)

(Figure 30A, left).

Treatment with PHA and dasatinib or ponatinib interfered with the activation of CD8+ T cells,
resulting in a decrease in both OCR and ECAR in comparison with PHA-stimulated cells in
which we observed an increase in their mitochondrial and glycolytic metabolism (Figure
30A, right graphs). The effects of dasatinib of ponatinib still permitted CD8+ T cells to
respond to the injection drugs, but not as strongly as activated CD8+ T cells. Consequently,
we observed a 2.48-fold (p<0.0001) and 2.78-fold (p<0.0001) reduction of the OCR of
dasatinib + PHA and ponatinib + PHA treated CD8+ T cells in comparison with PHA-only
treated cells, respectively. A similar decrease was observed in ECAR of dasatinib + PHA and
ponatinib + PHA CD8+ T cells, in which a 3.05-fold (p<0.0001) and 3.20-fold (p<0.0001)

reduction was observed in comparison to PHA-only treated cells (Figure 30B).

Altogether, these results confirm the strong cytostatic effects of dasatinib and ponatinib on
T cells, which remained in a quiescent state when they were treated with either of both TKiIs.
Although these results may imply that TKIs may interfere with CD8+ T cell activation, the

cytotoxic capacity of these cells remains to be determined.
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Figure 30. Dasatinib and ponatinib in vitro treatment blocked the activation of cell
metabolism. Isolated CD8+ T cells from healthy donors were treated in the presence or
absence of dasatinib, ponatinib and PHA for 72 hours. Data from 5 independent
experiments are shown. (A) Median values of the experiment in the Seahorse XF Analyzer
using Mito Stress test kit for OCR and Glycolytic Stress kit for ECAR measurements in non-
stimulated (left) and PHA-activated (right) CD8+ T cells. (B) Analysis of global results of OCR
and ECAR that were represented in (A). Bar graphs represent the mean * SEM. Paired t-tests

were used for analysis of differences between conditions.
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3. Dasatinib reduces cytokine-induced metabolic activation in NK cells while

preserving metabolic plasticity

To determine whether the metabolism and activation of NK cells are modified by TKI
treatment, we isolated NK cells from healthy donors and treated them in the presence or
absence of dasatinib. IL-15, IL-12, and IL-18 were also used to stimulate their metabolic
activity. Given the previous results in which ponatinib induced the same effects as
dasatinib, we hypothesized that any effects observed with dasatinib could be observed with
ponatinib treatment of NK cells. We measured OCR as indicator of OXPHOS, ECAR as
indicator of glycolysis, and PER as an indicator of shifts between OXPHOS and glycolysis.
PER is linked to lactate production (via glycolysis), indicating that an increase in PER is
usually caused by high glycolytic activity, while low PER values correspond to reliance on

OXPHOS or a quiescent state of the cell.

Our results showed that dasatinib treatment reduced the cell metabolism of un-stimulated
NK cells, as demonstrated by OCR, ECAR and PER measurements (Figure 31A). The
maximal respiratory capacity obtained after FCCP drug injection of dasatinib-treated cells
was lower than in basal NK cells. However, OCR, ECAR, and PER were increased when NK
cells were activated with IL-15/12/18, and the addition of dasatinib to the culture of these
stimulated cells only reduced ECAR and PER, although not to basal levels. Furthermore, we
found that dasatinib reduced OCR by 1.18-fold (p=0.0221) in NK cells not stimulated with
cytokines. The use of IL15/12/18 induced a 1.72-fold (p<0.0066) and 2.13-fold (p<0.0001)
increase of the mitochondrial metabolism in comparison to un-activated and dasatinib
treated NK cells, respectively. When dasatinib was added with 1L15/12/18, we found no
differences in the OCR of these cells in comparison with un-stimulated NK cells, but their
OCR increased 1.83-fold (p=0.0022) when compared to dasatinib-only treated NK cells
(Figure 31B, left graph).

Notably, the analysis of ECAR revealed a similar trend, in which treatment in vitro with
dasatinib reduced 1.92-fold (p=0.0012) the glycolytic metabolism of un-stimulated cells.
The use of dasatinib with IL15/12/18 reduced ECAR by 1.60-fold (p=0.0006) compared to
stimulated NK cells (Figure 31B, right graph). However, we also observed that culture of NK
cells with dasatinib and 1L15/12/18 produced a 1.65-fold (p=0.0005) increase in ECAR

compared to NK cells cultured only with dasatinib.

