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ABREVIATURES

Llista d’abreviatures més utilitzades a la tesi

ADN: acid desoxiribonucleic

ADNCc: acid desoxiribonucleic codificant

ARN: acid ribonucleic

ARNm: acid ribonucleic missatger

CA: capsida

CCRS5: C-C chemokine receptor type 5

CXCR4: C-X-C motif chemokine receptor type 4
DC: dendritic cell

ddPCR: droplet digital PCR

EC: elite controllers

Env: Envelope

FDA: US food and drug administration

FISH: Fluorescence In Situ Hybridization

GALT: gut-associated lymphoid tissue

HDAC: histone deacetylase

HDACi: histone deacetylase inhibitor

IL: interleukin

IN: integrasa

IP: inhibidors de la proteasa

IPDA: intact Proviral DNA Assay

ITIAN: inhibidors de la transcriptasa inversa analegs de nucleosids
ITINAN: inhibidors de la transcriptasa inversa no analegs de nucleosid
LA: lauric acid

LRA: latency reversal agent

LTR: long terminal repeat



MA: matriu

NC: nucleocapsida

NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells
NK: natural killer

PBMC: peripheral blood mononuclear cells
PCR: polimerase chain reaction

PKC: protein kinase C

PMA: phorbol 12-myristate 13-acetate

PTC: post-treatment controller

QVOA: quantitative Viral Outgrowth Assay
RT: reverse transcriptase

SIDA: sindrome de la immunodeficiencia humana
TAR: terapia antitretroviral

Tem: central memory T cell

Tem: effector memory T cell

Ten: follicular helper T cell

Tu: helper T cell

TILDA: tat/rev induced limiting dilution assay
TLR: toll like receptor

Tna: naive T cell

Trm: resident memory T cell

Tsem: stem memory T cell

Tym: transitional memory T cell

VIH: virus de la immunodeficiencia humana
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l. Introduccio

1. HISTORIA DE LA MALALTIA

Fa gairebé 40 anys, concretament I’any 1981, la plataforma Centers for Disesase Control
and Prevention (CDC) va descriure casos de pneumonia, causada per Pneumocystis
carinii (actualment coneguda com a P. jiroveci), i de sarcoma de Kaposi en homes
homosexuals a Los Angeles i Nova York (USA), documentant aixi, els primers casos del
gue més endavant seria conegut com la sindrome de la immunodeficiéncia adquirida
(SIDA)[1, 2]. Cal destacar, pero, que estudis retrospectius realitzats en mostres de serum
de pacients afectats d’hepatitis han permés documentar el primer cas d’infeccid
causada pel virus de la immunodeficiencia humana (VIH) a principis del 1979[3]. A partir
d’aquell moment, es van comencar a identificar altres casos en homes homosexuals
perd també en usuaris de droga per via intravenosa, persones amb hemofiliai receptors
de transfusions sanguinies, constituint aquests col-lectius els principals grups de risc.
Aguests fets van conduir a la sospita de que la transmissié es produia per contacte sexual
perd també per contacte sanguini. Posteriors casos en heterosexuals i infants vanindicar
gue la transmissié podia ser també de mare a fill[4, 5].

L'any 1983, Luc Montagnier i Francoise Barré-Sinoussi, investigadors del Institute
Pasteur (Paris, Franca), van identificar un nou retrovirus que va ser proposat com |’agent
causal del SIDA i ja es van proporcionar les primeres recomanacions per evitar-ne el
contagi[6, 7]. Un any més tard i de manera paral-lela, dos grups d’investigadors del
National Institute of Health (NIH, USA)[8-10] i la Universitat de California (UCSF,
USA)[11] van aillar aquest mateix retrovirus donant forca a la idea de que aquest nou
virus era I'agent que estaven buscant. L’any 1985, es van aprovar per la Food and Drug
Administration (FDA) les primeres proves diagnostiques per a la deteccio del virus que
fins al moment havia rebut diferent nomenclatura (LAV, HTLVIII o ASR). Va ser a I’'any
1986, que el International Committee of the Taxonomy of Viruses va determinar que
aquest virus trobat de manera independent per diferents investigadors passaria a ser
anomenat virus de la immunodeficieéncia humana (VIH)[12]. Després de 6 anys des de la
identificacié del primer cas de malaltia es va aprovar el primer farmac antiretroviral,
zidovudine (AZT), per al tractament de la infeccié pel VIH[12] promovent un gran aveng
en la lluita contra la SIDA.

Gairebé 40 anys han passat des de la identificacié del primer cas d’infeccié pel VIH als
Estats Units, i més de 74 milions [58.3-98.1 milions] de persones han contret la infeccid
des de l'inici de la pandémia. Segons la Organitzacié6 Mundial de la Salut en VIH/SIDA
(ONUSIDA), a finals de I'any 2018 hi havia 37.9 milions [32.7-44.0 milions] de persones
infectades pel virus arreu del mén, de les quals només 24.5 milions [21.6-25.5 milions]
tenien accés a terapia antiretroviral. Cal dir que, tot i I'aparicié de nous farmacs
antiretrovirals altament eficagos que han permeés la cronificacié de la malaltia i la
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l. Introduccio

disminucid exponencial de la mortalitat associada, la infeccié per VIH segueix sent un
gran problema de salut a nivell mundial.

2. VIRUS DE LA IMMUNODEFICIENCIA HUMANA (VIH)

La familia Retroviridae engloba un gran nombre de virus associats a diferents patologies,
incloent tumors, desordres neurologics i immunodeficiéncies, entre d’altres. La infeccié
per un retrovirus sol ser asimptomatica i, en molts casos, el virus queda integrat en I’ADN
cel-lular de I’hoste. Els retrovirus poden classificar-se en dos tipus: complexes i simples;
i tots ells contenen 3 gens indispensables: gag, pol i env. Els retrovirus complexes poden
incorporar, a més, gens que codifiquen per proteines reguladores (p. ex. tat o rev).

- Gen gag: Dirigeix la sintesi de les proteines internes del virié com la matriu
(MA), la capsida (CA) i la nucleocapsida (NC).

- Gen pol: Conté la informacid per a la transcriptasa reversa (RT) i la integrasa
(IN) del virus.

- Gen env: Codifica per les proteines transmembrana i les de superficie
localitzades a la capsida com, per exemple, gp120 o gp41 en el cas del VIH.

Dins de la familia Retroviridae es troba el virus de la immunodeficiéncia humana (VIH),
qgue és I'agent causal de la sindrome de la immunodeficiéncia adquirida en humans
(SIDA) i que forma part del génere dels lentivirus. Les infeccions d’aquests virus mostren,
tipicament, un curs cronic de la malaltia, amb un llarg periode de latencia clinica i una
replicacid viral persistent[13]. S’han identificat dos subtipus del virus capagos d’infectar
a humans: VIH-1 i VIH-2, sent el primer el que presenta una taxa de mutacid
extraordinariament més elevada, el més estés a nivell mundial i el responsable de causar
la majoria dels casos d’infeccié pel VIH[14, 15]. El VIH-2 presenta una viruléncia menor
amb un curs de la infeccié més lent i una distribucid més limitada, ja que es localitza
principalment en zones de I’Africa central i occidental[16, 17]. Tots dos subtipus deriven
de multiples creuaments i transmissions del virus de laimmunodeficiéncia en simis (VIS),
el qual a través d’un procés de transmissié zoonotica va infectar a humans donant lloc
al virus de la immunodeficiéncia humana (VIH). Diverses investigacions indiquen que el
VIH-1 esta estretament relacionat amb una soca de VIS trobada en ximpanzés[18, 19],
mentre que el VIH-2 ho esta amb una soca de VIS trobada en micos mangabeis[20].

2.1 Estructura del virus: genoma i particules virals

Els virions madurs de VIH-1 sén particules amb una morfologia esférica de 100-120nm
de diametre i que presenten una membrana de bicapa lipidica que envolta la
nucleocapsida (NC) que conté les molécules d'ARN genomiques (dues molécules amb
cadena simple d’ARN de 9.8kb), la proteasa viral (PR), la transcriptasa inversa (RT), la
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l. Introduccié

integrasa (IN), les proteines accessories Vpu, Vif, Vpr i Nef i alguns factors cel-lulars[21,
22] (Fig. 1).

gag p17

——_ Lipid

‘ Membrane
) \‘
Integrase ‘

Figura 1. Estructura del VIH-1. Representacidé esquematica de I’estructura d’una particula viral
infecciosa. Imatge extreta de https://www.eenzyme.com/HIV-research-tools.aspx.

La particula de VIH-1 presenta una estructura organitzada en 3 capes:

1. La interna o nucleoide: Conté les dues cadenes d’ARN, la nucleoproteina i els
enzims virals.
Una capsida icosaedrica.

3. Una envolta -lipidica (obtinguda per gemmacid).

La membrana que conforma la envolta lipidica conté dues glicoproteines codificades pel
gen env del virus que s’incorporen durant I’etapa d’acoblament i sortida del virié de la
cél-lula hoste, gp41 i gp120. D’aquestes dues glicoproteines presents en I’envolta, una
d’elles és transmembrana (gp41) i juga un paper important en el procés de fusié del virus
amb la cél-lula hoste, i I'altra és una glicoproteina de superficie (gp120) que intervé en
la interaccié amb la molécula de CD4. A més, a I’envolta del virus també es troben
proteines derivades d’aquesta cel-lula hoste, com serien receptors cel-lulars, actina,
ubiquitina i el complex major d’histocompatibilitat (MCH) de tipus | i ll, entre d’altres.
Pel que fa a la capsida, aquesta esta formada principalment per la proteina estructural
p24, codificada pel gen gag, i al seu interior conté les dues cadenes d’ARN de polaritat
positiva i altres proteines catalitiques implicades en el cicle replicatiu (transcriptasa
inversa, integrasa i proteasa), les quals sén codificades pel gen pol. Aixi doncs, a grans
trets, el gen gag proveeix al virus de la seva infrastructura basica, el gen pol proporciona
els mecanismes necessaris per a que el retrovirus pugui replicar-se, el gen env codifica
per als elements necessaris per generar la envolta lipidica, mentre que la resta de gens
ajuden al virus a interaccionar i entrar a la cél-lula hoste i millorar la seva replicacié.
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També hi ha quatre proteines accessories, Nef, Vpu, Vif i Vrp, i dues proteines
reguladores essencials, Rev i Tat, que tenen funcié en la cel-lula hoste i sén necessaries
per la replicacié del virus doncs sén les responsables d’induir la transcripcié de I'ADN
proviral i de transportar els transcrits d’ARN del nucli al citoplasma. Tot i que les funcions
de les proteines accessories no esta del tot ben caracteritzada, s’ha observat que
aquestes proteines actuen com a mecanisme per contrarestar la resposta antiviral per
part de la cél-lula infectada[13, 23-26]. Flanquejant els gens que codifiquen per totes
aquestes proteines, es troben els long terminal repeat (LTR) que contenen elements
implicats en I'expressio genica (Fig. 2). Aquests LTR tenen una gran importancia degut a
la seva implicacido en l'establiment de la laténcia, doncs I'extrem 5’ actua com a
regulador transcripcional ja que presenta llocs d’unid a diversos factors de transcripcid
tals com C-Myc, NF-kB, USF, AP1, COUP, TCF-1a, SP1. Tots aquests factors actuen de
forma conjunta per regular la transcripcié del VIH, de manera que, per exemple, SP1 és
responsable de reclutar a C-Myc a I'’extrem 5’ i aquesta associacié fara que augmenti el
reclutament de histones desacetilases de tipus 1 (HDAC1). En conseqliéncia es produira
un remodelament de la cromatina que promoura, per una banda, la supressié de
I’expressid génica del virus i, per altra banda, I’establiment de la laténcia[27].

8 ﬁ gene start locations § ﬁﬁ?ﬁ@e ,\c,;‘? é';: qé;}«
L 1 1 1 1 L1l 1 1 |
a
: tat
S ] bk al co Nobs " T
= : P
o 2 vpu reyv " |:[]
£ [ U3.R
<3 |1 pol | | wr | en |
] PR RT RNase IN SP gp120 gp41
[ I I L rTT I
S 0 @ oy b b Vv & &~ ]
o & genestoplocations & &&8 S se8 o

Figura 2. Esquema de I'organitzacioé del genoma del virus del VIH-1. Les regions codificants per
proteines es mostren com a requadres grisos i els dominis d’unié a poliproteina es representen
com a linies verticals. Imatge extreta de Watts et al., 2009 [28].

A nivell gendmic, la principal diferéncia entre el VIH-1i el VIH-2 és I’abséncia de vpu i la
preséncia de vpx en el VIH-2[29].

2.2 Cicle replicatiu del VIH-1

El cicle replicatiu del virus de la immunodeficiencia humana es divideix en dues fases:
una fase primerenca, que compren des de I’entrada del virus a la cél-lula fins a I'etapa
d’integracié del provirus al genoma de la cel-lula hoste, i una fase tardana, que comprén
des de la transcripcid dels gens virals fins a la formacidé dels nous virions. En les dues
fases hi intervenen elements tant del virus com de la cel-lula hoste[22]. A continuacié es
descriuen cada un dels passos implicats en aquest procés (Fig.3).
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o Fusion of

HIV to the host
N cell surface. -

HIV RNA, reverse
transcriptase, integrase,
and other viral proteins
enter the host cell.

Co-receptor Preintlegratioﬁ"
complex
(CCRS or CXCR4) p!

° ﬁ%.}w“;
e Viral DNA is e ' \
HOSt Cell formed by reverse
transcription. e
L M Viral RNA
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‘ transcriptase
° .

Viral DNA is
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\'=—Viral DNA

New viral RNA
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Viral protease
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create mature New viral RNA
infectious virus. and proteins move
to the cell surface,
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Figura 3. Resum esquematic del cicle replicatiu del VIH-1. La infeccid s’inicia amb la interaccio
entre el virus i la molécula CD4 i un coreceptor cel-lular (CCR5 o CXCR4) i la posterior fusid de la
membrana viral amb la del hoste (pas 1), permetent I'entrada del virus i de totes les proteines
virals a la cel-lula (pas 2). A continuacid, té lloc la formacié de ADN proviral per accié de la
transcriptasa reversa (pas 3) i la integracio d’aquest en el genoma de la cel-lula hoste (pas 4). La
magquinaria transcripcional cel-lular genera noves molecules de ARN (pas 5) que s’encapsularan
juntament amb les noves particules virals formant un nou virié immadur (pas 6). Finalment, el
virus sera alliberat i la proteasa viral promoura la generacido de noves poliproteines virals,
constituint aixi un nou virié amb capacitat infectiva (pas 7).

Imatge extreta de https://www.niaid.nih.gov/diseases-conditions/hiv-replication-cycle

1. Entrada. La infeccié comeng¢a amb la interaccié del virié madur, a través del domini
extracel-lular de la proteina viral gp120, i els receptors de superficie de la cél-lula
hoste. La moléecula de superficie CD4, expressada majoritariament en limfocits T en
circulacié perd que també es pot trobar en macrofags, és el receptor principal del
VIH-1[30]. La interaccié de la proteina viral amb aquesta moléecula permetra la unié
a la cel-lula pero no la infeccié d’aquesta, doncs es requereix d’altres coreceptors
per a que es produeixi la fusid de membranes. Aquests coreceptors poden ser CXCR4
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i CCR5, cada un d’ells anira associat a un tropisme diferent del virus, de manera que
aquelles cél-lules que presentin aquests dos receptors (CD4 i CCR5 o CXCR4) seran
diana del VIH-1[31]. Es considera tropisme R5 quan el virus interacciona amb el
coreceptor CCR5 i tropisme X4 quan el coreceptor és el CXCR4, tot i que també s’han
descrit certes soques que presenten un tropisme dual R5X4[32]. Aixi doncs, la
interacciod entre la proteina gp120 amb la glicoproteina CD4 i el coreceptor CCR5 o
CXCR4, indueix la reestructuracid de I’envolta viral, I'exposicio del péptid de fusié
gp4l i la fusid de membranes cel-lular i viral, promovent I’alliberacié de la capsida
viral a I'interior de la cél-lula[33, 34].

Desassemblatge i retrotranscripcié. Un cop la capsida viral ha estat alliberada al

citoplasma cel-lular s’inicia el desassemblatge d’aquesta i es dona pas al procés de
retrotranscripcio en el que el genoma viral de cadena simple d’ARN (o ssRNA, de
I’anglés single-stranded RNA) és retrotranscrit a un genoma de doble cadena d’ADN
(dsDNA, de I'anglés double-stranded RNA), per accié de la RT. En el cas del VIH, la RT
és incapag¢ de corregir errors, de manera que s’incorporen una gran quantitat de
mutacions al genoma viral. Aixo suposa pel virus una pérdua d’eficiéncia biologica
(algunes mutacions faran que el virus no tingui capacitat infectiva), pero també
proporcionara una avantatge adaptativa, contribuint a la diversitat geneética trobada
en poblacions infectades pel VIH-1[35-37].