Overall, our results suggest that dasatinib may interfere with cytokine-driven activation of

the mitochondrial and glycolytic metabolism of NK cells, but still permits some degree of
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metabolic plasticity, allowing NK cells to shift to glycolytic metabolism and avoid remaining

in a quiescent state.
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Figure 31. Dasatinib does not interfere with mitochondrial metabolism and permits
low-level activation of glycolytic metabolism in NK cells. After isolating NK cells from
PBMCs of healthy donors, cells were cultured in the presence or absence of dasatinib, IL-
15, IL-12 and IL-18. Data from 3 independent experiments are shown. (A) OCR, ECAR and
PER measurements in NK cells under different conditions. (B) Statistical analysis of OCR
and ECAR. Bar graphs represent the mean + SEM. Paired t-tests were used for analysis of

differences between conditions.
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DISCUSSION







Since the first described cases in the early 1980s, which were initially associated with rare
types of immunosuppression, more than 88.4 million people have been infected with HIV,
and 42.3 million people have died of AlIDS-related causes (4). The fact that 1.3 million
people are newly diagnosed with HIV each year shows that, despite the development of new
antiviral drugs and vaccines, HIV remains one of the biggest threats to global health. The
existence and unique characteristics of the HIV viral reservoir constitute a major challenge
for the achievement of a cure for HIV infection. The early initiation of ART in SIV infection in
simians (437,438) or HIV infection in humans (160) has demonstrated that ART alone cannot
prevent the formation of the viralreservoirs. The detection of HIV-1 infected cells in different
tissues and organs (147-149,154,203-209), which even ART or cytotoxic T cells cannot
reach (214) complicates the elimination of latently infected cells. The HIV-1 reservoir has
an estimated half-life of 44 months, and ART alone would need more than 70 years to

eliminate or significantly reduce the reservoir (439).

In PWH on ART, latently infected cells are primarily composed of clonally expanded CD4+ T
cells (191,220,227,440,441). The maintenance and proliferation of these cells via cytokine
stimulation (188) and TCR-mediated activation (233) enable the maintenance of the HIV-1
viral reservoir through intrinsic T-cell maintenance and mechanisms linked to the
development of the immune response. Thus, the persistence of latently infected CD4+ T
cells results in chronic immune activation, which leads to immune exhaustion, non-

infectious complications and associated co-morbidities (236).

Multiple intervention strategies have been implemented to achieve a meaningful reduction
in the HIV-1 latent reservoir. The Shock & Kill (287-292) and the Block & Lock (304,305)
strategies are being studied in laboratories all over the world, but these approaches still
need to be tested in controlled clinical trials (309). Several LRAs have been analyzed in
clinical trials, such as bryostatin-1 (288) or vesatolimod (292), but they failed in significantly
reducing reservoir size. In the case of LPAs, only ruxolitinib has progressed to clinical trials,
although its potential as a Block & Lock compound was not evaluated (442). Therefore, the
only approach that has been effective so far in producing a real cure for HIV-1 infection is
the transplantation of stem-cell from bone marrow or umbilical cord blood obtained from
CCR5A32/A32 donors (276-280) and, apparently, also from a wild-type CCR5 donor (284),
although this remains to be confirmed in other cases. Unfortunately, the difficulty of finding
HLA-compatible donors and the elevated risk of the stem-cell transplantation procedure

make this cure approach difficult to implement for all PWH. Consequently, alternatives that

111




are more accessible for everyone and easier to implement are necessary to achieve a real

reduction and control of the HIV-1 reservoir that may lead to a functional cure.

It is well known that the maintenance of normal T cell counts by homeostatic proliferation
(443) allows the persistence of latently infected cells in PWH (444-446). Moreover, the
differentiation of latently infected CD4+ T cells by antigen-driven proliferation leads to the
reactivation of the provirus and triggers the expansion of T-cell clonotypes that contain
proviruses (447-450). Thus, blocking CD4+ T cell proliferation and maintenance appears to
be essential for interfering with the maintenance of the HIV-1 reservoir and progressing

toward an HIV cure (188,451,452).

Our laboratory has been studying for several years the potential use of TKls, a cancer
immunotherapy option, to tackle the HIV-1 reservoir. The cytostatic capacity of TKls to
interfere with CD4+ T cell homeostatic proliferation and TCR-mediated activation, to inhibit
the phosphorylation of SAMHD1, and even their capacity to enhance the cytotoxic immune
response, make these drugs potential candidates to disrupt HIV-1 infection in PWH (419).
Dasatinib and ponatinib have been shown to be the most potent TKIs against HIV-1;
therefore, this thesis has been centered on evaluating the efficacy of these drugs in
containing the infection, and also in inducing a potent antiviral, cytotoxic response in CD8+

T cells and NK cells.

Dasatinib and ponatinib are both able to interfere with the formation and maintenance of
the HIV-1 reservoir (399,419,422), but they may differ in efficacy. Ponatinib has been
described as the most potent TKl, so we hypothesized that a one-year treatment with
ponatinib may modify the susceptibility of CD4+ T cells to HIV-1 infection and even
stimulate cytotoxic cell responses against the infected cells. In people with CML on long-
term treatment with imatinib, CD4+ T cells showed persistent susceptibility to HIV-1
infection, which correlated with increased SAMHD1 phosphorylation that reduces its
antiviral activity (419). Switching to ponatinib for one year rendered CD4+ T cells resistant
to HIV-1 infection, and this resistance was maintained during one year of treatment
interruption. Ponatinib affected all CD4+ T subpopulations, independently of their
differentiation status, which means that it could interfere with the establishment,
maintenance and proliferation of the HIV-1 reservoir, and also with the expression of

defective integrated proviruses that trigger chronic immune activation (453).

Ponatinib efficiently interfered with proviral integration (419), but also with the homeostasis

and activation of CD4+ T cells driven by cytokines and TCR-mediated activation (399).
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Despite the potent cytostatic effect of ponatinib, the participants did not show a significant
reduction in the levels of CD4+T cells. However, although these mechanisms could achieve
the reduction of the reservoir size, as has been previously determined with dasatinib (165),
they do not explain the resistance of CD4+ T cells to HIV-1 infection. The lack of a significant
correlation between HIV-1 infection levels in CD4+ T cells and the preservation of SAMHD1
antiviral activity suggested the existence of additional antiviral mechanisms that were

triggered by ponatinib treatment and that could remain active even in the TFR phase.

Similar results were found in the 2 PWH and CML that were on long-term treatment with
dasatinib, in which the CD4+ T cell count remained at similar levels to those of control
groups of PWH for 5 years. Thus, the strong reduction in reservoir size that was observed in
both individuals may not be caused by a significant decrease in CD4+ T cell counts. In fact,
it has been observed that dasatinib preserves thymic function for regenerating
lymphocytes, resulting in a low incidence of opportunistic infections (454). In both
individuals, the distribution of CD4+ T subpopulations was similar to control groups, with
more than 50% of the CD4+ T cells characterized as Tem or Temra Subsets. In contrast,
opposite results were found in mice engrafted with CD34+ hematopoietic stem cells that
were treated with dasatinib before infecting them with HIV-1 (422). We hypothesize that the
more frequent effector memory subpopulations found in our study were already
differentiated in the context of chronic HIV-1 infection and cancer, and dasatinib treatment
did not modify their distribution. HIV-1 reservoir frequency is highest in memory CD4+ T cell
subpopulations (188,191,455-457), but it is still unknown whether the differentiation of
CDA4+ T cells towards memory phenotypes affects the reservoir size and its competence in
PWH on ART, although CD4+ T susceptibility to HIV-1 infection increases with T cell
differentiation (186,187).

Nonetheless, long-term treatment with dasatinib resulted in a significant reduction in
reservoir size that was maintained even after treatment interruption and the switch to
asciminib. The decrease in reservoir size is observed in intact and defective proviruses, with
intact proviruses being undetectable in PBMCs of both participants during most of the
dasatinib treatment. Of note, intact reservoirs were undetectable in PBMCs of blood
samples in both participants, but HIV-1 preferentially persists within tissue-resident
memory T cells (458). Although we were not able to measure HIV-1 reservoir size in tissues,
the cytostatic effect of dasatinib may extend to tissue-resident memory CD4+ T cells,
controlling HIV-1 reservoir maintenance. The decrease in defective proviruses in both

participants, which are implicated in the chronic immune activation through the production
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of viral transcripts and proteins (66,152,459), may involve reductions in both the chronic

inflammation and associated comorbidities of HIV-1 infection.

The observed decrease in both intact and defective proviruses could be explained by the
inhibition of homeostatic proliferation and TCR activation of CD4+ T cells, which may block
clonal proliferation of T cells, as defective and intact genomes are found in clonal
populations (231,447,460,461). One additional mechanism that may be involved in
reducing reservoir size and the acquired resistance of CD4+ T cells to HIV-1 infection after
treatment for one year with ponatinib is the reduction of metabolic activity in CD4+ T cells.
In the absence of activation, CD4+ T cells are in a quiescent state with minimal metabolic
activity (462), during which they are highly resistant to HIV-1 infection (187,242). HIV-1
selectively infects CD4+T cells that show a phenotype with high OXPHOS and glycolytic
metabolism (462). In this activated state, cells upregulate dNTP production and SAMHD1
phosphorylation, favoring HIV-1 replication (462). The quiescent state induced by dasatinib
and ponatinib treatment interfered with the metabolic activation of CD4+ T cells, which may
drastically reduce the susceptibility of CD4+ T cells to HIV-1 infection. Our results indicate
that dasatinib and ponatinib blocked HIV-1 infection not only by inhibiting the
phosphorylation of SAMHD1, but also both mitochondrial and glycolytic metabolism

through the induction of a quiescent state in CD4+ T cells.