Integracié. Un cop sintetitzat, aquest ADN de doble cadena sera transportat al nucli
com a part del complex de pre-integracio (PIC, de I’angles pre-integration complex)
i sera inserit, com a provirus, al genoma de I’hoste a través de I'accié de la integrasa.
La integracio del genoma viral es pot produir a diferents localitzacions del genoma
cel-lular, incloent regions on I’activitat transcripcional és bastant baixa i on el virus
podria romandre en estat latent a l'interior de la cel-lula hoste. Aquest punt es
tractara amb més profunditat en apartats posteriors. Val a dir que aquesta integracio
en el genoma no és del tot aleatoria, ja que s’ha vist que el virus tendeix a integrar-
se en regions on |'activitat genica és més elevada[38, 39]. De manera general, la
retrotranscripcié resulta en la generacié d’'un ADNc (ADN codificant) lineal que
podra inserir-se en el genoma de 'hoste, tot i que també s’han identificat altres
formes d’ADN proviral circular no integrat en el nucli[40]. Aquestes formes circulars
poden ser de dos tipus: 1-long terminal repeat (1-LTR), resultant de la recombinacid
homologa entre les dues regions LTR d’una molécula d’ADN lineal; i 2-LTR, la
estructura del qual consisteix en la lligacié dels dos extrems de la molécula, sovint
amb modificacions, tipus insercié o delecions d’alguns nucleotids, en la regid d’unié.
Aquestes formes circulars també sén conegudes sota el nom d’ADN episomal i, a
diferencia, per exemple, de les formes episomals del herpesvirus, no tenen capacitat
replicativa autdonoma tot i que poden actuar com a substrat en el procés d’integracio
viral[41, 42].
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4. Transcripcid i traduccid. A continuacio tindra lloc la transcripcié que dependra de

forma inherent de I’enzim ARN polimerasa Il (ARNPII) de I'hoste. Cal destacar que a
diferéncia d’altres virus, que depenen exclusivament de la maquinaria del hoste, el
VIH-1 requereix tant de factors cel-lulars com factors virals per a la sintesi de nous
virions. La transcripcié del genoma viral s’inicia en la regié del promotor U3 cap a la
regio LTR, en aquest procés estaran implicades les proteines virals Tat i Rev[43]. La
transcripcié d’aquest ADN proviral promoura la formacié de transcrits d’ARNm (ARN
missatger) de diferents longituds i splicings. Els ARNm més petits seran transportats
directament al citoplasma on seran traduits donant lloc a les proteines virals Tat i
Rev, mentre que les formes unspliced i single spliced requeriran de I’accié de Rev per
tal de ser transportades al citoplasma. El complex de la ARNPII reclutara el positive
transcription factor b (de I'anglés, P-TEF-b) per tal de que es produeixi I’elongacié i
la generacio del transcrit viral complet[44]. Un cop obtingut I’ARN complet, es dura
a terme, aleshores, la traduccié seqliencial dels gens env, gag i pol amb la
conseqlient sintesi de proteines, en forma de precursors. Les proteines env migraran
a lamembrana plasmatica, mentre que els productes de gag i pol es desplacaran fins
a la membrana cel-lular.

5. Assemblatge i alliberament de noves particules viriques. El precursor immadur de

env sera processat per accié de la proteasa cel-lular furina en dues subunitats, gp41
i gp120; mentre que el precursor de gag promoura la formacié d’una capsida
immadura que encapsulara les dues noves molécules d’ARN generades i els enzims
virals RT, IN i PR. Aquest virio immadur sera alliberat de la membrana plasmatica i
sera durant el procés de budding o gemmacio que el virid incorporara les proteines
cel-lulars de la membrana plasmatica a la seva propia[45, 46]. Per a que es produeixi
I"assemblatge i gemmacio és imprescindible que es doni una disminucié dels nivells
de CD4 a la superficie cel-lular, per tal d’evitar que els nous virions reinfectin a la
mateixa cel-lula per reconeixement de gp120. Aixi doncs, la proteina accessoria Nef
actua regulant negativament els nivells de CD4, doncs accelera la seva endocitosi i
posterior degradacio[47].

6. Maduracié. La particula viral, alliberada per la cel-lula infectada, requereix d’un pas
de maduracié per tal d’esdevenir un nou virus infectiu. Aquest procés sera dut a
terme per la proteasa viral que escindeix les poliproteines Gag i Gag-Pol en deu llocs
diferents, promovent I’alliberament de les proteines estructurals i enzims del virus
madurs (MA, CA, NC, p6, PR, RT i IN) i facilitant la conformacié de la capsida en la
seva forma conica i madura[46, 48]. Un cop finalitzada la fase de maduracié, els nous
virions generats seran capacos d’infectar noves cel-lules diana.
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3. PATOGENESI DE LA INFECCIO PER VIH-1

L’evolucio de la infeccié per VIH-1 es caracteritza per I’existéncia de 3 fases successives:
I’estadi de primoinfeccid, la fase cronica i la sindrome de laimmunodeficiéncia adquirida
(SIDA) (Fig. 4). A trets generals, la infeccid per VIH-1 cursa, durant la fase aguda de la
infeccié, amb una deplecid inicial de la poblacié de limfocits T CD4* (<200 cells/mm?3)
combinada amb la deteccié de viremies molt elevades. Aquesta fase vindra seguida
d’una recuperacio parcial del nombre de limfocits T CD4* i de la disminucid de la virémia
per accid del sistema immunitari del hoste. Finalment, després d’un llarg periode de
latencia clinica, que pot arribar a durar décades i en el que es produira un descens
sostingut del nombre de limfocits T CD4*, tindra lloc el que es coneix com a fase SIDA.
Aguesta es caracteritza per la caiguda novament del recompte de limfocits T CD4* que
fara que la resposta immune quedi alterada i, en conseqiiéncia, I'individu sigui més
susceptible a patir infeccions oportunistes que el puguin arribar a conduir a la mort.
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Figura 4. Evolucié de la infeccio pel VIH en individus infectats i sense tractament. La fase
d’infeccié primaria es caracteritza per un augment de la carrega viral plasmatica i una disminucid
gradual del nombre de cél-lules T CD4* a la sang periférica. Es produeix una resposta immune al
VIH acompanyada d’una disminucié de la viremia detectable seguida d'un llarg periode de
laténcia clinica. La fase d'infeccid cronica es caracteritza per una reduccio lineal en nombre de
cél-lules T CD4*. La fase sida comenga quan els nivell de limfocits CD4" T disminueixen a nivells
per sota de 200 cel-lules/uL, i es produeix una evolucid accelerada de la malaltia, que comporta
un rapid augment de la carrega viral i un fort descens del nombre de cél-lules T CD4".
L’esgotament del sistema immunitari, en aquesta etapa, comporta una major susceptibilitat a
infeccions oportunistes que conduira finalment a la mort als individus infectats. Imatge
actualitzada de Pantaleo et al., 1993[49].
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3.1 Primoinfeccio o fase aguda

En el moment de la transmissid, el virus infecta en primera instancia aquelles
cel-lules T que es troben a la mucosa on por replicar localment. Les cél-lules
dendritiques (DCs, de I’'anglés dendritic cells) que es troben també a les mucoses,
juguen un paper essencial en aquestes primeres etapes de la infeccié [50], doncs no
només son susceptibles a ser infectades pel virus sind, que a més, sén capaces de
capturar-lo en la seva superficie a través de lectines o altres moléecules d’'unio[51].
D’aquesta manera, el virus aprofita la capacitat de les cel-lules dendritiques de
migrar als organs limfoides secundaris per arribar a zones riques de limfocits T CD4",
la seva diana principal. Un cop el virus ha replicat extensament en el teixit limfatic,
especialment en els limfonodes locals, aquest es podra disseminar cap a altres
organs limfoides secundaris, principalment el teixit limfoide associat a l'intesti
(GALT, de I'anglés Gut-associated Lymphoid Tissue). La destruccié de limfocits T CD4*
a nivell de GALT promou la perdua de la funcid barrera, el que facilitara la preséncia
anormalment elevada de productes bacterians com els lipopolisacarids (LPS) als
ganglis mesenteérics, procés que rep el nom de translocacio bacteriana i, a la vegada,
induira una inflamacid cronica en els individus infectats[52, 53].

Després del contacte amb el VIH s’inicia un periode finestra que dura uns 10-21 dies,
durant els quals encara no es detecten anticossos especifics front al virus tot i que
els nivells de virémia sén molt elevats (10°-10° copies/ml)[54]. La deteccié de
resposta antiviral en abséncia d’anticossos, suggereix que la resposta cel-lular és més
precog i important en el control inicial de la infeccid. Tot i aix0, aquesta resposta
sera insuficient per erradicar el virus, encara que podra contenir-lo, i s’establira una
infeccié cronica persistent. Durant aquesta fase, molts dels pacients presenten
simptomes similars als de la grip, com febre, mal de cap i erupcié cutania[55] (Fig.
5).
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Figura 5. Fase aguda de la infeccio per VIH. Es defineix com la fase que té lloc just després de
I’adquisicié del VIH i es caracteritza per la preséncia de nivells detectable d’ARN viral o antigen
p24, en abséncia d’anticossos anti-VIH. Imatge extreta de https://www.hiv.uw.edu/go/
screening-diagnosis/acute-recent-early-hiv/core-concept/all

3.2 Fase cronica

En aquesta fase, anomenada també de laténcia clinica o asimptomatica, els nivells
de cel-lules T CD4* circulants s’estabilitzen a nivells gairebé normals i la carrega viral
es redueix drasticament gracies a intenses respostes immunitaries, tant humorals
com cel-lulars, que inclouen la produccié d’anticossos i la resposta per part del
limfocits T CD8* citotoxics[56, 57]. Durant aquest periode, el pacient no acostuma a
presentar els simptomes principals de la malaltia, tot i que el virus esta infectant
continuament noves cel-lules i la replicacié es manté activa. Normalment aquest
periode de laténcia, si I'individu no es tractat, sol tenir una durada de 7 a 10 anys,
tot i que la progressio de la malaltia presenta una gran variabilitat entre individus.

En aquest fase, el VIH-1 establira una baixa perd persistent replicacié viral que
comportara un estat d’activacié immunitaria i inflamacié sistémica cronica. La
perpetuacié en el temps d’aquestes respostes immunologiques faran que els
sistema immunitari quedi desgastat i conduira a una incapacitat progressiva de
contenir la replicacié viral que vindra acompanyada per una disminucié del
recompte de cel-lules T CD4*. Aquest fet marcara el final de la fase de latencia.

3.3 Estadis avancats o fase SIDA

Després d'aquest periode asimptomatic, i en abséncia de tractament, la carrega viral
s'eleva rapidament amb una caiguda simultania en el recompte de cél-lules T CD4*.
Aquesta ultima etapa es coneix com a sindrome de la immunodeficiéncia adquirida
o SIDA, i es caracteritza per situacions en que el recompte de cel-lules T CD4* esta
per sota de 200 cél-lules/mm?3 i per I'aparicié de certes infeccions oportunistes que
poden conduir a la mort de I'individu[58]. Aixi doncs, en aquesta etapa s’observa el
deteriorament de la resposta humoral i cel-lular front al VIH, que conduira a una
situacié de fracas immunologic.

3.4 Patogenesi en preséencia de la terapia antiretroviral

L’aparicio del primer compost antiretroviral, el zidovudine o AZT, va comportar un
canvi de paradigma pel que fa a la infeccid del VIH-1, passant de ser una malaltia
mortal a un tipus de malaltia tractable i de caire cronic compatible amb una elevada
taxa de supervivencia[59]. La infeccid per VIH-1 en abséncia de tractament presenta
una mortalitat associada per sobre del 95%.
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Actualment, existeixen més de 30 farmacs antiretrovirals aprovats pels organismes
reguladors corresponents per al tractament de la infeccié pel VIH (Taula 1). Aquests
compostos han permes reduir notoriament la mortalitat associada a aquesta
infecciod gracies a la seva capacitat de evitar la replicacié del virus i, en conseqiiéncia,
de reduir la carrega viral plasmatica per sota del limit de deteccid de les técniques
convencionals (<50 copies/ml). La implementacié del tractament antiretroviral ha
suposat una millora en la durada i qualitat de vida dels pacients infectats per VIH-
1[60], tot i aix0 el tractament presenta certes desavantatges que inclouen efectes
secundaris i toxicitats, sobretot a nivell hepatic, renal, cardiovascular i ossi[61].

1987
Zidovudine (NRTI)
1991 1992 1994
Didanosine (NRTI) Zalcitabine (NRTI) Stavudine (NRTI)
1995 1996 1997
Lamivudine (NRTI Indinavir (P1) Combivir (FDC) Am::;?ﬁﬂmh 1999
saquinavir (PI) Nevirapine (NNRTI) Delavnr‘dme.(NNRTl) Efavirenz (NNRTI) Amprenavir (PI)
Ritonavir (P1) Nelfinavir (PI)
2000 AUGR
; : Atazanavir (Pl 2004
Didanosine EC (NRTI) 2001 3 5
- i — Emtricitabine (NRTI) Epzicom (FDC)
Kaletra (FDQ) R Enfuvirtide (FI) Truvada (FDC)
Trizivir (FDC)
Fosamprenavir (PI)
2005 2006 _Ba? 2008
¢ Atripla (FDC) Maraviroc (CA) Etravirine (NNRTI
Tipranavir (PI) Darunavir (P1) Raltegravir (INSTI) ravirine ( )
20Mm 2014
Complera (FDC) 2012 2013 Cobicistat (PE
Nevirapine XR (NNRTI) Stribild (FDC) Dolutegravir (INSTI) Elvit.egravir (INSTI)
Rilpivirine (NNRTI) Triumeq (FDC)
2018
Biktarvy (FDC)
Cimduo (FDC)
2015 2016 Delstrigo (FDC)

Evotaz (FDC) Descovy (FDC) 2017 Doravirine (NNRTI) 2019
Genvoya (FDC) Odefsey (FDC) Juluca (FDC)  Ibalizumab-uiyk (PAl) Dovato (FDC)
Prezcobix (FDC) y Symfi (FDC)

symfi Lo (FDC)
Symtuza (FDC)
Temixys (FDC)
2020
Fostemsavir (Al)

Taula 1: Linia temporal dels farmacs aprovats per la FDA per al tractament del VIH. Al:
attachment inhibitor; CA: CCR5 antagonist; FDC: Fixed-dose combination; FI: fusion
inhibitor; INSTI: integrase inhibitor; NNRTI: non-nucleoside reverse transcriptase inhibitor;
NRTI: nucleoside reverse transcriptase inhibitor; PE: pharmacokinetics inhibitor; Pl: protease
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inhibitor; PAI: post-attachment inhibitor. Imatge extreta de: https://aidsinfo. nih.gov/
understanding-hiv-aids/infographics/25/fda-approval-of-hiv-medicines.

Depenent de quina sigui la seva diana molecular, els farmacs antiretrovirals actuals
es poden classificar en 5 grans families[62] (Fig. 6):

Inhibidors de la transcriptasa inversa analegs de nucleosids (ITIAN).
Inhibidors de la transcriptasa inversa no analegs de nucleosids (ITINAN).
Inhibidors de la proteasa (IP).

Inhibidors de la integrasa.

Inhibidors d’entrada. Inclou els inhibidors de fusid, els antagonistes de CCR5,
els attachment inhibitor (Al) i els post-attachment inhibitors (PAl).

vk N e

Recentment s’ha descrit una nova familia d’antiretrovirals anomenats inhibidors de
la capsida. Farmacs d’aquesta familia estan actualment en assajos clinics i els
primers resultats han estat presentats en la Conference of Retroviruses and
Opportunistic Infections d’enguany.
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Figura 6: Dianes dels diferents compostos antiretrovirals. El VIH entra a les cel-lules diana
mitjancant el CD4 i el coreceptor CCR5 o CXCR4 mitjangant la interaccié amb la glicoproteina
(Env) (pas 1). Després de la fusié i el desassamblatge, I'ARN viral es transcriu inversament en
ADN (pas 2). El complex de preintegraci6 s'importa al nuclii I'ADN viral s'integra al genoma hoste
(pas 3). Mitjangcant enzims de I’'hoste, I’ADN del VIH es transcriu a ARNm virals (pas 4). Aquests
ARNmM sdn després exportats al citoplasma on es produeix la traduccié (pas 5) per fer proteines
viriques i eventualment virions madurs (pas 6). Cada pas —entrada del VIH, transcripci6 inversa,
integracié i maduracid de proteines— en el cicle de vida del VIH és un objectiu potencial de
farmacs antiretrovirals. INSTI, inhibidor de la integracié; NNRTI, inhibidor de la transcriptasa
inversa no analegs de nucleosids; NRTI, inhibidor de la transcriptasa inversa analegs nucleosids.
Imatge extreta de Deeks et al., 2015[62].
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Degut a la capacitat de la retrotranscriptasa d’induir mutacions en el genoma viral, la
monoterapia sovint s’associa a |"aparicié de resisténcies[63]. Es per aquest motiu que
aviat es va recomanar la combinacié amb 3 farmacs antiretrovirals com a tractament
d’eleccioé. L'ds de una combinacié d’agents antiretrovirals fa que la replicacié estigui
fortament reprimida i que la probabilitat de que apareguin mutacions resistents als tres
tipus de farmacs simultaniament és molt baixa. Actualment, el tractament classic
consisteix en combinar dos ITIAN i un farmac antiretroviral d’'una altra familia per tal de
crear una combinacio efectiva que actui a diferents etapes del cicle viral.

Tot i que la terapia antiretroviral pot disminuir la carrega viral plasmatica fins a nivells
indetectables (<50 copies/ml), no elimina completament el virus del cos[64-67]. Es per
aquest motiu que qualsevol interrupcio del tractament, ja sigui voluntaria o per aparicio
de resisténcies, resulta gairebé sistematicament en un rebot de la carrega viral en
plasma (Fig. 7). Aquest fet fa que els pacients hagin de prendre tractament de per vida.
Actualment se sap que aquesta persisténcia viral és deguda a la existéncia de reservoris
cel-lulars i anatomics en els que el virus pot romandre durant llargs periodes de temps,
sent invisible al sistema immunitari i inalterat pel tractament[68].