These cytostatic effects are also extended to interfere with proviral reactivation in PWH and
CML, which was maintained throughout all dasatinib treatment in the 2 PWH and CML.
(165). Of note, we found residual proviral reactivation in total CD4+ T cells and also in the
CD4+ subpopulations, independently of their differentiation status. This residual
reactivation may proceed from defective proviruses, as we did not detect intact proviruses
in PBMCs during all dasatinib treatment in the IPDA analysis. As we observed in total CD4+
T cells, the preservation of the antiviral activity of SAMHD1 and the inhibition of TCR-
mediated activation in CD4+ T subpopulations may block HIV-1 replication, while the
inhibition of mitochondrial and glycolytic metabolism induces a quiescent state of the cell
that interferes with HIV-1 infection. Thus, the cytostatic effect of dasatinib is extended to all
CD4+ subpopulations, which may interfere with the replication of intact (more frequent in
Tem cells (191-194)) and defective proviruses with unstable expression (more frequent in
Temra cells (197). We may also suggest that the strong cytostatic effect of dasatinib may
counteract the increased susceptibility of CD4+ T cells as they differentiate into memory
subpopulations (186,187), protecting them from HIV-1 infection. Furthermore, these effects

were maintained after dasatinib treatment interruption or switch to asciminib.
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However, there are other mechanisms involved in interfering with HIV-1 infection. In fact, it
has been previously observed that TKls may induce the proliferation and maturation of
cytotoxic cell populations (405,406,416,463,464). In the cohort of individuals with CML
from study I, treatment with ponatinib for one year resulted in increased cytotoxic activity
against HIV-1-infected cells that was maintained after treatment interruption, which we
correlated with the increased proliferation of NK and ydT CD8- cells. This enhanced
cytotoxic activity was responsible for the resistance of CD4+T cells against HIV-1 one year
after treatment interruption. Remarkably, CML individuals who discontinued dasatinib
treatment have also shown increased cytotoxic activity that interfered with HIV-1 infection
in autologous CD4+ T cells (416). In fact, dasatinib treatmentinduces the proliferation of NK
and yoT cells with activated profiles (409,410,413,414) that may emerge after CMV
reactivation (411,412) and that may be associated with the control of HIV-1 infection
(417,418). In study |, most individuals were seropositive to CMV, which may have
contributed to the proliferation of NKand ydT CD8- cells, as it has been previously observed
that CMV reactivation during TKI treatment in CML individuals drives NK cell maturation into
memory-like phenotypes that control the leukemia during treatment interruption (411,412).
Thus, a low level of persistent CML reactivation may have induced the maturation of NK
cells during ponatinib treatment, but we cannot discard that other mechanisms, such as
the modulation of NK and ydT cell activity via the IL-15 sighaling pathway (465,466), may be
involved. The enhanced cytotoxic response after ponatinib treatment might also contribute
to the antileukemic response, as has been described before (416,424,425), which could
explain the absence of CML relapse after ponatinib interruption in all participants. However,
more studies are necessary that include participants that relapse of CML during treatment
interruption in order to establish the main factors that impact on the antileukemic response

during TFR.

It has been described before that the expansion and maturation of NK cells is a key factor in
the control of CML after TKI treatment discontinuation (467-469) and, in the present study,
we demonstrated their antiviral potential to interfere with HIV-1 infection. Interestingly, we
have also observed that dasatinib treatment suppresses the metabolic activity of untreated
NK cells, but does not induce a cytostatic effect that could block activation by IL-15/IL-
12/1L-18. Upon inhibition of mitochondrial metabolism, NK cells that were treated with
IL15/12/18 and in the presence or absence of dasatinib could shift to glycolytic metabolism
while showing increased OXPHOS and glycolysis compared to NK cells treated only with

dasatinib. Prior studies have demonstrated that activation of NK cells triggers increased
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glycolytic activity (470-475), and that this activation is maintained after the stimulation
(476). The shift and increased glycolysis allow for rapid production of ATP, cellular
proliferation, and synthesis of immune effector molecules (477). Nonetheless, NK cells still
depend on both OXPHOS and glycolysis for the development of theirimmune response, as
inhibition of either of both metabolic pathways resulted in decreased IFN-y production
(475,478). Our data suggest that dasatinib treatment may permit the activation of both
mitochondrial and glycolytic metabolism upon cellular stimulation only in NK cells, which
could lead to anincrease in the cytotoxic response. Thus, due to the similarities to dasatinib
in its mechanisms of action and off-target effects, we hypothesize that ponatinib may
induce similar effects in the metabolism of NK cells, allowing cellular activation and the
proliferation of these cells that are involved in interfering with HIV-1 infection and the

elimination of latently infected cells.

Interestingly, the potent cytostatic effect of ponatinib on CD4+ T cells did not produce a
significant decrease in the levels of CD8+ T cells. Notably, it has been reported that
dasatinib treatment triggers the expansion of memory CD8+ T cells (479), and that memory
CD8+ T cells are implicated in the deep antileukemic control after dasatinib treatment
interruption (480). As in CD4+ T cells, we observed that treatment with either dasatinib or
ponatinib produces a strong inhibitory effect on mitochondrial and glycolytic metabolism
of CD8+ T cells. However, treatment with dasatinib can induce the proliferation of CD8+ T
cells (405,407,408), which suggests that TKIs may inhibit the metabolic activation of these
cells but not their proliferation. Remarkably, it has been reported that dasatinib treatment
triggers the expansion of memory CD8+ T cells (479), which are also implicated in the deep
antileukemic control after dasatinib treatment interruption (480). Effector memory and
terminal memory subpopulations are characterized by their higher cytotoxic capacity (481).
Thus, we hypothesize that ponatinib may induce similar effects to dasatinib in CD8+ T cells,
and instead of causing lymphopenia, may be prompting the proliferation of memory

subpopulations.

Treatment with imatinib in people with CML or in participant #004 with HIV and CML did not
result in a significant interference with HIV-1 infection or the proliferation of cytotoxic cell
populations. These observations suggest that imatinib may not induce the expansion of NK
cells with antiviral potential, as ponatinib and dasatinib do. This could be related to the
more specific activity of imatinib against BCR::ABL1 and the reduced off-target effects of
this TKI compared to dasatinib and ponatinib (377,381,419,420). This expansion and

maturation of NK cells as a consequence of TKI reprogramming seems to be a key factor in

116



the control of CML after treatment discontinuation (467-469), and also to stimulate their
antiviral potential against HIV-1 infection, as described in Study I. Thus, the lack of NK cell
expansion during imatinib treatment could at least partially explain the higher susceptibility
of CD4+ T cells to HIV-1 infection in Study I. Furthermore, our results from Study Il showed
that imatinib treatment did not interfere with the maintenance and proliferation of HIV-1
reservoir. In fact, imatinib was determined to not block proviral integration in PBMCs of CML
individuals infected ex vivo with HIV-1 (419), and also does not interfere with SAMHD1
phosphorylation (419). Moreover, imatinib showed low efficiency in interfering with
homeostatic proliferation and TCR-mediated activation of T cells (399), which is necessary

to inhibit HIV-1 reservoir replenishment.

An important limitation of Study Il is the low incidence of CML in PWH (approximately, 1
person with CML for each 65,000 PWH) who are receiving dasatinib treatment. Therefore,
more studies are necessary to directly confirm the impact of dasatinib treatment on the
HIV-1 reservoir size and its competence in PWH. Notably, the recommended dose of
dasatinib is 100mg per day, but our prior research identified 16nM (8.26ng/mL) as the
threshold for achieving the antiviral efficacy of dasatinib (419). Consequently, the use of
dasatinib in reduced concentrations in PWH would be a safer option while reducing the
probability of side effects when used as adjuvant of ART in PWH. Indeed, the drastic
reduction in the reservoir size of the two participants included in this study was achieved
after one year of dasatinib treatment, and the antiviral effects of dasatinib were maintained
after discontinuation in participant #004. These findings suggest that the administration of
dasatinib in short periods of time may be a valid strategy for the induction of a potent
antiviral response (422,482). Future studies are necessary to assess these hypotheses and
also to analyze the effects of dasatinib in other cells that contain proviruses, such as

macrophages or dendritic cells.