Active HIV replication Antiretroviral drugs suppress HIV HIV rebounds after cessation of
replication to undetectable levels therapy
START STOP

Circulating virus

Limit of detection

v

Time
Figura 7. Evolucid de la carrega viral en plasma abans, durant i després de la interrupcié de
terapia antiretroviral. La terapia antiretroviral redueix la carrega viral en plasma a nivells
indetectables, pero no elimina completament el virus de l'organisme. En conseqiéncia, la
interrupcié del tractament té com a resultat un rebot de la carrega viral en plasma. Imatge
extreta de Kulpa and Chomont, 2015[69].
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4 LATENCIA, RESERVORIS | PERSISTENCIA VIRAL

Es coneix com a reservori tot el conjunt de cel-lules o llocs anatomics on una forma
competent de replicacio del virus pot persistir durant llargs periodes de temps. Aquestes
cel-lules que actuen com a reservori poden resistir més temps a I'organisme que no pas
aquelles cél-lules on la replicacio és activa, i son les responsables del rebot viral si
s’interromp la terapia antiretroviral. Els reservoris sén la causa principal per la qual
encara no existeix una cura per la infeccid del VIH-1, doncs tot i que la terapia
antiretroviral és molt efectiva a I’hora de suprimir la viremia en sang fins a limits
indetectables, no té cap efecte, o aquest és minim, sobre aquests reservoris.

Actualment, s’han descrit dos tipus de reservori:

- Latent: es coneix com a reservori latent aquell en que el virus es troba integrat
en el genoma de la cél-lula hoste, en estat absolut de repds, sense expressar
transcrits virals ni proteines, perd que conserva la capacitat de produir particules
virals infeccioses en resposta a l'estimulacio[67, 70, 71].

- Transcripcionalment actiu: es coneix com a reservori transcripcionalment actiu

aquell en el que el virus esta transcrivint el seu material genetic, produint
proteines o, fins i tot, virions encara que ho faci en molt baixa freqiiéncia[72-76].

4.1 Reservoris cel-lulars del VIH-1

El principal reservori del virus i també el més estudiat son la seva principal diana, els
limfocits T CD4*. En els individus amb terapia antiretroviral, el VIH-1 persisteix
principalment en les cél-lules T CD4* memoria en repos[77]. Aquestes cel-lules sén el
reservori d’eleccié del virus ja que poden sobreviure durant periodes de temps molt
llargs degut a la llarga vida d"aquestes cel-lules.

Cél-lules T CD4* de memoria

Aquesta poblacio cel-lular es va identificar com a reservori viral I'any 1995 gracies a la
deteccidé d'ADN viral integrat per PCR (de I’anglés, polimerase chain reaction)[78]. Dos
anys més tard, al 1997, el desenvolupament d’una nova técnica anomenada QVOA (de
I’anglés, Quantitative Viral Outgrowth Assay) va permetre mesurar la mida dels
reservoris virals competents per a la replicacié que es trobaven en sang periférica
d’individus en terapia antiretroviral[79]. Aquests reservoris competents estan
conformats per cel-lules infectades capaces de generar nous virions infecciosos, i
s’estima que la freqliencia d’aquest reservori esta al voltant d’1 cel-lula per milié de
limfocits CD4* T en rep0os[79, 80]. Cal tenir en compte que les cel-lules T CD4* en repos
son relativament menys permissives a la infeccié pel VIH-1, en comparacié amb les
cel-lules activades, ja que, per una banda, presenten nivells molt baixos del coreceptor
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CCR5 i, per altra banda, presenten una cinética més baixa de la transcriptasa inversa i
d’importacié nuclear[81]. També s’ha vist que les cel-lules T CD4* en repos expressen
grans quantitats del factor de restricci6 SAMHD1, que inhibeix indirectament Ia
transcripcié inversa per depleci6 de dNTPs (de I'anglés, deoxyribonucleotide
triphosphate) intracel-lulars [82]. Per aix0, s'han proposat diversos models per explicar
la persisténcia del virus en aquestes cél-lules. Un dels models suggereix que una fraccid
de les cél-lules T CD4* activades que s’han infectat productivament sobreviu el temps
suficient per convertir-se en cél-lules T de memoria en repos. Un segon model proposa
que la infeccid es produeix quan la cél-lula T activada ja esta en procés de transicié a
I’etapa de cél-lula de memoria en repos[83]. Tot i aix0, alguns estudis indiquen que les
cel-lules en repos poden ser directament infectades sense haver de ser activades
previament[84]. De fet, algunes senyals activadores febles com citocines (per exemple,
IL-2, IL-4, IL-7 i IL-15) i quimiocines (per exemple, els lligands de CCR7: CCL19 i CCL21)
poden fer que les cél-lules siguin més susceptibles a la infeccié sense induir canvis
perceptibles en el fenotip d'activacié [85, 86].

El pool de cél-lules que conformen la poblacio de cel-lules T CD4* és molt divers i engloba
diverses subpoblacions que es caracteritzen pels seu estat de diferenciacié cel-lular o la
seva funcionalitat i que presenten diferents susceptibilitats a la infeccié: cél-lules naive
(Tna), stem cells like memory (Tscm), central memory (Tewm), effector memory (Tem),
transitional memory (Ttm) i terminally differentiated cells (Tto)[69]. De les diferents
subpoblacions existents, les que tenen major implicacié en el reservori viral son aquelles
amb un fenotip de memoria: stem cells like memory (Tscm), central memory (Tewm),
effector memory (Tem), transitional memory (Ttm) (Fig. 8).

Les Tscm constitueixen una poblacié minoritaria de cel-lules T de memoria (2-3% dels
limfocits circulants), i presenten certes caracteristiques de les cél-lules mare (auto-
renovacio, supervivencia a llarg termini, etc.) i una gran capacitat de proliferacié en
resposta a l'estimulacié antigénica[87]. A més, s’ha demostrat que aquesta poblacid
cel-lular esta molt enriquida en ADN del VIH-1 en individus en terapia antiretroviral[88,
89]. Totes aquestes caracteristiques mencionades juntament amb I’estabilitat extrema
d’aquesta poblacio cel-lular afavoreix la persisténcia a llarg termini del VIH. Les Tem, Ttm
i Tem presenten diferencies en termes de supervivéncia, proliferacié i migracid, pero
també en termes del seu perfil transcripcional i de citocines[90]. Les cél-lules Tewm, gracies
a l'expressié de CCR7 i CD62L tenen la capacitat de migrar als organs limfoides
secundaris. A més, aquestes les cel-lules presenten limitades funcions efectores, pero
tenen una alta capacitat de proliferacié en resposta a una segona estimulacid
antigenica[91]. Aquestes Tcm podran diferenciar-se a Tem en resposta a certs estimuls
homeostatics. Les cél-lules Tem poden migrar cap a teixits periférics com a resposta a
estimuls antigeénics per tal de donar una resposta immunitaria a través de la produccié
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de citocines. Aquestes cél-lules pero, tenen una capacitat proliferativa més alta que les
Tem[90, 91]. Les cél-lules Trm tenen un fenotip intermedi entre les Tem | Tem en termes de
diferenciacié cel-lular pero també en la seva capacitat de proliferar, per exemple, en
resposta a la IL-15 in vivo [92-94]. Aixi doncs, totes tres subpoblacions amb fenotip de
memoria actuen com a grans reservoris de virus competents el que fa que tinguin un
paper molt important en la persisténcia viral[90, 94].

‘Stem cell’ Central Transitional Effector Terminally
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memory memory memory memory differentiated
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Figura 8. Contribucié de les diferents subpoblacions de cél-lules T CD4+ al reservori viral en
preséncia d’ART. Les cél-lules T CD4+ es classifiquen segons el seu estat de diferenciacié i fenotip
de memoria. Es mostren els marcadors de superficie usats per a la identificacié de cada poblacié
i la contribucié de cada una al reservori viral. Figura extreta de Kulpa&Chomont, 2015[69].

Una classificacio alternativa de les cel-lules T CD4* que no té en compte I'estat de
diferenciacio cel-lular sind que es basa en la funcionalitat i receptors de homing que
presenta cada subpoblacid, permet distingir els seglients subtipus cel-lulars: cel-lules T
auxiliars o Tu (TH, de I'anglés, T helper cells), cél-lules T reguladores o Treg, i les cel-lules
T fol-liculars o Ten (Tfh, de I'angles T follicular helper cells)[69] (Fig. 9). Cadascuna
d’aquestes subpoblacions de cel-lules T secreten citocines especifiques que poden tenir
funcions pro o antiinflamatories. Pel que fa a la poblacié T, podem distingir diferents
subtipus: Thl, Th2, Th9, Th17, Th1Th17 i Th22. S’ha vist que les Th1l, tot i tenier nivells
baixos d’ADN viral, presenten un elevat percentatge de genomes intactes[95]. Les Th17
sén un petita subpoblacié de cél-lules de llarga vida en les que s’ha trobat alts nivells
d’ADN viral en pacients que es troben en tractament. Aquestes cél-lules presenten
certes propietats d’autorenovacié i superviviencia que fan que juguin un paper
important en la persisténcia viral[96, 97], de la mateixa manera que també ho fan les
Treg[98]. Pel que fa a les Trn, alguns estudis han demostrat la seva implicacié en el
manteniment del reservori viral tant en pacients viremics com en pacients aviremics en
tractament, doncs s’ha vist que tant les que es troben en ciruclacié com als centres
germinals dels ganglis alberguen genomes virals[99-101].
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Figura 9. Contribucié de les diferents subpoblacions de cél-lules T CD4+ al reservori viral en
preséncia d’ART. Les cel-lules T CD4+ es classifiquen la seva funcié efectora. Es mostren els
marcadors de superficie usats per a la identificacid de cada poblacid, els factors de transcripcié
i citoquines alliberades per cada subset i la contribucié de cada d’ells al reservori viral. Figura
extreta de Kulpa&Chomont, 2015[69].

Diversos estudis han estimat que els reservoris establerts en cel-lules T memoria en
repos tenen una vida mitjana de 44 mesos, el que significa que per eliminar el virus en

un pacient sota terapia antiretroviral es necessitarien més de 70 anys[102-104].

Altres subtipus cel-lulars

Cal destacar que també s’han descrit altres subpoblacions que tenen un paper important
en la latencia i persisténcia del VIH-1[105]. Entre aquests tipus cel-lulars trobariem els
macrofags[106], les cél-lules dendritiques[107], les cel-lules T y6[108] i les cel-lules T
residents de memoria o Trm.

Recentment, s’han descrit les cel-lules T residents de memoria (Trm) en teixit cervical
com un important reservori del VIH-1[109]. S’ha demostrat que aquestes cel-lules
s’'infecten preferentment en models ex vivo i que alberguen una major quantitat d’ADN
viral que no pas les cél-lules amb fenotip no-Trm. A més, al quantificar simultaniament
el reservori viral en sang i en teixit cervical en pacients infectades per VIH-1, mitjangant
PCR, es va veure que els nivells d’ADN en teixit eren més elevats que en sang (resultats
similars als observats en altres estudis on analitzaven GALT o teixit limfoide). Finalment,
també es va demostrar que les Trm de teixit cervical contenen genomes intactes, el que
posa de manifest la seva importancia.

4.2 Reservoris anatomics del VIH-1

Com ja s’ha comentat en I’apartat anterior, les cells T CD4* de memoria en repos sén el
principal reservori cel-lular del virus. Tot i que la sang periférica és el reservori anatomic
més ben descrit, els teixits i els organs sén llocs preferents de persistencia del VIH en les
persones infectades i que estan prenent antiretrovirals[110]. Les cél-lules T CD4* que
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circulen en sang representen menys del 2% totes les cél-lules T CD4* del cos[111], el que
significa que la extensa majoria del virus resideix en els organs i teixits i posa de manifest
la importancia d’estudiar la persisténcia del VIH-1 en reservoris anatdmics. Entre els
teixits que actuen com a reservori del VIH-1 es troben els organs limfoides primaris
(timus i medul-la ossia) i secundaris (ganglis limfatics, amigdales i melsa), el sistema
gastrointestinal i el fetge, el sistema nervids central, els pulmons, els ronyons, els
sistemes reproductors masculins i femenins, i el teixit adipds[110, 112, 113].

El teixit limfoide és clau en I'establiment del reservori durant la infeccid primaria. Aquest
teixit s’associa a la produccid viral, a I'emmagatzematge de particules virals en forma
d’'immunocomplexes i a la persistencia viral. En els individus infectats pel VIH i que no
estan en tractament, el teixit limfoide és el lloc replicacié viral principal[114-116]. S’ha
demostrat que la freqiiencia de cel-lules que contenen I’ADN viral en teixit limfoide és
de 5 a 10 vegades més gran que en sang periférica[116]. A més, en els estadis inicials i
intermedis de la malaltia, mentre que I’ARN viral és gairebé indetectable en sang
periférica, es detecten alts nivells d’ARN viral en els ganglis limfatics d’aquests mateixos
individus[115]. En els estadis més avancats de la malaltia, els nivells d’ARN viral en sang
augmenten en comparacié amb els estadis més inicials, pero tot i aixd aquests nivells es
mantenen molt per sota dels detectats als ganglis limfatics[115]. Ex vivo, les cél-lules Tey,
gue és localitzen en aquests organs limfoides, son altament permissives al virus i sén
més susceptibles a la infeccid que les cél-lules T CD4* extrafol-liculars[117].

Els ganglis limfatics son també un lloc important de persisténcia viral en individus VIH*
gue estan en tractament antiretroviral. De fet, diversos estudis demostren que les
cél-lules aillades d’aquest compartiment anatomic conten virus competents[79, 99].
L’existencia de cél-lules que produeixen espontaniament ARN viral indica que hi ha una
transcripcié residual continua en aquest compartiment que juga un paper important en
la persisténcia viral[118, 119]. La penetracié suboptima d’agents antiretrovirals dins
d’aquest lloc anatomic podria ser, en part, responsable d’aquesta transcripcid
espontania[120]. Diverses propietats expliquen per que els ganglis limfatics sén un
santuari anatomic perfecte per a la replicacié i la persistencia a llarg termini del VIH. Aixi
doncs, aquest compartiment anatomic presenta un microambient ideal per a la
persistencia del VIH-1 ja que, per una banda, les céel-lules T CD8* citotoxiques estan
relativament excloses dels fol-licles B dels ganglis limfatics[121, 122], promovent la
persistencia del VIH-1 en aquest lloc especific; i, per altra banda, alguns estudis també
suggereixen que les cel-lules dendritiques fol-liculars poden retenir virions infecciosos a
la seva superficie, fins i tot si el pacient esta prenent terapia antiretroviral, afavorint la
reposicié dels reservoris virals[123, 124].
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Alguns estudis han demostrat la implicacié dels sistema nerviés central (SNC) en el
manteniment de VIH-1, doncs les cél-lules que el conformen poden actuar com a
reservori. Les cél-lules microglials, una poblacié especialitzada de macrofags que es
troba en el SNC, expressa el receptor del CD4 i sén la principal diana del virus en el cervell
[112]. En mostres de cervell i liquid cefalorraquidi de pacients en terapia, obtingudes
post-mortem, s'ha detectat la presencia d’ADN i d’ARN viral[125, 126]. Possiblement, la
persisténcia de cél-lules que expressen ARN al SNC és deguda a una concentracid
suboptima de farmacs antiretrovirals en aquesta regié anatomica[127-129].

El teixit limfoide associat a I'intesti (GALT) conté una elevada concentracié de cél-lules T
CD4* [102] i, per tant, representa un diana ideal pel VIH-1. El GALT és un dels primers
teixits a infectar-se després de I’exposicié al patogen, el que promou una pérdua rapida
i massiva de cél-lules T en aquesta regié[38, 39]. Aquesta rapida disminucioé de les
cel-lules immunitaries esta associada amb danys a la barrera intestinal, afavorint la
translocacié microbiana i promovent una activacié immunologica sistémicai cronica que
perdurara, malgrat el tractament, a llarg termini[130, 131]. A més, la terapia
antiretroviral no permet restaurar la integritat estructural de la barrera intestinal o
recuperar completament els nivells de cél-lules T CD4*[132]. Diversos estudis han
demostrat la persisténcia del VIH a l'intesti, en preséncia d’ART, doncs han detectat alts
nivells d’ADN en els limfocits intestinals[133] aixi com cel-lules que produeixen ARN
viral, indicant una transcripcio residual espontania dins d’aquest compartiment[134,
135].

4.3 Mecanismes de persisténcia viral

Hi ha diversos motius que poden explicar la persisténcia del VIH-1 en pacients tractats,
aquests inclouen els seglients:

- Nivells residuals de replicacid viral en compartiments anatomics privilegiats que
no poden ser suprimits del tot pels farmacs antiretrovirals.

- Lapersistencia d’un petit grup de cel-lules que contenen genomes integrats i que
es troben en estat latent, que poden reactivar-se i infectar noves céel-lules.

- Disfuncions immunologiques persistents que no aconsegueixen controlar la
replicacio residual ni la reactivacié de cel-lules latentment infectades.