Overall, the intensified treatment with ponatinib in CML individuals resulted in a protective
effect on CD4+ T cells against HIV-1 infection in vitro. This effect mostly relied on factors
such as the inhibition of mitochondrial and glycolytic metabolism of CD4+ T cells, the
preservation of the antiviral activity of SAMHD1, and the maintenance during treatment
interruption of the expansion of cytotoxic cell populations, primarily NK and yoT cells, with
antiviral potential. Moreover, the potent cytostatic effect of dasatinib and ponatinib was not
extended to NK cells, which can be activated and proliferate even after treatment with both
TKls. These factors may also be involved in the low frequency of intact and defective

proviruses in both participants with HIV and CML who were on long-term treatment with
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dasatinib. However, due to the wide range of off-target effects of dasatinib, other still-
undetermined mechanisms may also contribute to interfering with HIV-1 reservoir
maintenance and proliferation, such as the inhibition of homeostatic proliferation of T cells

induced by IL-7 or IL15, and the blockade of TCR-mediated activation through Lck inhibition.
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CONCLUSIONS

1.

10.

Intensification treatment for one year with ponatinib in CML individuals was effective to
protect CD4+ T cells against HIV-1 infection in vitro mostly due to its cytostatic effect
that preserved SAMHD1 function.

The antiviral effects of ponatinib were extended to all CD4+ T cell subpopulations,
independently of their differentiation status, which is crucial to interfere with HIV-1
reservoir maintenance.

The proliferation of cytotoxic populations, primarily NK and y&T cells, supported the
persistence of antiviral protection after ponatinib treatment discontinuation.
Long-term treatment with dasatinib in two PWH and CML efficiently reduced HIV-1
reservoir size by interfering with homeostatic proliferation of CD4+ T cells and
preserving SAMHD1 antiviral activity.

Intact proviruses were undetectable in PBMCs from PWH and CML after one year of
treatment with dasatinib.

The inhibition of SAMHD1 phosphorylation by dasatinib treatment caused the reduction
of proviral reactivation in PWH and CML, which was maintained during dasatinib
discontinuation or after modification of the TKl regimen.

Dasatinib and ponatinib induced a strong cytostatic effect that inhibited mitochondrial
and glycolytic metabolism in CD4+ T cells.

The cytostatic effect also blocked the metabolic activity of CD8+ T cells, although
apparently dasatinib did not affect the proliferative capacity of these cells.

NK cells treated with dasatinib and IL-15/1L-12/1L-18 presented increased OXPHQOS and
glycolytic activity, confirming the enhanced proliferative effect of dasatinib on these
cells.

Reprogramming the immune system via transient treatment with dasatinib or ponatinib
as adjuvants with ART may produce a persistent antiviral state in PWH. This approach
may significantly reduce the reservoir size and suppress proviral reactivation, efficiently
controlling HIV-1 infection. This strategy holds promise for achieving a functional cure

in individuals with chronic HIV-1 infection.
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CONCLUSIONES

1.

10.

El tratamiento de intensificacidon con ponatinib durante un afio en personas con LMC
fue efectivo en proteger a los linfocitos T CD4+ contra la infeccion por VIH-1 in vitro
gracias al efecto citostatico que preservo la funcién de SAMHD1.

Los efectos antivirales de ponatinib se extendieron a todas las subpoblaciones de
linfocitos T CD4+, independientemente de su estado de diferenciacién, siendo crucial
para interferir con el mantenimiento del reservorio de VIH-1.

La proliferaciéon de poblaciones celulares citotéxicas, principalmente células NKy yoT,
apoyo la persistencia de la proteccién antiviral tras la discontinuacidn del tratamiento
con ponatinib.

El tratamiento a largo plazo con dasatinib en dos PCV y LMC redujo eficientemente el
tamano del reservorio de VIH-1 gracias a la interferencia de este ITK con la proliferacién
homeostatica de los linfocitos T CD4+ y la preservaciéon de la actividad antiviral de
SAMHD1.

Los provirus intactos fueron indetectables en ambas PCV y LMC tras un afio de
tratamiento con dasatinib.

La inhibicion de la fosforilaciéon de SAMHD1 por el tratamiento con dasatinib causé la
reduccién de la reactivacion proviral en PCV y LMC, lo cual se mantuvo durante la
discontinuacién del tratamiento con dasatinib o la modificacidn del ITK utilizado en el
tratamiento.

Dasatinib y ponatinib indujeron un potente efecto citostatico que inhibié el
metabolismo mitocondrial y glicolitico de los linfocitos T CD4+.

El efecto citostatico también bloqued la actividad metabdlica de los linfocitos T CD8+,
aunque aparentemente dasatinib no afectaba a la capacidad proliferativa de estas
células.

Las células NK tratadas con dasatinib junto con IL-15/IL-12/IL-18 presentaron
incrementos en la actividad de OXPHOS y la glicdlisis, confirmando el efecto
proliferativo de dasatinib en estas células.