Replicacio viral residual durant el tractament antiretroviral

La TAR aconsegueix una supressido prolongada de la replicacié viral, tanmateix,
mitjancant I'Us de proves de PCR altament sensibles que sén capaces de detectar molt
baixes copies d'ARN viral, s'ha demostrat que existeix viremia plasmatica residual, fins i
tot, en pacients que han estat suprimits durant llargs periodes de temps[136-138].
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Aquesta viremia residual no té perquée produir viremia infecciosa ja que podria originar-
se a partir de la reactivacié del virus en ceél-lules T CD4* de memoria latentment
infectades que es troben en fase d’estimulacié antigénica. A més, s’ha demostrat que
les cel-lules T CD4* activades que es troben en sang periférica alliberen espontaniament
particules viriques, fins i tot en abséncia d’estimuls[139]. La virémia també podria
provenir de cél-lules T CD4* infectades productivament localitzades en teixits limfoides
gue induirien nivells baixos de replicacié viral mitjancant la propagacio del virus a través
del contacte cél-lula a cél-lula en la sinapsi virologica[140]. No obstant, el tractament
antiretroviral podria parar els nous cicles de infeccid, de manera que la virémia residual
no es tradueixi en replicacié residual. Pero aquesta deteccid de viremia residual també
podria explicar-se per la penetracié suboptima dels agents antiretrovirals als teixits
diana, després d'una mala adheréncia al tractament, o per la preséncia de interaccions
o barreres farmacologiques que limitarien I'efecte dels agents antiretrovirals. S'ha
demostrat que els farmacs antiretrovirals tenen diferent capacitat de penetracié segons
el lloc anatomic i que els nivells de penetracidé varien entre individus[120, 128, 141].
D'altra banda, alguns llocs anatomics presenten un microambient privilegiat per a la
persisténcia a llarg termini i transcripcio activa del VIH, com és el cas dels fol-licles B dels
ganglis limfatics[142]. En aquest escenari, si que es podrien donar situacions de
replicacio residual.

D’aquesta forma, diverses evidencies han posat de manifest I'existéncia de replicaci
residual (ongoing replication) en pacients en tractament antiretroviral. En dos assajos
clinics realitzats en pacients amb virémia suprimida gracies al tractament, es va introduir
un inhibidor de la integrasa (Raltegravir) al tractament base i es va observar un augment
de la deteccid de les formes circulars 2-LTR[143, 144]. Aquest fet demostra que abans
de la pre-intensificacié de la terapia estaven tenint lloc processos de generacié de virions
i infeccid de novo tot i que els pacients no presentessin carrega viral detectable. Aixi
doncs per a que es produeixi un augment d’aquestes formes circulars i sabent que els
virions i les formes lineals de ADNc soén labils, és necessari que es produeixi una infeccid
de novo per induir aquest augment de formes 2-LTR[41]. Una altre fet que demostra
I’existéncia de replicacié residual es I’evolucié genetica del virus en presencia de ART.
En un estudi en el que van seqlienciar la regié V3 del gen env de mostres de PBMCs de
pacients que portaven molts anys en tractament van determinar una diversificacié
genetica dels virus amb tropisme CXCR4[145]. Un altre estudi en que es van analitzar
mostres d’ADN de noduls limfatics i de sang simultaniament, en el moment d’iniciar la
terapiaial cap de 3 i 6 mesos, demostra una evolucié genetica totila supressio viral en
sang, posant de manifest la preséncia de replicacié residual[146]. Malgrat aixo, estudis
gue demostrin la diversificacié genética en pacients suprimits durant llargs periodes de
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temps son escassos, en part per la impossibilitat d’aconseguir la suficient quantitat de
mostra perque la seqlienciacié no estigui no esbiaixada.

Manteniment de cél-lules latentment infectades

La latencia s’estableix molt d’hora en el moment de la infeccid, ja que s’ha vist que l'inici
de terapia antiretroviral als 10 dies post-infeccié no és suficient per evitar I’establiment
d’aquests reservoris latents[147]. En alguns estudis realitzats en rhesus macaques s’ha
vist que, tot i iniciar tractament als 3 dies post infeccid, es detecta ADN viral tant en
ganglis limfatics com en GALT, posant de manifest el rapid establiment dels reservoris
virals[148]. Paral-lelament, s’ha vist que l'inici del tractament ens estadis molt inicials
limita, tot i que no impedeix, I’establiment de reservoris virals[149].

La persistencia del VIH en les subpoblacions de cél-lules T de memoria CD4* esta
garantida per la supervivencia de les cel-lules T i la proliferacié homeostatica. Aquesta
proliferacié de cel-lules latentment infectades es pot induir de diverses maneres:

1. Estimulacid de citoquines o senyals mitogénics[94, 150, 151]. La IL-7 promou la
proliferacié homeostatica de cel-lules T CD4* latentment infectades sense
interrompre la laténcia, i quan s’administra a individus amb la carrega viral
suprimida, indueix una modesta pero significativa expansio del reservori[152,
153].

2. Estimulacié antigénica[154, 155]. Per exemple en resposta a citomegalovirus
(CMV), virus d’Epstein-Barr (EBV), virus del papil-loma huma (HPV), productes
bacterians, entre d’altres. Les cel-lules T CD4* latentment infectades
experimenten proliferacié en resposta a I'estimulacié antigénica, tal com
suggereixen les analisis filogenetiques que mostren un gran nombre
d'expansions de seqiencies identiques en individus virologicament
suprimits[156].

3. Integracié del genoma viral en gens de creixement cel-lular o gens implicats en
oncogenesi[157]. Diversos grups van sequlenciar els llocs d’integracié del
genoma viral en I’ADN de I’hoste i van trobar que els llocs d’integracié especifics
del VIH estan vinculats a I'expansié clonal[158]. Aquests estudis també indiquen
que la integraci6 de I’ADN viral en oncogens contribueix a la infeccio
persistent[158-160]. Si bé la majoria d’aquests genomes virals integrats és
probable que siguin incompetents per a la replicacid del VIH[160-162], és
possible que conservin la capacitat de generar ARN viral i potser proteines
viriques que puguin contribuir a nivells anormalment elevats d'immunitat. A
més, s’ha vist que, aproximadament, la meitat de les cel-lules que contenen
reservoris competents experimenten expansio clonal[151, 163, 164].
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4.4 Tipus de laténcia i mecanismes moleculars implicats

La laténcia viral es defineix com un estat reversible i no productiu d’infeccié en cél-lules
individuals[165]. Els reservoris son cél-lules que contenen formes replicatives del VIH-1
després de llargs periodes de viremia suprimida per la TAR[70, 166]. El VIH-1 pot establir
una infeccid latent en diversos tipus de cél-lules que constitueixen els seus reservoris i
permeten el seu manteniment en I'"hoste indefinidament. Els principals reservoris de
VIH-1 sén els limfocits T CD4* en repos, encara que també poden ser-ho els
monocits/macrofags, les cél-lules dendritiques, entre d’altres tipus cel-lulars.

Tipus de laténcia

La laténcia induida pel VIH-1 en limfocits T CD4* en repos pot classificar-se en dues
categories segons si I’ADN proviral s’ha integrat o no en el genoma de |’hoste, distingint
aixi entre laténcia pre-integracid i laténcia post-integraci6[167-169].

- Latencia pre-integracid. La laténcia establerta abans del pas d’integracid és una

conseqliencia de la fusio del VIH-1 amb un limfocit en repos que no esta en
procés de divisid i on el cicle replicatiu del virus esta bloguejat. Aixi doncs, I’ADN
viral romandra de forma no integrada en el citoplasma cel-lular. Si la cél-lula
diana s’activa, aquestes formes no integrades d’ADN, podrien integrar-se
aleshores en el genoma de I’hoste i promoure una infeccié productiva. La vida
mitja d’aquestes formes no integrades en cel-lules T CD4* és molt curta,
aproximadament 1 dia[170], el que fa pensar que aquesta forma de laténcia no
contribueix en gran mesura a la persistencia viral observada després d’anys en
tractament. Tot i aix0, s’ha vist que en altres tipus cel-lulars, com els macrofags,
aquestes formes no integrades poden perdurar més en el temps[171].

- Laténcia post-integracid. Aquest tipus de laténcia s’ha suggerit que resulta de la

integracio de I’ADN viral al genoma de I’hoste en una cél-lula T CD4* activada que
passa a estat de repos. D’aquesta manera, el virus no és capag de replicar i
generar nous virions ens abséncia d’estimuls activadors[172] i la cel-lula
infectada tampoc és reconeguda pel sistema immunitari o els farmacs
antiretrovirals. En aquest estat latent, el virus es molt estable i presenta la
mateixa vida mitja que la cel-lula que ha infectat, tenint un paper important en
la persisténcia del VIH-1.

Mecanismes moleculars implicats en la laténcia

Diversos mecanismes contribueixen a |'establiment i manteniment de la laténcia en
aquestes cel-lules, entre ells la interferencia transcripcional, la baixa disponibilitat de
factors de transcripcid, la condensacié de la cromatina i alguns microARN que bloquegen
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la traduccié viral. El coneixement d'aquests mecanismes és crucial per al
desenvolupament de noves terapies que puguin eliminar el virus del cos i arribar a una
possible cura d'aquesta infeccid.

- Llocs d’integracié del genoma viral i interferéncia transcripcional: S’"ha demostrat
que I’ADN proviral del VIH-1 s’integra de forma preferencial en regions del
genoma de I’hoste que sén transcripcionalment actives. Aquesta integracié virica

podria estar involucrada en interferéncies transcripcionals relacionades amb la
latencia del VIH[69, 173]. En estudis realitzats en céel-lules T CD4* en repods
d’individus suprimits virologicament es va fer un ampli analisi dels llocs
d’integracio viral, i es va veure que al voltant del 90% de provirus integrats es
trobaven en gens transcrits activament i no presentaven cap preferencia
d’orientacid respecte els gens de I’"hoste[174-176]. En analisis més recents, en
els que s’analitza especificament els provirus intactes, s’ha vist perd que aquests
tendeixen a integrar-se en orientacid oposada al gen hoste i ho fan en regions
més allunyades de promotors transcripcionals[177]. Aquest fet promou
I’establiment de la laténcia doncs es produeix interferéncia transcripcional, un
procés pel qual la transcripcio que s’origina en un promotor pot interferiramb la
transcripcié d’un altre, induint aixi el silenciament de la transcripcié del VIH-
1[178, 179].

- Regqueriment de factors de transcripcio cel-lulars i proteines virals: El segrest de

cofactors cel-lulars necessaris per a I'expressié del VIH en el citoplasma és un
altre mecanisme important per a |’establiment i el manteniment de la laténcia.
La regié promotora 5'LTR del virus és responsable del reclutament de certs
factors cel-lulars necessaris per a l'inici de la transcripcid. Quan la cél-lula esta
activada, tots aquests factors estan disponibles ja que la cél-lula els necessita per
dur a terme la transcripcio dels gens cel-lulars; en canvi, en estat de respos, tots
aquest factors cel-lulars es troben segrestats al citoplasma, inhibint aixi la
transcripcié. A part de factors cel-lulars, la transcripcié viral es pot veure
modificada per proteines virals tals com Tat, aquesta és necessaria per a
I’elongacié dels transcrits virals i la seva inhibicié pot induir laténcia[173, 180].

- Repressors de la transcripcid cel-lular i factors de restriccio: Els factors de

transcripcié com NF-kB i el factor nuclear de les cél-lules T activades (NFAT, de
I"anglés nuclear factor of activated T cells) sén crucials per iniciar la transcripcio
del VIH a nivell del promotor viral 5'-LTR. El segrest d’aquests factors per part de
certs inhibidors, com IkBa, fara que la transcripcié quedi inhibida i es pugui induir
laténcia. La presencia de certs factors de restriccid de I'hoste, com ara
TRIM22[181], també podran induir laténcia per inhibicié del cicle cel-lular.
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Mecanismes epigeneétics (remodelacié cromatina): L’ADN es troba empaquetat
en els nucleosomes, que son les unitats estructurals que contenen I’ADN i les

histones. La condensacié de la cromatina és un element regulador de la
transcripcid, doncs permet I’accés de factors de transcripcié quan es troba en la
conformacid d’eucromatina mentre que restringeix la transcripcié en aquelles
arees més condensades, en forma de heterocromatina. La modulacié de la
condensacié de la cromatina és un procés dinamic que requereix de
modificacions en les proteines associades a I’ADN, les histones. Les modificacions
en les histones solen ser reversibles i inclouen acetilacions, metilacions,
fosforilacions, sumoilacions, entre d’altres. En el cas del VIH, les modificacions
més estudiades son les desacetilacions, dutes a terme per les histones
desacetilases (HDAC, de I’angles histone desacetylases) i metilacions d’histones,
realitzades per les histona metiltransferases (HMT, de I'anglés histone methy!
trasnferases). La desacetilacio d’histones elimina diferents senyals d’acoblament
molecular que son necessaris per la unid i activacié de factors de transcripcio i
de les ARN polimerases, promovent la formacié d’estructures de cromatina
condensada. En conseqliencia s’estableix un ambient repressor per a la
transcripcié d’ARN i la supressio de la expressiod génica, promovent un estat de
latencia[182-186].

En conclusio, I'establiment de latencia del VIH és un procés complex en el que estan

implicats multiples processos i vies de de senyalitzacio. Per aquest motiu, la comprensié

de lI'establiment i el manteniment dels reservoris cel-lulars és fonamental per combatre

el virus i trobar el cami per aconseguir I’erradicacié del VIH-1.

4.5 Técniques de quantificacio del reservori

Laimplementacié d’estratégies terapéutiques destinades a reduir la mida dels reservoris

virals requereix del desenvolupament de proves fiables i precises per mesurar la

capacitat d’aquestes estrategies per reduir els reservoris del VIH. Diverses metodologies

i tecniques, amb diferent nivell de sensibilitat i especificitat, s’utilitzen actualment per

mesurar la mida dels reservoris virals en individus que estan en tractament amb terapia

antiretroviral (Fig. 9 i taula 3).

En funcié de quin sigui I’objectiu de mesura final trobem:

vk whnh e

Assajos d’ADN viral

Assajos d’ARN viral

Assajos QVOA

Assajos de proteina viral

Assajos basats en la deteccio per citometria i microscopia
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Assajos d’ADN viral

L’ADN del VIH presenta diverses conformacions. La quantificacié total de I’ADN viral
inclou les formes circulars no integrades, les formes lineals no integrades i les formes
lineals integrades. L'abundancia de cada subtipus, en ordre descendent, és: formes
lineals no integrades> formes integrades> formes circulars no integrades[187].

Per a la quantificacié d’aquest ADN viral existeixen dos tipus de metodologies: la qPCR
(de I'angles, quantitative real-time PCR) i la ddPCR (de I'angles, droplet digital PCR). La
gPCR monitoritza I'amplificacié a cada cicle a través de la deteccié de sondes
fluorescents i la quantificacié es realitza mitjancant I’Gs d’una corba estandard el que
permet la deteccié d’un ampli rang dinamic. La ddPCR fa una mesura de fluorescéncia a
punt final, després de totes les rondes d’amplificacié. A través d’un sistema de
microfluidica, la mix aguosa de PCR (que conté la mastermix, els primers, les sondes i
I’ADN), s’emulsiona en un oli per tal de formar microgotes. Aixd permetra la generacio
d’un gran nombre de microgotes que contindran una, més d’una o cap copia d’ADN, en
les que es dura a terme la reaccié d’amplificacié simultaniament[188, 189]. Un cop
finalitzada la PCR, la mostra es carregara en un lector de microgotes de manera que cada
gota sera analitzada individualment a través d’un lector oOptic que detectara una
determinada amplitud de fluorescéncia per a cada microgota. En aquest cas, la lectura
final sera el recompte de microgotes que emeten fluorescéncia per cada mostra
analitzada. Si es comparen les dues metodologies es pot observar que la ddPCR no
requereix de corba estandard doncs ja dona una quantificacio absoluta, perd en canvi
presenta una rang dinamica inferior a la qPCR el que pot suposar un risc major de falsos
positius[190].

Pel que fa als tipus de conformacions d’ADN viral que es poden quantificar, es pot
distingir entre els seglients:

- VIH-ADN total. El VIH-ADN total és un marcador per estimar la freqiiéncia de
cél-lules infectades per milié de cel-lules mononuclears en sang periférica
(PBMC) o en cél-lules T CD4*. Inclou la mesura de formes d’ADN viral integrades
i no integrades en cel-lules infectades de manera latent i productiva[191]. Aquest
fet té especial importancia en els pacients viremics en que hi ha un elevat
nombre de formes no integrades que contribuiran a la deteccié de I’ADN viral
total i que poden suposar una variable confusora a I'hora d’interpretar els
resultats[192, 193]. Per a la determinacio es pot usar tant la gPCR com la ddPCR,
en tots dos casos es dissenyaran els primers i les sondes perque hibridin en les
regions del genoma viral gag, pol o laregié LTR[194]. Per a determinar el nombre
de copies d’ADN viral per cél-lula es fa una mesura paral-lela d’un gen control
(com CCR5, B-globina o albumina) amb I'objectiu de quantificar el nombre de
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cel-lules analitzades en la mesura d’ADN viral[187]. En pacients amb ART, el nivell
total d’ADN del VIH-1 reflecteix la mida total del reservori viral i pot predir el
temps de rebot viral després de la interrupcio del tractament[195, 196]. S’ha vist
qgue la quantificaci6 de la mida del reservori per PCR condueix a una
sobreestimacio de la mida del reservori competent, ja que la gran majoria dels
genomes virals quantificats no sén competents per a la replicacié[162]. S’ha
estimat que la mesura de I’ADN total del VIH pot sobreestimar el reservori viral
intacte en més de 100 vegades en aquells pacients tractats durant la infeccid
cronica i en més de deu vegades en els tractats durant la infeccié aguda[162].
VIH-ADN no integrat circular. Les formes circulars virals no integrades inclouen
1-LTR i 2-LTR. En els pacients infectats i sense tractament aquestes formes no
integrades representen la major part del I’ADN total[193], mentre que en els
pacients suprimits virologicament, les formes circulars sén una minoria i no
donen lloc a particules virals. La quantificacid de cercles 2-LTR s’ha proposat com
un marcador subrogat de la replicacid viral activa i dels cicles de replicacid
recents[197, 198].