La reprogramacion del sistema inmunitario mediante el tratamiento transitorio con
dasatinib o ponatinib como adyuvantes de TAR podria generar un estado antiviral
persistente en PCV. Este enfoque podria reducir significativamente el tamafo del
reservorio viraly suprimir la reactivacién proviral, controlando eficazmente la infeccién
por VIH-1. Esta estrategia representa un avance prometedor hacia la consecucion de

una cura funcional en individuos con infeccién cronica por VIH-1.
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Anexes

Reactive Function

Oligomycin Inhibits ATP synthase (Complex V), decreasing electron flow
through the electron transport chain, which reduces

mitochondrial respiration (decreasing OCR).

Carbonyl cyanide-4 Collapses the proton gradient and impairs the mitochondrial

(trifluoromethoxy) membrane potential. Consequently, electron flow through the
phenylhydrazone electron transport chain proceeds uninhibited, driving oxygen
(FCCP) consumption by ATP synthase (Complex IV) to its maximum

rate. This reflects the maximal respiratory capacity of the cell.

Rotenone/antimycin A This combination is used to quantify non-mitochondrial
respiration by completely suppressing mitochondrial electron
transport. By blocking mitochondrial respiration, it allows the
measurement of OCR attributable to non-mitochondrial

cellular processes.

2-Deoxyglucose (2-DG) This inhibitor targets glycolysis, leading to a measurable
reduction of ECAR and PER. It acts as a glucose analog that
blocks glycolysis through competitive binding of glucose

hexokinase (first enzyme in the glycolytic pathway).

Supplementary Table 1. List of compounds used in the Mito Stress Test Kit and the
Glycolytic Rate Assay Kit for the induction of changes in the mitochondrial respiration or

the glycolytic metabolism.
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Participant code

Participant#004
Participant#006
Control 4.1
Control 4.2
Control 4.3
Control 4.4
Control 4.5
Control 4.6
Control 4.7
Control 4.8
Control 4.9
Control 4.10
Control 6.1
Control 6.2
Control 6.3
Control 6.4
Control 6.5
Control 6.6
Control 6.7
Control 6.8
Control 6.9
Control 6.10

Gender
(M/F)

T MXXXXXXXX"MmMmIImNMIIXXXXmTMXTXXTXZXZX

Age

50
62
38
54
42
36
72
45
49
51
46
52
53
54
81
58
61
63
58
54
67
54

Age at HIV
diagnosis

33
37
25
42
24
21
58
31
36
40
27
33
53
54
50
30
23
43
35
25
36
26

Time
on ART

17
25
13
13
18
16
16
15
13
12
20
20
37
24
32
29
34
21
23
23
31
29

Time on current CDh4
ART regime Nadir
2.1 563
5.5 -
4,20 414
4,17 -
1,73 70
4,89 181
0,01 153
1,42 210
3,62 -
2,99 -
3,40 -
3,42 -
3,89 175
0,00 181
5,08 -
5,07 36
4,95 273
4,52 228
5,19 310
0,52 180
1,04 -
5,21 -

CD4 per
mililiter
944
812.5
977
956
684
344
416
622
1119
784
1174
1006
1185
606
986
877
802
1173
896
796
973
1006

CD8 per
mililiter
639
3251.8
659
462
853
1371
439
440
964
783
855
1293
1345
645
2077
43
1115
1430
925
1298
2395
799

CD4/CD8 ratio

1.6
0.36
1.48
2.06
0.80
0.25
0.95
1.41
1.16

1
1.37
0.78
0.88
0.94
0.47

20.39
0.72
0.82
0.97
0.61
0.41
1.26

Anexes

ART

BIC/FTC/TAF
BIC/FTC/TAF
DTG/RPV
BIC/FTC/TAF
DTG/3TC
DRV/COBI/FTC/TAF
DOR/TFV/FTC
DTG/3TC
BIC/FTC/TAF
DTG/3TC
DTG/3TC
DTG/3TC
DTG/3TC
FTC/RPV/TAF
BIC/FTC/TAF
DRV/COBI/FTC/TAF
DRV/COBI/FTC/TAF
BIC/FTC/TAF
FTC/RPV/TAF
DTG/3TC
DTG/3TC
DTG/3TC

ART, antiretroviral treatment; CML, chronic myeloid leukemia; F, female; M, male; Neg, negative; Pos, positive; UD, undetermined; BIC, bictegravir; FTC,
emtricitabine, TAF, tenofovir alafenamide; DTG, dolutegravir; RPV, rilpivirine; 3TC, lamiduvine; COBI, cobicistat; DOR, doravidine; DRV, darunavir.