VIH-ADN proviral integrat. El métode més descrit i ben caracteritzat per a la
mesura de I’ADN viral integrat és I'anomenada Alu-gag PCR. La determinacié
d’aquest tipus de conformacié genomica és important, sobretot, en aquells
pacients viremics on les formes linears i circulars no integrades acaparen la
quantificacié total d’ADN viral. Aquest tipus d’assaig consta de dues PCR que
permetran augmentar la sensibilitat i fer-lo quantificable, doncs combina una
PCR convencional amb una RT-gPCR. En la primera PCR, els primers hibridaran
en la regid Alu del genoma de I'hoste i en el gen viral gag, assegurant aixi
amplificar Unicament els genomes virals integrats. En la segona PCR, que sera un
RT-gPCR, els primers estaran dissenyats per hibridar-se especificament amb la
regio LTR viral el que permetra quantificar les copies d’ADN integrat.

VIH-ADN intacte. La major part de les molecules d’ADN viral detectades pels
meétodes convencionals corresponen a genomes defectius, és a dir, genomes que
en cap cas acabaran generant noves particules infeccioses funcionals[162]. La
quantificacié dels genomes intactes, correspon a la identificacié d’aquells
genomes que no presenten cap alteracié a nivell de seqiéncia i que soén
candidats a generar nous virus replicatius. Per a la quantificacié d’aquests
genomes intactes s’ha desenvolupat una nova técnica anomenada IPDA (de
I’anglés Intact Proviral DNA Assay) que basa el seu principi en el disseny de
primers i sondes (W i env) que permeten la distincié entre els genomes que
presenten delecions o hipermutacions d’aquells que sén intactes[199]. Una de
les limitacions d’aquesta técnica és 'elevat nombre de mesures en les que no
s’observa amplificacid, degut, probablement, a que els primers que s’usen no
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hibriden amb totes les seqlieéncies de pacients conseqliencia del mismatch[200].
Una altra tecnica que permet la quantificaci6 de genomes intactes és
I'anomenda Q4PCR[201]. Aquest assaig es basa en la realitzacié d’un assaig de
gPCR amb 4 sondes que cobreixen les regions PS (packaging signal), gag, pol i env
i requereix de la conseqlient seqlenciacio per verificar els resultats.

Assajos d’ARN viral

- ARN associat a cél-lules (CA-HIV RNA, de I’angles cell associated HIV RNA). En les

cel-lules infectades pel VIH, existeixen diverses formes d’ARN: multispliced (ms)
de 1,8kb, incompletely spliced o single spliced (is) de 4kb i unspliced (us) de 9kb.
Inicialment, es generen transcripts ARNms, que codifiquen per proteines
reguladores, com ara Tat, Rev i Nef. A mesura que avanca la infeccid, hi ha un
canvi a favor de I’ARNis i ’ARNus, transcripts codificants per I'’envolta del
genoma viral, aixi com per les proteines virals estructurals i accessories[72, 202].
Per a la quantificacido d’aquest ARN viral, es realitza I'extraccié de material
genetic i s'usa una variant de la gPCR que requereix d'un pas previ de
retrotranscripcio (RT-gPCR, de I'angles real time reverse transcription (RT)-PCR).
L'expressio d’ARN intracel-lular s’usa, actualment, com a marcador virologic de
la progressié de la malaltia, aixi com també com marcador per demostrar
I'activitat de certs compostos (LRAs) que tenen com a objectiu revertir la
laténcia, tant in vitro com in vivo. Per a la deteccid de les formes d’ARNus, s'usen
primers i sondes dirigits a gag mentre que per a ’ARNms, les sondes i primers
van dirigits a Tat i Rev[203]. El nombre de copies d’ARN viral es normalitza al
nimero de cel-lules analitzat ja sigui mitjangant la realitzaci6 d’una gPCR
paral-lela per a un gen control (com ara B-actina o CCR5) o fer una estimacio a
partir de la quantitat total d’ARN extret[187].
Entre les tecniques que permeten la quantificacié d’aquest ARN viral, trobem el
TILDA (de I'angles, Tat/Rev Induced Limiting Dilution Assay) que té com a objectiu
la deteccio especifica de ’ARNms sense la necessitat de fer extraccié del material
genetic[204].

- ARN plasmatic: la deteccié de nivells baixos de viremia residual en pacients que
prenen TAR és un marcador de la presencia de reservoris que contenen provirus
del VIH. S’ha determinat una correlacié entre els nivells de viremia residual en
plasma i els nivells d’ADN viral en sang[205]. Per tal de caracteritzar la viréemia
residual s’ha desenvolupat diversos assajos que permeten la deteccié d’una sola
copia d’ARN viral per ml de plasma, entre ells es troba el SCA (de I'angles single
copy assay). La técnica consisteix en I'extraccié d’acid nucleics a través de la
generacio de pellet dels virions per ultracentrifugacio i la quantificacié de I’ARN
viral a través de RT-gqPCR usant primers i sondes dirigits a les regions de gag
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(gSCA) o a la integrasa (iSCA) [137]. El iSCA usa primers dirigits a regions més
conservades del genoma el que fa que disminueixi la taxa de mismatch amb la
seqliéncia diana independentment del pacient[206]. En els Ultims mesos s’ha
desenvolupat una versié millorada de la técnica (iISCA 2.0) que permet una major
recuperacio de I’ARN en plasma i disminueix el limit de deteccioé de I'assaig[207].

Les mesures tant d’ADN com ARN per técniques basades en la PCR, tendeixen a
sobreestimar la mida dels reservoris virals, doncs no es distingeix entre aquells virus que
son defectius dels que son competents, a excepcié de I'IPDA i el Q4PCR.

Assajos QVOA

Les tecniques de quantificacio de reservoris virals basades en principis moleculars (PCR)
tenen la limitacié de no poder mesurar de forma especifica els reservori replicatiu
competent. El QVOA (de I'anglés, Quantitative Viral Outgrowth Assay), o assaig de les
IUPM (de l'angles, Infectious Units Per Million), ha estat historicament la técnica
d’eleccié per a la deteccio del reservori viral replicatiu competent[208]. Breument,
s’aillen les cel-lules d’interes de la sang dels pacients (habitualment cél-lules T CD4%), es
fa unaronda d’estimulacid i es deixen en co-cultiu amb cel-lules susceptibles a la infeccid
(p. ex: MOLT-4/CCR5) amb I'objectiu de propagar la infeccié. Després d’entre 14 o 21
dies de cultiu, es calcula la quantitat de cél-lules que s’han reactivat, han fet un cicle de
replicacid i han produit nous virions[209].

A diferencia de les quantificacions del reservori del VIH-1 per técniques moleculars
(PCR), el QVOA subestima, generalment, la mida del reservori viral[210, 211]. Aquesta
subestimacio pot ser el resultat d’una reactivacié viral suboptima, ja que s’"ha demostrat
gue un Unic cicle de reactivacié no és suficient per induir la reactivacié de tots els
provirus[210]. La técnica del QVOA presenta certes limitacions doncs és cara, laboriosa,
requereix un nombre molt elevat de cel-lules i hi ha una manca de normalitzacié del
meétode que fa que sigui dificilment reproduible. Aquesta falta reproductibilitat i
normalitzacié es va demostrar, recentment, en un estudi al comparar les mesures de
QVOA, de les mateixes mostres cel-lulars, obtingudes en 4 laboratoris diferents[212].

Assajos de proteina viral

Una altra mesura que permet quantificar els reservori, en aquest cas competent per a
la traduccid, es la quantificacidé de la proteina viral p24 utilitzant assajos de deteccié
ultrasensible (SIMOA). Aquest tipus d’assaig presentar una sensibilitat de 1000 vegades
per sobre dels assajos convencionals d’ELISA. L'elevada sensibilitat de la técnica permet
la deteccié de produccié de proteina viral després d’estimulacié exogena en pacients
amb reservoris molt reduits.

38



l. Introduccio

Assajos basats en la deteccid per citometria i microscopia

A més de les técniques basades en PCR, es poden utilitzar métodes basats en hibridacié
in situ (ISH, de I'angles in situ hybridation) per estudiar la transcripcid i la traduccié del
VIH a nivell de cél-lules individuals[213]. Ja als anys noranta, diversos grups van
desenvolupar assajos basats en ISH per visualitzar les cél-lules del VIH-ARN*[214, 215].
Més recentment, s’han desenvolupat assajos de nova generacié basats en aquest mateix
principi que permeten la deteccio d’ARN viral i la visualitzacié d’aquestes per
microscopia en seccions de teixit (RNAscope) o per citometria de flux en mostres de
sang periférica (RNA/FISH flow)[118, 216-218]. Un gran avantatge dels metodes basats
en ISH és la possibilitat de la caracteritzacié fenotipica de cél-lules VIH-ARN*, mitjancant,
per exemple, el marcatge de diverses molécules de superficie cel-lular i/o intracel-lulars.
El principi d'aquest metode i els resultats obtinguts sén el tema de I'article 1 de la
present tesi doctoral [219].

Pel que fa a la deteccié de cél-lules que continguin virus competents per a la traduccié
de proteines, els anticossos que detecten la proteina capsida p24 per citometria de flux
sovint no sén molt especifics[220-222]. Per abordar aquesta manca d’especificitat s’ha
proposat un nou metode (HIV-Flow) que permet la deteccié simultania de diversos
epitops de la proteina p24, disminuint en gran mesura la deteccio de falsos
positius[222].
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Figura 10: Resum de les técniques de quantificacio del reservori del VIH-1. La quantificacié
d’ADN proviral per PCR sobreestimen la mida dels reservoris virals ja que reconeixen tots dos
tipus de genomes, intactes i defectuosos. Altres proves mesuren la mida dels reservoris virals
capacos de produir ARN virals després de la reactivacid (RR-PCR). Les quantificacions basades en
citometria de flux permeten determinar la freqiiéncia de les cél-lules infectades que contenen
virus competents per a la traduccié de proteines. Finalment, es considera que el QVOA és el
“gold standard” i permet mesurar la mida dels reservoris virals competents per a la replicacid.
Adaptat de Baxter AE et al, 2018[223].

5 RESPOSTA IMMUNITARIA FRONT EL VIH-1
5.1 Immunitat innata

La immunitat innata és la primera linia de defensa que té l'individu contra virus i
bactéries, i es basa en barreres epitelials, en el sistema de complement i en cel-lules amb
propietats fagocitiques i presentadores d’antigen, com ara granulocits, macrofags i
cel-lules dendritiques. Aquestes cél-lules de la immunitat innata tenen com a objectiu
detectar els patogens i intentar eliminar-los o controlar la infecci6[224]. El sistema
immunitari innat detecta els virus principalment pel reconeixement d’acids nucleics
virals i ho fa a través de dos mecanismes: la deteccié de genomes virals presents als
virions, a través dels receptors de tipus TLR (TLR, de I'anglés Toll-like receptor), i la
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deteccid d’acids nucleics produits durant la replicacio viral. Per exemple, les cél-lules
dendritiques plasmacitoides (pDCs) utilitzen el TLR7 i el TLR9 per reconéixer els virus
d’ARN (monocatenari), com el VIH-1, i d’ADN de doble cadena, respectivament[225,
226]. Aixi doncs, la resposta immunitaria innata s’inicia a la ceél-lula infectada amb els
processos de deteccid de patogens a través de la deteccié patrons moleculars associats
a patogens (PAMPs, de I'anglés pathogen-associated molecular patterns) per part d’uns
receptors especifics anomenats PRR (PRRs, de [I'anglés pathogen-recognition
receptors)[227].

La primera senyal de resposta immunitaria front a la infeccié per VIH-1 és I'aparicid de
reactants de la fase aguda en plasma, entre els que trobem alfa-antripsina i serum
amiloid A, entre 3i 5 dies després de la infeccio[228]. La irrupcié inicial incontrolada de
viremia en la fase aguda provoca, normalment, nivells d'ARN viral plasmatics molt
elevats, sovint superiors a 100.000 copies/mL, i esta associada a un augment en la
produccid de citocines inflamatories, com ara interferd alfa (INF-a) i interleucina 15 (IL-
15)[229]. Les primeres citocines son produides per les cél-lules dendritiques i macrofags,
gue es troben principalment a les mucoses, tot i que durant la infeccid molts altres tipus
cel-lulars podran produir-ne. Tot i que aquestes citocines tenen activitat antiviral,
possiblement la tempesta de citocines contribuira a una activacid immunitaria
perjudicial i contraproduent, i a la pérdua de limfocits T CD4*[54]. En aquesta primera
resposta innata també juguen un paper important les cel-lules NK (NK, de I’angles
natural killer). Aquestes s’activen en la fase aguda de la infeccid i tindran com a objectiu
eliminar les cel-lules infectades. Les cel-lules NK tenen activitat litica contra les cél-lules
gue han disminuit I'expressio d’antigens del complex d’histocompatibilitat major (MHC)
de classe | i sén una linia de defensa important quan el VIH s’escapa de la resposta
immunitaria. Les cel-lules NK proliferen en resposta a interferd tipus 1 secretat per les
cél-lules dendritiques. Aquestes cél-lules NK estimulades alliberen citocines com
interferd y (IFN-y) que inhibeix la replicacié viral, factor de necrosi tumoral a (TNF-a) i
guimiocines per activar la proliferacié de cél-lules T.

En la majoria de casos, la resposta innata és incapag d’eliminar el virus o bé la resposta
és evadida per part del patogen, és aleshores que entra en joc la immunitat adaptativa.

5.2 Immunitat adaptativa

En aquesta resposta immunitaria s’inclou la resposta humoral, en la que es promou la
produccié d’anticossos per part de les cél-lules B, i la resposta cel-lular, realitzada per les
cél-lules TCD4*i T CD8*[230] (Fig. 11).

Resposta humoral
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La infeccio pel VIH-1 indueix una intensa resposta d'anticossos enfront de practicament
totes les proteines reguladores i estructurals de VIH. S'ha descrit no només sintesi
d'anticossos enfront de I'embolcall, sind també enfront de proteines de la matriu, de la
nucleocapsida viral i proteines reguladores de virus. No obstant aixo, la produccio
d'anticossos amb capacitat neutralitzant és escassa i molt rapidament s'observa un
escapament viral a aquests[57]. A més, en experiments en reshus macaques (model VIS)
en els que es deplecionales cel-lules B i, per tant, es disminueix la produccié d’anticossos
neutralitzants, s’ha vist que no es produeix cap canvi a nivell de clearance viral[231]. Aixi
doncs, es posa de manifest que la produccié d’anticossos neutralitzants no juga un paper
important en el control inicial de la replicacié del VIH-1[57].

Resposta cel-lular

En la infeccid pel VIH-1 es produeix una resposta cel-lular antiviral en limfocits T CD4" i
limfocits T CD8* citotoxics (CTL) que constitueix, probablement, el mecanisme més
important de proteccié enfront del VIH[232]. L'estudi de la resposta citotoxica in vitro
ha demostrat que en els pacients infectats hi ha una expansid clonal de limfocits T CD8*
amb activitat citotoxica i que presenten una gran capacitat per inhibir la replicacié del
VIH[233-235]. Aquesta resposta cel-lular és especialment marcada en pacients en estadi
de primoinfeccid i en controladors d’elit (EC, de I'anglés elite controllers)[236] i la seva
intensitat es correlaciona amb el control de la replicacid viral. S’ha determinat la
presencia de cel-lules citotoxiques especifiques pel VIH-1 en un gran nombre de
compartiments anatomics entre els que es troben els limfonodes, la melsa, la sang
periferica, el liquid cefalorraquidi i la mucosa vaginal i gastrointestinal (GALT)[57]. Les
primeres respostes de cel-lules T CD8* apareixen dies abans del pic de la viréemia i
reconeixen entre un i tres epitops diferents que es troben en les proteines virals nef i
env[54, 237, 238]. La resposta especifica cap a altres proteines virals, tals com p24, solen
apareixer més tard i son més importants pel control de la carrega viral al set point
(periode en qué la viremia plasmatica se situa en un nivell estable) que en el control de
la virémia inicial. Des del punt de vista qualitatiu, aquesta resposta és completa en un
doble sentit: es reconeixen multiples epitops de les diferents proteines virals i I'estudi
del repertori de receptors antigénics de limfocits T revela que s'utilitza un ampli espectre
de reordenaments. Les cél-lules T CD8*, a part de promoure la mort de les cél-lules
infectades, segreguen citocines, com ara interferé-y (IFN-y) i el factor de necrosi tumoral
o (TNF-a) i també quimiocines, com MIP-1 a, MIP B i RANTES, que inhibeixen la replicacio
de virus i bloquegen I'entrada del virus a les cél-lules T CD4*[239].

Durant la infeccié aguda per VIH-1 es produeix un esgotament inevitable dels limfocits
T CD4* del tracte gastrointestinal i d’altres teixits[240]. A més, es produeix un dany
complementari a les barreres de les mucoses que permet la filtracié de productes
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bacterians a altres teixits i a la circulacié sanguinia, provocant una major activacid
immune que pot afavorir la replicacié del VIH[241]. La pérdua rapida, preco¢ i massiva
de cél-lules T CD4* en organs limfoides probablement explica les febles respostes de les
cel-lules T CD4* en casos d’infeccié aguda per VIH. No obstant aix0, durant la infeccio
cronica hi ha cel-lules T CD4* que secreten interleucina-2 (IL-2) o citocines, com IFN-y,
per controlar la viremia.
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Figura 11. Esquema de les resposta innata i adaptativa detectades després de la transmissio
del VIH-1. La primera resposta detectada és |'augment dels nivells de proteines de fase aguda al
plasma, que s’observen quan la replicacié del virus encara esta en gran mesura restringida als
teixits de la mucosa i els ganglis limfatics (fase d’eclipsi). Quan el virus es detecta per primera
vegada al plasma, també s’observen increments dels nivells de citocines plasmatiques. Al cap de
pocs dies, a mesura que la viremia plasmatica continua augmentant exponencialment, es
detecten els primers immunocomplexes contra els virus. L'expansio de les primeres respostes
de cel-lules T CD8* especifiques del VIH-1 també comenca abans de la viremia maxima, seguida
de la deteccié dels primers anticossos no neutralitzants dirigits contra la glicoproteina 41 (gp41).
L’escampament del virus a les primeres respostes de cel-lules T CD8" es produeix rapidament.
En aquest moment, ja existeixen els reservoris virals, establerts en els primers dies posteriors a
lainfeccid. Els primers anticossos neutralitzants de virus es detecten al voltant del dia 80 després
de la infeccié. Imatge extreta de McMichael et al., 2010[230].