Supplementary table 2. Sociodemographic and clinical data of the participants recruited for the study of Study Il
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Supplementary Figure S1. Gating strategy to analyze the intracellular expression of

p24-gag and pSAMHD1 in CD4+ T cells by flow cytometry. After gating lymphocytesin

SSC/FSC dot plot, CD4+ T cells (CD3+CD8-) were gated into 4 memory subpopulations:

Tn

(CD45RA+CCR7+),

Tem

(CD45RA-CCR7+),

TEM

(CD45RA-CCR7-),

and Temra

(CD45RA+CCR7-). In each subpopulation, percentages of p24-gag and SAMHD1

phosphorylation were obtained. Data of negative controls is shown.

159



SSC-A

SSC-A

SSC-A

4,001 =

3,00 =

2,0M =

1,00t =

Lymphocytes
28,0

FSC-W

T
2.0 3.0M

FSC-A

T
4.0M

4.0M =

3.0

SSC-A

1.0M =

Comp-BY510-A - CD3

.

Comp-PE-A :: TCRgd

4.0M =

3.0M =

2,00 =

1.0M =

NK cells

CD3-CD56+
442

Court

Comp-BVB05-A :: CD56

40M = 4,00 =
30M= 3,0M =
Z
20M = % O =
@
1.0M= 1,06 = o
Single Cells Single Cells
88,5 96,5
] — o
T T T T T T T T
0 1.0M 206 30M 4.0 ] 1.0M 2.0M 3.0M 4.0M
FSC-H SSC-H
T CD8+ T cells 0]
30 =
3.0 7 80 =
6.0 E =7
2,00 - g ‘ 2
- D3+ CDB S © CD107ar
+ D+ CO107a+
215 20 - 5 175
'_ 105 l l
1.0M =
20=
o o
0 ! T SRR T Ty I‘”“S“al‘sl
10 mU m' 10° 103 104 106 ma 10 10 10 10 10 10
Comp-APC-HT-A : CDB Comp-PE-Cv7-A 2 CD107a Comp-PE-Cy7-A :: CD107a
IEIs
Jos [+ 1 80
867 1,0
1w’ 3 X
1CD8- Ty3 cells - .,CD8+ Tyd cells  #° 7
L 0% ) 6.0
104- :
3 — 50—
T =
5 3 CD107a+ 2 40
1w g “© S
3 20 - o CD107a+
P 6,71
2 —
10" 20 =
Jos a7 204
R 389
10
T ey f o
o' w? 10° 10 IS 0 0 L o g B
10 10 10° 10 10 1w° 1o 0 I 1t ot T 1o?
Comp-APC-H7-A : CD8
Cortio-PE-Cv7-A 2 CD107a Comp-PE-Cy7-A :: CD107a
15 15 -
10— 10 -
15
E
S
CD107a+ C0107ax
a 557
50 e
[ER— L
o
L e el o - - ety
1? 1! 10 IS it w® n? 1o? 10! 10? I 10 0?1

Comp-PE-Cy7-4 . CO107a

Anexes

Cotmn-PE-Cy7-4, 1 CD107a

Supplementary Figure S2. Gating strategy to analyze cytotoxic cell populations

(CD8+T cells, Tyd+ cells, and NK cells), and their degranulation capacity (CD107a+).

After gating lymphocytes in SSC/FSC dot plot, CD3- cells were gated into CD56+ to

obtain NK cells (CD3-CD56+) and their percentage of CD107a. From CD3+ cells we

obtained CD8+ T, CD8+TCRyd+ and CD8-TCRyd+ cells, as well as the percentage of

CD107a+ in each population.
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Supplemental Figure S3. Gating strategy for the analysis of the intracellular
expression of p24-gag and pSAMHD1 in CD4+ T cells after HIV-1 provirus
reactivation. After gating lymphocytes in SSC/FSC dot plot, CD4+ T cells (CD3+CD8-)
were gated into 4 memory subpopulations: Ty (CD45RA+CCR7+), Tem (CD45RA-CCR7+4),
Tem (CD45RA-CCR7-) and Temra (CD45RA+CCR7-). In each subpopulation, percentages
of p24-gag and pSAMHD1 were obtained.
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Supplemental Figure S4. Representative results for IPDA controls. Three control

materials are analyzed in each IPDA experiment: A) 8E5 cell (positive control), B)

purified water and C) PBMCs from healthy donors. Graphs represent the IPDA results for

the HIV-1 IPDA.
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Supplemental Figure S5. HIV-1 IPDA results of participants included in Study II.
Graphicalrepresentation includes: A) participant #004 after 9,5 months on dasatinib, B)
participant #006 after 1 year and 4 months on dasatinib, C) Individual with HIV-1 on ART

for 14 years. Identical gates were applied for each subject.
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