Tot i que els sistema immunitari esta preparat per fer front a gran quantitat d’infeccions,
tant viriques com bacterianes, no és capag¢ de controlar la infeccid6 pel VIH-1.
Possiblement hi ha diverses raons que poden contribuir a aquest fracas. Per una banda,
el virus té com a principal diana les cel-lules T CD4*, on el VIH és capag¢ de replicar-se i
induir la mort per efecte citopatic, induint una gran limitacié en un dels components
principals del sistema immunitari adaptatiu. A més, el VIH també pot establir una
infeccid latent a les cel-lules T CD4* i romandre invisible a les cél-lules T CD8", a la vegada
gue pot infectar cél-lules en santuaris immunologics en els que aquestes cel-lules
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citotoxiques no tindran accés. La situacié d’activacid sistémica conduira a un
esgotament de les cel-lules citotoxiques i a una pérdua del control immunologic. Per
altra banda, I'existéncia d’individus amb capacitat de controlar la infeccié en abséncia
de tractament antiretroviral ha permés entendre una mica millor quins sén aquells
parametres que marquen la diferéncia[242, 243]. S’ha vist que els individus controladors
del virus presenten respostes citotoxiques molt més potents, presentant unes cel-lules
T CD8*"amb un alt grau d’heterogeneitat en termes de secrecié de citocines i en estat de
diferenciaci6[244, 245], i amb una elevada capacitat proliferativa[246, 247]. També s’ha
vist que aquestes ceél-lules citotoxiques especifiques i amb Optima capacitat de
supervivencia i expansié es troben en freqliiencies més altes en les mucoses d’aquests
individus controladors[248]. A més, aquests individus poden presentar nivells més
elevats de certs factors de restriccié virals, com ara APOBEC3, SLFN11 o SAMHD1, el que
permeten un millor control de la infecci6[249-251]. Analisis genétics van demostrar una
forta associacio entre el control de la infeccié del VIH i la tinenca de certs al-lels del
complex major d’histocompatibilitat de tipus |, concretament amb els al-lels HLA-B57 o
HLA-B27[252-255].

6 ESTRATEGIES DE CURA

La terapia antiretroviral actual és incapac¢ d’erradicar el virus del VIH-1 degut a la
presencia de reservoris latents. Per aquest motiu els pacients han de prendre
tractament antiretroviral, sense interrupcio, la resta de la seva vida fent front a les
toxicitats associades a la terapia[256]. Per aguest motiu, és imprescindible desenvolupar
noves estrategies terapeutiques per aconseguir una cura efectiva, definida com un
tractament capa¢ de promoure una remissid del virus en absencia de tractament
antiretroviral. S’han proposat tres estrategies (Fig. 12): cura per erradicacié (eliminacid
de tots els reservoris latents), cura funcional (control immunitari sense preséncia de
tractament) i una combinacio de les dues anteriors, cura hibrida (reduccio del reservori
combinat amb una millora del control per part del sistema immunitari)[257].
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Figura 12. Tipus de estratégies de cura del VIH-1. La cura per erradicacié té com a objectiu
eliminar tot virus funcional de I'organisme (p. ex. transplantament al-logénic de cél-lules mare).
La cura funcional, representada pels controladors d’elit i els controladors post-tractament, es
defineix per control del VIH-1 en abséncia de tractament. | la cura hibrida es basa en la reduccio
de la mida del reservori latent combinat amb una millora del control per part dels sistema
immunitari. Imatge extreta de Cillo and Mellors, 2016[257].

CURA PER ERRADICACIO

La cura per erradicacido té com a objectiu principal I'eliminacié total del virus de
I’organisme, incloent I’eliminacid de tots els reservoris, tant cel-lulars com anatomics.

Transplantament al-logénic de cél-lules mare

El pacient de Berlin va ser el primer exemple, i fins fa poc I’Ginic, de curacié del VIH-1.
Timothy Ray Brown, més conegut com el pacient de Berlin, va ser diagnosticat amb una
leucémia mieloide aguda i infeccié pel VIH-1 i va ser sotmeés a un trasplantament
al-logenic de cel-lules mare hematopoetiques (HSCT, de I’anglés hematopoetic stem cell
transplantation). El donant va ser especificament seleccionat per a que fos homozigot
per una mutacié concreta, una delecié de 32 parells de bases en el gen del coreceptor
CCR5 (CCR5A32), una mutacié que confereix resisténcia a les soques R5 del virus, degut
a la seva inhabilitat per unir-se al receptor CCR5. Al cap de 3 mesos del transplantament
es va deixar de detectar el virus del VIH-1 en plasma i actualment, 10 anys després del
transplantament, els nivells de VIH-1 segueixen sent indetectables en abséncia de
terapia antiretroviral[258, 259].
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Diversos intents similars per erradicar el VIH es van realitzar en pacients que patien
limfomes o leucémies (Taula 2).

Patient/transplant location Reason for transplant Age’ Outcome

Timothy Brown/Berlin Acute myeloid leukemia 40 No viremia for =12 years following transplant and
discontinuation of cART [2]

NR/Utrecht Myelodysplastic syndrome 53 Relapse of myelodysplastic syndrome and death
2 months after transplant [7]

NR/Minster Non-Hodgkin's lymphoma 51 Infection and death 4 months after transplant [7]

NR/Minneapolis Acute lymphoblastic leukemia 12 GVHD and death 3 months after transplant [7]

NR/Santiago Non-Hodgkin's lymphoma 46 Pneumonia and death shortly after transplant [7]

NR/Barcelona Non-Hodgkin's lymphoma 37 Relapse of lymphoma and death 3 months after

transplant [6]

NR/Essen Non-Hodgkin's lymphoma 27 Viral rebound with GXCR4 using virus 27 days
after discontinuation of cART (20 days after
transplant). Relapse of lymphoma and death
12 months after transplant [8]

NR/Halifax Chronic myeloid leukemia 58 Decreased viral reservoir 9 months after
transplant. Death from myocardial infarction
1.5 years after transplant
[L. Barrett, personal communication]

NR/London Hodgkin's lymphoma NR No viremia for 18 months following discontinuation
of cART [1]

NR/Disseldorf Acute myeloid leukemia 49 No viremia for 4 months following discontinuation
of cART [9]

NR: not reported
! Age at time of transplant.

Taula 2. Resum dels transplantaments al-logénics de cél-lules mare en pacients VIH*. Es
presenta el nom del pacienti el lloc on s’ha dut a terme el transplantament, la causa medica que
ha promogut la cirurgia, I'edat del pacient i el resultat del procediment. En tots els casos els
donants eren CCR5A32. Taula extreta de Scarborough et al., 2019[260].

Malauradament, agquests intents sdn extremadament arriscats doncs existeix un risc de
mortalitat d’entre un 10 i un 12% en el moment del trasplantament, i d’un 40-45%
després d’un any. A més, la probabilitat de trobar donants amb la mutacié CCR5A32
(aproximadament I’1% de la poblacié caucasica) i que sigui compatible a nivell d’HLA
amb el receptor és molt baixa[260].

L’any 2018 es va publicar un estudi realitzat en la cohort de pacients IciStem en el que
es va fer una caracteritzacio i quantificacié exhaustiva del reservori viral en 6 pacients
VIH* que havien estat sotmesos a un trasplantament al-logénic de cél-lules mare
hematopoetiques[261]. Els resultats obtinguts van demostrar que en el 85% dels casos
no es va detectar ADN proviral ni en sang ni en teixits ni tampoc es va detectar la
preséncia de reservori competent. Val a dir, que en aquest assaig encara no s’ha produit
lainterrupcid del tractament, pero tots els analisis in vitro denoten una drastica reduccié
dels reservori viral que seria compatible amb els resultats obtinguts amb el pacient de
Berlin.

Recentment, s’ha informat d’un segon cas de cura del VIH-1, el conegut com a pacient
de Londres. Es tracta d’un pacient VIH* que tenia un limfoma de Hodgkin i que també es
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va sotmetre a un trasplantament de cél-lules mare hematopoétiques d’un donant amb
la mutacié CCR5A32[262]. Després de 30 mesos d'interrupcié del tractament, no s’ha
observar cap rastre de virémia residual.

Cal destacar que, tot i I'exit de curacié en aquests dos pacients, s’ha de tenir en compte
gue aquest procediment és molt complex, perillds, economicament costds i requereix
de donants compatibles, el que fa que es converteixi en una aproximacid poc realista
per aconseguir una cura del VIH a gran escala. A part, una altra limitacié d’aquesta
estrategia és la susceptibilitat a soques amb tropisme X4 que podrien causar un rebot
de la virémia[263, 264].

Edicid genica

Altres estratégies es basen en modificar el genoma de I'hoste per fer les cel-lules
resistents a la infeccid pel VIH[263]. L'objectiu és, mitjancant técniques d’edicid genica,
modificar el genoma de les cél-lules T CD4* o cel-lules mare hematopoétiques derivades
de la medul-la o de |la sang periférica per tal de generar cél-lules resistents al virus que
seran introduides novament al pacient. Existeixen diversos metodes de modificacié de
I'ADN: les nucleases de dits de zinc o ZFN (de I’angles zinc-finger nucleases), les nucleases
efectores de tipus activador de transcripcié o TALEN (de I’anglés transcription activator-
like effector nucleases) i la eina CRISPR/cas9 (de anglés de clustered regularly
interspaced short palindromic repeats-associated protein nuclease-9). En un assaig clinic
del 2014, es va alterar I'expressio del coreceptor CCR5 en les cél-lules T CD4* autologues
mitjancant la tecnica ZFN[265]. Els resultats mostren que els canvis persisteixen després
de la reinfusid i que la vida mitjana de les cel-lules modificades és de 48 setmanes; tot i
aix0, es va observar un rebot de la carrega viral plasmatica en tots els participants
després de la interrupcié de I’ART. Un estudi in vitro també ha demostrat que I’edicid
simultania dels coreceptors CCR5 i CXCR4 per CRISPR/Cas9 pot fer que les cel-lules siguin
resistents a la infeccié pel VIH, independentment del tropisme que presenti el virus[266,
267]. A part de modificar els coreceptors, també s’ha usat I’edicié genica per alterar les
sequencies dels provirus integrats[268, 269].

Tots els estudis mencionats suporten I'Us de I'edicié génica com a nova estratéegia
terapeutica per tractar el VIH-1; tot i aix0 s’ha de tenir en compte diversos factors
limitants com sén la complexitat i el cost del procediment, la toxicitat i els efectes en les
cél-lules que no sén diana (off-target) i I'escapament viral, entre d’altres[270].

CURA FUNCIONAL

La cura funcional inclou aquelles estrategies que permeten el control de la replicacié
viral en abséncia de tractament, mantenint la carrega viral estable i un recompte normal
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de cel-lules T CD4*. Aixi doncs, ateses les dificultats associades a I’eliminacié completa
dels reservoris virals, la cura funcional o remissié del virus sembla ser un enfocament
més realista.

Inici precoc i intensificacio del tractament antiretroviral

La hipotesi de la viabilitat d’un enfoc d’aquest tipus es basa en I’existencia d’exemples
concrets, com ara els controladors d’elit (EC), els controladors post-tractament (PTC, de
I’anglés post-treatment controllers) i els no progressors a llarg termini (LTNP, de I'anglées
long-term non-progressors). En els ultims anys s’han descrit diversos casos de remissio
pediatrica en els que el tractament antiretroviral precog, que s’inicia en temps molt
proper al moment de la infeccid primaria, ha permés que s’aconsegueixi una remissio
temporaliallarg termini. Un dels primers casos que es va reportar va ser el del nadé de
Mississippi, un infant infectat pel VIH-1 que va iniciar tractament 30h després de néixer
i que va estar en tractament fins als 18 mesos[271]. Després de la interrupcio del
tractament, no es va detectar cap rastre del virus durant 2 anys, moment en el que es
va observar un repunt de la carrega viral plasmatica[272]. El 2015, es va notificar un altre
cas pediatric: un infant frances que va iniciar tractament antiretroviral a I'edat de 3
mesos i que el va suspendre als 6 anys. Onze anys després de la interrupcio, la seva
carrega viral es manté indetectable i el seu recompte de cel-lules T CD4* és estable[273].
Finalment, el 2019, es va reportar el cas d’'un nen sud-africa que va rebre TAR durant
40 setmanes als dos mesos de néixer i que, gairebé 9 anys després de la interrupcio del
tractament, presenta una carrega viral indetectable i no té simptomes d’infeccié pel VIH
[274].

Altres exemples concrets de remissid viral s’observen en els controladors post-
tractament (PTC). Aquests sén individus infectats pel VIH-1 que van iniciar el tractament
durant la infeccié primaria (normalment entre 3-6 mesos després de la infeccid) i que
sén capacos de controlar la replicacié viral durant diversos anys després de la interrupcié
del tractament. La descripcié inicial dels PTC prové d’un estudi realitzat el 2010[275].
Aquests individus es van incloure en un estudi posterior (cohort VISCONTI) que va
identificat 14 individus capacos de controlar la replicacio viral durant un temps mitja de
4,5 anys després d’aturar la TAR[276]. Els PTC difereixen molt dels controladors d’elit
(EC), pel que fa als mecanismes de control de la viremia, perd tenen en comu que
presenten reservoris virals baixos i estables[277]. A diferéncia dels EC, els PTC presenten
una carrega viral més elevada i un nombre de cel-lules T CD4* més baix durant la fase
aguda de la infeccid; no acostumen a presentar els al-lels protectors tipics dels EC (HLA-
B57 i HLA-27) i, a més, les respostes especifiques dels limfocits T CD8* sén menors, o en
alguns casos inexistents. Diversos casos de PTC que han comencgat el tractament en fase
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aguda han estat descrits posteriorment [278-280]. Tots aquests casos de cura funcional,
basats en el control de la replicacié, es resumeixen en la Fig. 13.

Typical Boston patients Mississippi baby Visconti French teenager
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Figura 13. Resum dels casos de remissié viral fins a I'lany 2016. Imatge extreta de:
https://www.avert.org/ professionals/hiv-science/searching-cure

Tot i que la terapia antiretroviral aconsegueix suprimir la viremia plasmatica fins a limits
indetectables, se segueix observant una persistent activacido immunitaria que podria
explicar-se, en part, per baixos nivells de ongoing replication o per la presencia de
viremia residual a nivells tan baixos que les tecniques actuals no poden detectar.
Aguesta virémia residual podria ser deguda a una supressid parcial o bé a que els
farmacs es troben en concentracions suboptimes en alguns teixits. En aquest aspecte, la
intensificacié de la terapia antiretroviral pretén augmentar la penetracié dels farmacs i
reduir la replicacié residual amb I'objectiu final de disminuir el reservori[263]. Fins al
moment s’han realitzat estudis amb raltegravir[281, 282], maraviroc[283, 284] i
darunavir/ritonavir[285] i, tot i que cap d’ells ha demostrat tenir un impacte en la
disminucid del reservori o la activacié immunitaria, és important seguir realitzant estudis
en aquesta linia amb farmacs més potents i de diferents families, sobretot en I’estrategia
de tractament precog de la infeccid.

Anticossos neutralitzants

Les investigacions centrades en la modulacié immunitaria focalitzen la seva atencié cap
a farmacs o procediments que poden provocar algun tipus de canvi sostingut en el
sistema immunitari per tal de combatre millor el VIH. Entre els elements capagos de
donar una resposta al VIH-1 s’inclouen cél-lules T CD8", les cel-lules NK i els anticossos
neutralitzants d’ampli espectre (bNAbs, de I'anglés broadly neutralising antibodies).
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Com s’ha comentat en apartats anteriors, totes les persones que infectades amb VIH
responen naturalment al virus produint anticossos. Si bé els anticossos de la majoria
d’individus no poden eliminar el VIH, el sistema immunitari d’una petita minoria (1%)
gue han demostrat resilieéncia contra la infeccié, produeixen bNAbs que poden matar o
neutralitzar diverses soques de VIH[286]. Aquests bNAbs tenen un alt nivell
d’hipermutacions somatiques i poden reconeixer diverses regions de I’embolcall viral.

En models animals, I'administracio passiva de bNAbs esta associada a la supressio viral,
un augment de eliminacié de cél-lules infectades, un augment de les respostes
immunitaries antivirals i una reduccié de la mida dels reservoris[287]. A més,
I’administracié de bNAbs en un model de SIV en rhesus macaques promou el
desenvolupament d'una resposta T CD8* efectiva associada amb el control de la infeccid
a llarg termini[288].

Els primers assajos clinics en humans no han reportat cap toxicitat associada a la infusié
de bNAbs. Diversos estudis realitzats en pacients VIH* han demostrat que els bNAbs
poden suprimir o retardar el rebot viral quan s’interromp el tractament antiretroviral.
Un estudi va demostrar que el rebot viral es podia retardar fins a 19 setmanes després
d’una infusié de bNAbs (3BNC11)[289], mentre que un altre estudi amb una combinacio
de bNAbs (3BNC117 i 10-1074) va demostrar que el rebot viral es podia retardar fins a
30 setmanes després d’aturar el tractament antiretroviral[290]. S’ha vist que la
combinacio de dos anticossos neutralitzants és més efectiva que la monoterapia, doncs
es disminueix drasticament I’aparicio de resistencies[291].

Actualment, hi ha diverses classes de bNAbs en desenvolupament clinic i és probable
gue apareguin evidencies sobre el potencial d'aquesta immunoterapia durant els
propers anys. En el camp de desenvolupament de les vacunes també s’esta intentant
generar immunogens capac¢os de promoure la generacié d’aquests bNAbs com a
mecanisme preventiu a la infeccié pel VIH-1[292].

CURA HiBRIDA

Aquest tipus de cura té com a objectiu promoure la disminucio dels reservoris latents a
la vegada que millora el control del reservori residual per part del sistema immunitari
de I’hoste. La estratégia més extensa per assolir aquest tipus de cura és la coneguda com
a Shock and kill o Kick and kill.

Shock and kill

Una de les causes del rebot viral és la reactivacié espontania de les cel-lules latentment
infectades, les quals no sén reconegudes per part del sistema immunitari de I’hoste com
a una amenac¢a. Una de les estratégies proposades per eliminar aquests reservoris
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latents es basa en, primer, reactivar aquestes cél-lules mitjancant els agents reversors
de latencia (LRAs, de I'angles, latency-reversing agents) que és el que es coneix com a
shock; i, segon, eliminar aquestes cél-lules reactivades (kill) ja sigui per accio del sistema
immunitari o bé per efecte citopatic del virus[293] (Fig. 14).

HDAC inhibitors (vorinostat, panobinostat and

romidepsin), disulfiram, PKC agonists Therapeutic vaccines,
(ingenol and bryostatin), TLR agonists and broadly neutralizing
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Figura 14. Estratégia “Shock and kill”. La integracié de genomes silenciats del VIH en el genoma
de I'hoste de cél-lules de memoria T CD4" de llarga vida permeten |’establiment de reservoris
latents. Gran part de les estrategies dirigides a de curar la infeccié pel VIH inclouen revertir la
laténcia del virus (“shock”), donant lloc a la produccié de proteines virals i, eventualment, una
eliminacid de la cél-lula infectada (“kill”) mitjangada pel sistema immunitari de I’"hoste. Imatge
extreta de Deeks et al., 2015[62].

Un estudi publicat el 2014 demostra que caldria una reduccidé de reservoris de >4 logs
per aconseguir la remissid en el 50% dels individus[294]. Els primers intents de reactivar
el virus es van realitzar al final del anys 90, quan es van testar agents com la IL-2 en
combinacido amb un anti-CD3. Els resultats de I'assaig clinics va denotar molts efectes
secundaris (febre, nausees, diarrea, mal de cap i insuficiencia renal) associats a
I’activacié/proliferacié, aixi com una rapida aparicié d’anticossos anti-CD3, el que
limitava I’efecte estimulador[295].

Fins al moment, s’han descrit diversos tipus de compostos que poden actuar com a LRAs,
ja sigui mitjancant el segrest de factors de transcripcié o bé per modificacions
epigenétiques (Fig. 15). Entre els diferents LRAs, que s’han descrit fins a I’actualitat,
trobem els inhibidors del bromodomini i la regié extraterminal (BET, de I’angles
bromodomain and extraterminal motif) com el JQ-1, inhibidors de les ADN
metiltransferases (DNMT, de lI'angles DNA methyltransferase), els agonistes de la
proteina-cinasa C (PKC, de I'anglés protine kinasa C) com ingenol i briostatina, i els
inhibidors de les histones desactetilases (HDACi) com vorinostat, romidepsina i
panobinostat.

Aguests Ultims sén els més estudiats i els que han estat testats en assajos clinics. Les
histones desacetilases (HDAC) promouen |’eliminacid dels grups acetil dels residus de
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lisina en les histones donant lloc a una conformacié de la cromatina condensada i
silenciada transcripcionalment. Els inhibidors d’aquests enzims, les HDACi, promouran
el bloqueig de les HDAC donant lloc a una hiperacetilacié de les histones que resultara
en I'obertura de la cromatina i afavorira I'inici de la transcripcid. Entre els HDACi testats
en assajos clinics trobem vorinostat [296-298], romidepsina [299, 300] i panobinostat
[301].

1. Epigenetic mechanisms
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Figura 15. Mecanismes que contribueixen a la laténcia del VIH-1 i accié dels diferents LRAs per
reactivar I’expressio viral. 1. Inhibicié de les histones desacetilases per accié dels inhibidors de
HDAC, el que promou I'acetilacié d’histones i la transcripcié viral. 2. Els agonistes de PKC actuen
afavorint I'acces a factors de transcipcioé tals com NF-kB. 3. Els inhibors de BET promouen un
augment en la disponibiltat de certs factors com P-TEFb que podran unir-se a Tat i iniciar la
transcripcio.

Tot i que els diversos agents reversors de la laténcia reactiven el VIH in vitro, ex vivo, i
indueixen un augment de I’ARN del VIH (tant associat a cél-lules com plasmatic) in vivo
en participants en tractament antiretroviral, cap d’ells ha demostrat induir una

disminucié en la mida del reservori en termes d’ADN en els assajos clinics realitzats[302].

Diversos factors poden ser responsables d'aquesta incapacitat de reduir la mida dels
reservoris virals in vivo[303]. Pot ser que aquests agents no siguin prou potents per
induir nivells suficients de reactivacié per permetre I’eliminacié de cél-lules infectades,
a la vegada que no siguin capac¢os d’actuar a nivell de tots els reservoris cel-lulars. En
aquest context, diversos estudis in vitro i ex vivo han demostrat que les combinacions
de LRAs indueixen nivells més alts de reactivacié que els compostos individualment[304-
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306]. Tot i les evidéncia obtingudes in vitro i ex vivo, actualment, no s'ha provat cap
combinacid in vivo en individus infectats per VIH. Una millor comprensié de la capacitat
d’aquestes combinacions de LRAs per reactivar ex vivo el virus latent en les diferents
subpoblacions de limfocits T CD4* és necessaria per al desenvolupament de futurs
assajos clinics que impliquin aquestes combinacions. Aquests qiiestid ha estat objecte
d’una part del meu treball de tesi i els resultats obtinguts es presenten a l'article 2.

Un altre dels factors que pot estar implicat en aquesta incapacitat dels LRAs de disminuir
el reservori, pot ser una mala eliminacio ("kill") de les cél-lules infectades després de la
reactivacio viral[307]. Aquest fet es pot explicar per diverses raons: per una banda, la
infeccid pel VIH esta associada a I'esgotament de cel-lules T CD8*, que es defineix per
una disminucid progressiva de capacitat de produccié de citocines, de proliferacid i de
citotoxicitat, aixi com augment de |’expressié de molecules d’esgotament immunologic
(PD-1, CTLA-4, Tim-3, LAG-3)[308]. Cal tenir en compte que l'inici de la TAR només
restaura parcialment els nivells d’aquestes molécules a la superficie de cel-lules T
CD8*[309], per tant, el fenomen d'esgotament de cel-lules T CD8* podria contribuir a una
eliminacié deficient dels reservoris virals en el context de I'estratégia de "Shock and
Kill"[310]. A més, s'ha demostrat que alguns LRAs poden tenir un efecte inhibidor sobre
I'activitat citotoxica de cel-lules T CD8* i cel-lules NK in vitro[311-315]. Aquest és el cas
de la romidepsina (HDACi) que inhibeix la funcié de les cel-lules T CD8*[316] i la
briostatina que inhibeix I'activitat de les cél-lules NK[317].

Finalment, en un estudi recent s’ha vist que el tractament de les ceél-lules T CD4%,
d’individus tractats amb ART, amb combinacions de LRAs i cel-lules T CD8* autologues
reduia de forma consistent la freqiiencia de cel-lules que contenen I’ADN viral, pero no
era capag d’eliminar els reservoris que contenen virus competents[318]. Aixi doncs, els
resultats suggereixen que les cél-lules que contenen els virus competents en matéria de
replicacio (2% del reservori total[162]) tenen una resisténcia inherent a les cel-lules T
CcD8".

Totes aquestes observacions posen de manifest la importancia de millorar no només el
"shock", utilitzant combinacions efectives de compostos reversors de la latencia, sind
també d’actuar sobre el “kill” mitjancant el desenvolupament d’estrategies que
afavoreixin la proliferacié i la funcioé de les cel-lules citotoxiques especifiques per al VIH.

Immunomoduladors

La infeccié pel VIH es caracteritza per I'esgotament de les cél-lules immunitaries, fet
associat a una major expressié de moléecules co-inhibidores a la superficie cel-lular[319].
L’as de molécules inhibidores dirigides contra PD-1, CTLA-4, LAG-3, TIM-3, TIGIT i 2B4,
testades en estudis de cancer presenta resultats prometedors en quan a la restauracié
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de la immunitat, motiu pel qual es postulen com a una opcid pel tractament del VIH.
Diversos estudis han demostrat que I'Us d'anticossos que bloquegen aquestes moléecules
promou una millora en la funcié de les cél-lules T CD4* i CD8* en el context d’infeccio pel
VIH[320, 321]. En un estudi de Fromentin et al., es va observar una disminucid gradual
dels nivells d’ADN viral i ARN associat a cel-lules en un individu VIH* que va ser tractat
amb pembrolizumab (anti-PD-1) per al tractament d’'un melanoma metastatic[322].
Resultats similars es van obtenir en un estudi franceés en el que van observar una
disminucio del reservori viral durant el tractament d'un cancer de pulmé amb nivolumab
(anti-PD-1)[323]. No obstant aix0, aquest efecte no es va observar en un estudi posterior
realitzats en 3 pacients tractats amb anti PD-1 en un context de malaltia similar[324].

Inductors d’apoptosi

Com s’ha comentat amb anterioritat, una de les limitacions de I’estratégia de Shock and
Kill és la incapacitat d’eliminar les cél-lules reactivades. Es per aquest motiu que s’han
desenvolupat noves estrategies per induir la mort a través de I'apoptosi o per inhibicid
de vies implicades en la supervivéncia cel-lular. Entre els compostos que que tenen com
a objectiu promoure la mort d’aquestes cel-lules infectades trobem els antagonistes de
Bcl-2, els inhibidores de PI3K/Akt, els mimetics de Smac, els inhibidors de XIAP i els
inductors de RIG-1[325].

54



II. HIPOTESI | OBJECTIUS

55






Il. Hipotesi i objectius

HIPOTESI | OBJECTIUS

Tot i que la terapia antiretroviral ha suposat un enorme aveng en quan a la cronificacid
de la infeccid pel VIH-1, encara avui dia la malaltia és incurable. L’eficacia de la TAR és
indiscutible, pero I'aturada del tractament es tradueix sistematicament en un rebot de
la carrega viral plasmatica que sera degut, principalment, a I'existéncia de reservoris
latents que s’estableixen molt rapidament en el moment de la infeccié i que poden
romandre en I'organisme llargs periodes de temps. Com s’ha desenvolupat en I'apartat
anterior, s’han dissenyat diverses estratégies o aproximacions que tenen com a objectiu
trobar la cura per la infeccié causada pel VIH, ja sigui per una eliminacid radical dels
reservoris latents (cura per erradicacid) o bé, pel control de la replicacio en abséncia de
tractament acompanyat d’'una millora de la funcionalitat del sistema immunitari de
I’hoste (cura hibrida).

Entre les estrategies plantejades actualment, es troba I'estrategia del “shock and kill”,
gue té com a objectiu promoure una reactivacio dels reservoris latents que haura d’anar
acompanyada d’una eliminacié d’aquestes cel-lules infectades. Aixi doncs, per a que
aquest aproximacio tingui exit és necessari que es reactivin els provirus competents de
les cél-lules infectades, actuant sobre un ampli ventall de subpoblacions; provoqui
efectes minims sobre altres tipus cel-lulars evitant aixi possibles toxicitats off-target;
s’estimulin mecanismes de mort en les cel-lules infectades i s’eviti una activacio global
de les cél-lules T.

Per tots aquests motius és imprescindible una bona caracteritzacio d’aquests reservoris
virals per tal de poder dissenyar estratégies dirigides a eliminar-los. A més, és imperatiu
trobar nous agents reversors de latencia que permetin una reactivacié dels virus a nivell
de cél-lules T CD4* sense tenir un efecte negatiu sobre la resta de cél-lules del sistema
immunitari, com serien les cél-lules T CD8* citotoxiques.

En base aquestes necessitats, la hipotesi d’aquest treballar es basa en que la limitacié
de l'estratégia “shock and kill”, sobretot la part del “shock”, esta relacionada amb
I’efecte diferencial que tenen els compostos LRAs actuals sobre les diferents poblacions
de cél-lules T CD4* que actuen com a reservori del VIH-1. Per una banda, s’hipotetitza
qgue l'estudi de I'efecte dels LRAs actuals i de les seves combinacions en les diferents
subpoblacions suposa un coneixement necessari a I’'hora de desenvolupar nous
compostos i de realitzar assajos clinics que tinguin com a objectiu reactivar el virus
latent. Per altra banda, també s’hipotetiza que el desenvolupament de nous agents
reversors, que siguin d’origen natural i que presentin una menor toxicitat i major
tolerabilitat, suposa una alternativa necessaria als actuals inductors del VIH-1.

Aixi doncs, els objectius principals de la present tesi doctoral sén la posada a punt d’una
nova técnica, anomenada RNA/FISH flow, en el context de la infeccid pel VIH; I'estudi i
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caracteritzacid de les subpoblacions cel-lulars que actuen com a reservori del virus i que

poden respondre a I'estimulacié exogena per part de diferents agents reversors de la

latencia fent Us d’aquesta nova técnica; i la proposta i I'avaluacié d’'un compost natural,

un acid gras de cadena mitjana, com a nou inductor de la reactivacié viral.

Els objectius especifics de la present tesi doctoral sén:

1. Posar a punt una nova tecnologia basada en la avaluacié de la expressié d’ARN

viral mitjangant citometria de flux en el context del VIH.

Caracteritzar les cel-lules que transcriuen ARN viral en les diferents cohorts de
pacients.

Avaluacié de I'efecte dels agents reversors de laténcia (LRAs) actuals en les
diferents subpoblacions de cél-lules T CD4*. S’estudiara la induccié tant d’ARN
com de proteina viral p24 al estimular les cél-lules amb un sol LRA o amb la
combinacio de diferent families de LRAs.

Identificacid i avaluacio de I'acid lauric, un acid gras de cadena mitjana, com a
nou agent reversor de la laténcia.

Les publicacions resultants de les investigacions i experiments realitzats sobre la

caracteritzacio dels reservoris i la seva reactivacidé per accido d’agents reversors de la

laténcia seran la base que constituiran la present tesi doctoral:

“A novel single-cell FISH-flow assay identifies effector memory CD4* T cells as a
major niche for HIV-1 transcription in HIV-infected patients” engloba la posada
a punt de la técnica en el context de VIH-1 i I'avaluacié de I’expressié basal d’ARN
viral en les diferents poblacions de cel-lules T CD4" i en les diferents cohorts de
pacients. A més, posa de manifest que les cél-lules efectores de memoria (Tem)
son les que suporten, principalment, la transcripcié viral tant en pacients que sén
viremics com en aquells que estan en tractament antiretroviral.

“Latency reversal agents affect differently the latent reservoir present in
distinct CD4* T subpopulations” estudia |'efecte que tenen els agents reversors
de la latencia sobre cada una de les subpoblacions de cel-lules T CD4* que actuen
com a reservori del VIH-1. Un dels principals problemes dels actuals LRAs es que
no sén capacgos de reactivar totes les cel-lules que conten el virus integrat, aixi
doncs, en aquest treball caracteritzem quines poblacions responen als LRAs i a
les seves combinacions, i avaluem quins sén els nivells de reactivacid
aconseguits.
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Com a part experimental de la present tesi doctoral, s’ha adjuntat un tercer article que,
actualment, esta pendent de publicacié. El treball titulat “Metabolic reprograming
induced by Lauric Acid, a natural saturated fatty acid, reactivates latent HIV and
preserves immune-mediated killing of HIV-reservoir cells” se centra en "avaluacié de
I’acid lauric com a potencial agent reversor de la latéencia. El seu objectiu és validar
I’eficacia d’aquest acid gras per reactivar el virus tant en models in vitro con en cel-lules
de pacients ex vivo, i I'’efecte immunomodulador que té en la poblacié de cel-lules T
CD8*. Tanmateix, és el primer estudi que proposa I'Us de I’acid lauric com a LRAs i posa
de manifest el seu potencial per ser testat en futurs assajos clinics.

Tot i que aquest ultim treball esta encara pendent de publicacid, és considera d’un gran
interés adjuntar-lo i mencionar-lo en la present tesi doctoral, ja que segueix la linia
d’investigacio de I'actual treball i contribueix al desenvolupament de nous compostos
gue puguin tenir una paper important en I'eliminacié dels reservoris a través de
I’estrategia de “Shock and kill”.
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Ill. Resultats: TREBALL 1

TREBALL 1: Una nova tecnologia basada en [Fanalisi individual de cél-lules per
citometria de flux identifica les cél-lules T CD4* efectores de memoria com el ninxol
principal per a la transcripcié del VIH-1 en pacients infectats pel VIH.

Titol: A Novel Single-Cell FISH-Flow Assay Identifies Effector Memory CD4* T cells as a
Major Niche for HIV-1 Transcription in HIV-Infected Patients

Autors: Judith Grau-Expésito,? Carla Serra-Peinado,? Lucia Miguel, ? Jordi Navarro,® Adria

Curran,? Joaquin Burgos,® Imma Ocafia,? Esteban Ribera,® Ariadna Torrella,® Bibiana
Planas,? Rosa Badia,? Josep Castellvi,® Viceng Falco,® Manuel Crespo,®¢ Maria J. Buzon?.

Department of Infectious Diseases, Hospital Universitari Vall d’Hebrdn, Institut de Recerca
(VHIR), Universitat Autonoma de Barcelona, Barcelona, Spain®, Department of Pathology,
Hospital Vall d’Hebron, Universitat Autbnoma de Barcelona, Barcelona, Spain®; Unit of Infectious
Diseases, Complexo Hospitalario Universitario de Vigo, 1IS Galicia Sur, Vigo, Spain®.

Objectiu: Posar a punt una nova técnica basada en la combinacid de la hibridacié de
sondes fluoresecents (FISH) i la deteccié de cél-lules individuals per citometria de flux,
en el context de VIH-1 per determinar quin tipus cel-lular suporta la transcripcié viral en
les diferents cohorts de pacients.

Materials i métodes: L'assaig Human RNA PrimeFlow® (eBioscience) es va realitzar
utilitzant un conjunt especific de 50 sondes d’alta sensibilitat dirigides a la seqliéncia
d’ARNm viral Gag-Pol. La proporcido de cél-lules que expressen el VIH-ARN es va
guantificar en 15 milions de PBMC de pacients infectats amb VIH, tractats i no tractats.
Es va avaluar la reactivacio viral després de I'estimulacio de cel-lules T CD4* obtingudes
de pacients amb PMA/lonomicina. La quantificacié del VIH-ADN i VIH-ARN intracel-lular
es va realitzar mitjancant qPCR usant el material genétic obtingut a partir de cel-lules T
CD4* purificades.

Resultats: Les cel-lules T CD4* efectores de memoria (Tem) s’han identificat com la
principal subpoblacié que suporta la transcripcié de I’ARN viral durant la infeccio, tant
en individus virémics com en aquells que estan en tractament antiretroviral. En els
pacients amb carregues virals elevades, la transcripcio del VIH-RNA també es va detectar
en les cel-lules de memoria central (Tcm). S’ha observat una correlacié directa entre la
proporcié de cel-lules que expressen transcrits del VIH i, la carrega viral plasmatica,
I’ADN proviral i I’ARN viral intracel-lular mesurat per gPCR. Per contra, es va observar
una correlacié inversa amb recomptes absoluts de cél-lules T CD4", el percentatge de
cél-lules T CD4" i la ratio CD4/CD8. A més, aquest nou assaig RNA/FISH flow ha permes
detectar un augment en el nombre de cél-lules primaries que expressen transcrits i
proteines virals després de la reactivacié viral ex-vivo amb un estimul activador.
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Conclusions: Aquest estudi ha identifica les cel-lules T CD4* efectores de memoria (Tem)
com la principal font cel-lular del "reservori viral actiu" durant la infeccié pel VIH tractada
i no tractada. A més, aquesta tecnica pot ser Util per avaluar |'efectivitat de diferents
agents reversors de la latencia (LRAs) en mostres primaries de pacients infectats pel VIH.
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A Novel Single-Cell FISH-How Assay
Identifies Effector Memory CD4+ T cells
as a Major Niche for HIV-1 Transcription
In HIV-Infected Patients
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Adria Curran,2 Joaquin Burgos,2 Imma Ocafia, Esteban Ribera,2 Ariadna Torrella,
Bibiana Planas,2 Rosa Badia,2 Josep Castellvi,> Viceng Falcd,2 Manuel Crespo,ac
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Department of Infectious Diseases, Hospital Universitari Vall d’Hebron, Institut de Recerca (VHIR), Universitat
Autonomade Barcelona, Barcelona, Soaina; Department of Pathology, Hospital Vall d’Hebron, Universitat
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ABSTRACT Cells that actively transcribe HIV-1 have been defined as the “active
viral reservoir’ in HIV-infected individuals. However, important technical limita-
tions have precluded the characterization of this specific viral reservoir during
both treated and untreated HIV-1 infections. Here, we used a novel single-cell
RNA fluorescence in stu hybridization-flow cytometry (HSH-flow) assay that requires
only 15 million unfractionated peripheral blood mononuclear cells (PBMCs) to charac-
terize the specific cell subpopulations that transcribe HIV RNA in different sub-
sets of CD4+ T cells. In samples from treated and untreated HIV-infected pa-
tients, effector memory CD4+ T cells were the main cell population supporting
HIV RNA transcription. The number of cells expressing HIV correlated with the
plasma viral load, intracellular HIV RNA, and proviral DNA quantified by conven-
tional methods and inversely correlated with the CD4+ T cell count and the
CD4/CDS8 ratio. We also found that after ex vivo infection of unstimulated PBMCs,
HIV-infected T cells upregulated the expression of CD32. In addition, this new
methodology detected increased numbers of primary cells expressing viral tran-
scripts and proteins after ex vivo viral reactivation with latency reversal agents.
This RNA FISH-flow technique allows the identification of the specific cell sub-
populations that support viral transcription in HIV-1-infected individuals and has
the potential to provide important information on the mechanisms of viral
pathogenesis, HIV persistence, and viral reactivation.

IMPORTANCE Persons infected with HIV-1 contain several cellular viral reservoirs
that preclude the complete eradication of the viral infection. Using a novel method-
ology, we identified effector memory CD4* T cells, immune cells preferentialy lo-
cated in inflamed tissues with potent activity against pathogens, as the main cells
encompassing the transcriptionally active HIV-1 reservoir in  patients on
antiretroviral therapy. Importantly, the identification of such cells provides us with
an important target for new therapies designed to target the hidden virus and
thus to eliminate the virus from the human body. In addition, because of its
ability to identify cellsforming part of the viral reservoir, the assay used in this
study represents an impor-tant new tool in the field of HIV pathogenesis and viral
persistence.
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Grau et al.

IV-1 infects mainly CD4 T cells and is able to establish viral latency extremely

soon after the initial virdl infection (1, 2). Administration of antiretroviral therapy
(ART) efficiently decreases the plasma viral load in the plasma of HIV-infected patients
but does not fully eliminate HIV-1 (3). The presence of latently infected cells that are
able to reinitiate new rounds of viral replication after ART withdrawal (4-6) and the
existence of low-level ongoing viral replication (7), most likely in tissue reservoirs (8-10),
represent the main obstacles to the complete eradication of HIV-1 from the human
body.

The identification of a biomarker that exclusively identifies latently infected cellsin
HIV-infected patients remains a challenge. Truly latently infected cells have an inte-
grated copy of HIV inserted within the cell genome and do not produce viral RNA
transcripts and proteins; thus, infected cells harboring latent HIV can barely be
distin- guished from their uninfected counterparts. A new study has recently
identified a potential cell marker for latently infected cells, CD32a was found to be
upregulated in the latent portion of HIV-infected cells in approximately 50% of all
reservoir cells (11).

The proportion of latently infected cellsable to produce replication-competent virus
is very small; conservative measures using the gold standard quantitative viral
out- growth assay (QVOA) estimate that the fraction of this latent reservoir is about
oneinfected cell in a million resting CD4+ T cells in ART-treated individuals (12, 13).
The characterization of this specific viral reservoir has been hampered for years
because of the extremely low percentage of latently infected cells. Detection of viral
nucleic acidsby PCRbased methods is an alternative approximation to identify HIV
reservoir cells (14). Quantification of viral DNA is being used in current cure-related
clinical trials as amarker of therapy effectiveness (15, 16). The total HIV DNA value
correlates well with the qVOA assay and the integrated forms of HIV (17-19). In
addition, the total HIV-1 DNA inversely correlates with the time to viral rebound
after therapy interruption in patients who are treated early after infection (20, 21).
Viral DNA quantification has been used to identify the cell composition of the HIV
reservoir after the specific isolation of populations of interest; for instance, central
memory, transitional memory, effector memory, stem cell memory, and follicular
CD4+ T cells have been identified asthe main cell subsets supporting HIV persistence
in patients on ART (22-25). However, a signif- icant disadvantage of using HIV DNA as
a surrogate marker of viral reservoir cellsisthat most of the viral DNA is defective and
consequently will never produce fully replicative viral particles (13). Another
significant disadvantage of using HIV DNA detection to study the cell composition
of the HIV reservoir is the requirement of previous cell isolation, making difficult
the identification of reservoir cell subsets that represent asmall portion of the total
pool of infected cells.

Cells expressing HIV RNA encompass a subset of the total viral reservoir that
contains cells actively transcribing HIV. This specific reservoir has been defined by
Pasternak et al. asthe “active viral reservoir” (26). Importantly, a fraction of resting CD4+
T cells are capable of expressing HIV RNA without the concomitant production of viral
particles in both ARI-treated and untreated HiV-infected patients (27-29). Cell-
associated HIV RNA quantification strongly correlated with disease progression
and inversely correlated with CD4* T cell counts in untreated viremic patients
(30=33). Indeed, unlike plasma viremia, intracellular HIV RNA levels significantly
increase over time during untreated infection (31), and levels of intracellular HIV
RNA have been associated with virological failure in patients on ART (26). The
identification of such infected cells in both treated and untreated HIV-infected
persons will provide impor- tant information regarding the characterization of cells
with transcriptionally active HIV, redirecting the current efforts in the design of new
therapies targeting this active viral reservoir. In addition, as HIV infection frequencies
and HIV transcription levels might differ by cell type and anatomic location (34), the
identification of such infected cellswill allow usto determine the specific contribution
of HIV to the cellular processes and functions of this active viral reservoir at different
anatomical sites and possible cellular sources of residual plasma viremia and the
release of viral particles after viral reactivation.
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Novel RNA ASH-How Assay for HIV RNA-Expressing Cells

In this study, we have validated a novel RNA fluorescence in situ hybridization-flow
cytometry (HSH-flow) technique that detects intracellular HIV RNA molecules at the
single-cell level in 15 million primary unfractionated peripheral blood mononuclear
cells (PBMCs) from HIV-infected individuals. Using this novel assay, we have character-
ized the cells expressing HIV RNA after ex vivo HIV infection of unstimulated PBMGCs, in
primary PBMC samples from ART-treated and untreated HIV-infected patients, and after
ex vivo viral reactivation of primary CD4+ T cells. We found that in samples from
HIV-infected patients, the proportion of cells carrying viral transcripts correlated
very well with plasma viral loads and intracellular levels of HIV RNA measured by
conven- tional methods and inversely correlated with the absolute numbers and
percentages of CD4+ T cells and CD4/CD8 ratios. The majority of cells supporting HIV
transcription had an effector memory CD4+ T cell phenotype. Moreover, we observed
that after ex vivo infection of unstimulated PBMCs, HIV-infected T cells upregulated the
expression of the newly identified marker of latently infected cells CD32. In addition,
using this novel RNA HSH-flow assay, we detected reactivation of HIV from primary
CD4+ T cell samplesfrom patients with undetectable plasma viral loads after ex vivo
exposure to an activating stimulus. This investigation characterized the cellular
sources of active viral reservoirs and identified effector memory CD4+ T cells asthe
main subset expressing intracellular HIV RNA in both untreated and treated HIV-
infected individuals. In addition, it provides a useful tool to evaluate the effectiveness
of different latency reversal agents (LRAs) in different cell subpopulations.

RESULTS

Detection of HIV expression and viral protein production after ex vivo infection
of unstimulated PBMCs. A high-sensitivity target-specific set of 50 individual
probestargeting the HIV RNA Gag-Pol sequence (bases 1165 to 4402 of the HXB2
consensus genome) was used for HIV RNA detection by the RNA FSH-flow
method (Human
PrimeHow RNA Assay; eBioscience). We chose the Gag-Pol region of HIV-1 because it
detects unspliced forms of viral transcripts. Importantly, cells containing unspliced
HIV RNA decay very slowly after ART initiation and positive cells are successfully
observed in patients on ART (35, 36).

To initially invegtigate the ability of the new RNA HSH-flow assay to detect HIV
expression, unstimulated PBMCs from healthy donors were infected ex vivo. \We ob-
served consistently robust HIV RNA expression (~1% of all cells) in T cells in all ex
vivo-infected cells from HIV-negative donors (Fg. 1A and B). Approximately 40% of
these HIV RNA-expressing cells concomitantly expressed the viral Gag p24 protein and
downregulated the CD4 surface marker, whereas HIV RNA-expressing cells lacking Gag
p24 protein production had high CD4 expression. Thus, a majority (~60%) of the
HIV-transcribing cells did not downregulate the CD4 cell receptor (Hg. 1A). Using this
technique, we were able to distinguish two subpopulations of HIV-expressing cells with
high and low RNA transcript levels (FHg. 1B). Cells expressing low levels of HIV tran-
scription were not able to produce detectable viral proteins (~30% of all HIV-
expressing cells). Therefore, high production of viral transcripts was needed for
concomitant detection of the p24 viral protein and downregulation of the CD4 cell
surface marker. Additionally, we investigated the expression of the newly discovered
marker of latently infected cells, CD32, by using our system of ex vivo infection of
unstimulated PBMCs. We observed that HIV-infected T cells expressing viral RNA and
the Gag p24 protein upregulated CD32 expression (~2-fold increase), while the
increase in the expression of CD32 was less intense in cells expressing only viral RNA
(~15-fold increase). A dlight increase in the proportion of cells expressing CD32
was also observed upon cell infection (~10% of all infected cells). The CD32
expression level, however, was consid- ered low compared to that of non-T cells (Hg.
1C). We also observed the expression of HIV RNA transcripts and viral Gag p24
protein in non-T-cell populations (see Fg. S1A and Bin the supplemental material).
In contrast to infected T cells, most of the infected non-T cells had simultaneous
expression of HIV RNA, Gag p24, and the CD4 receptor (~1%) (Fg. SIB).
More phenotypic experiments are certain to further delineate the
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FIG1 Detection of HIV transcripts and the viral Gag p24 protein in ex vivo-infected samples by the RNA FISH-flow assay.
Unfractionated and unstimulated PBMCs from healthy donors were infected ex vivo with exogenous HIV strain
NL4.3. Fve days after the initial infection, cells were subjected to the RNA ASH-flow protocol. (A) The graphs on the
left are representative flow cytometry plots of HIV transcript detection and CD4 downregulation in Gag p24+ T cells.
The graphs on the right show the data summary of CD4 downregulation and the MA (mean fluorescence intensity) of
CD4 expression in cells expressing HIV RNA with and without production of the viral Gag p24 protein. (B) Left,
representative flow cytometry plot of the dual staining of T cells for HIV RNA and Gag p24 protein. The graph on the
right summaries the percentages of infection of the different combinations of cells costained for detection of HIV RNA
and the viral Gag p24 protein in three different infected HIV-negative donors. (C) Left, representative flow cytometry
plot of CD32 and HLA-DR coexpression in HIV-infected cells. Infected cells expressing only HIV RNA (red) or expressing
viral RNA and Gag p24 protein (blue) are overlaid on the whole live-cell population (gray). The graph in the center shows
the MH of CD32 expression in cells expressing only viral RNA, cells expressing HIV RNA and p24, and uninfected T cells
The graph on the right showsthe percentages of infected cells expressing CD32 and the HLA-DR markers.

specific non-T-cell subpopulationssupporting HIV replication or viral capture after the
ex vivo infection of primary cells.

Next, we investigated the linearity of the assay. Latently infected JLat cells with
detectable basal HIV expression (clone 9.2) were spiked with the noninfected lymphoid
cell line MOLT-4 CCR5+ at different ratios (1/3 dilutions), and the mixture was then
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subjected to the RNA HSH-flow protocol. HIV RNA expression determined by the
experimental curve showed robust consistency with the predicted curve at al of the
dilutions tested (down to 50 positive events per million cells) (Fig. S2A). Smilar results
were observed when the linearity assay was performed with expanded infected cells
from HIV-infected individuals (Fg. S2B).

Overall, these experiments demonstrated that with a high-sensitivity set of
probes against the Gag-Pol HIV RNA sequence, the RNA ASH-flow assay is a valid
method for detection of HIV RNA expression and viral production after the ex vivo
infection of unstimulated PBMCs.

Detection of CD4+ T cells expressing viral transcripts in samples from HIV-
infected patients. Once the assay was validated with ex vivo HIV-infected PBMCs, we
determined the percentage of HIV-expressing cells in primary samples from HIV-
infected individuals. We observed that samples from HIV-negative donors had a
background signal in the HIV RNA detection channel, and this unspecific staining varied
between experiments. For this reason, every independent experiment included at
least one uninfected donor to normalize the percentage of HiV-expressing cells.
Fg- ure S3 showsthe raw HIV RNA expression data for additional HIV-infected patients
with different plasma viral loads. Normalization of the data was carried out by
subtracting the percentage of positive cells in the HIV RNA detection channel of
the negative control from the percentage of positive cells measured in each
population. After data normalization, the assay was highly reproducible between
different experiments(Fg. S4A). To test the specificity and background signal of the
highly sensitive set of probes used in this assay, we detected HIV RNA by confocal
microscopy in a lymph node tissue sample from an acutely HIV-infected patient
(patient 41; Table Sl1). Hg- ure S4B shows the clear detection of HIV transcripts in
tissue from an infected patient. Secifically, we observed two HIV RNA expression
patterns, highly positive cells corre- sponding to HIV RNA-expressing cells and small
punctate structures compatible with the capture of HIV virions by follicular dendritic
cells as previously documented (37). Of note, HIV RNA staining was not observed in
the lymph node of the HIV-uninfected control.

We next determined the percentages of HIV RNA-expressing cells in unstimulated
and unfractionated PBMC samples from patients with chronic untreated HIV infection
and patients on ART (< 20 copies/ml) compared to uninfected (HIV' ) donors (patient
characteristics are shown in Table Sl). Representative flow cytometry strategy and
raw data from different samples are shown in Fg. 2A and S3. When the percentage of
CD4+ T cells expressing HIV RNA in 15 million PBMCs was analyzed, untreated HIV-
infected patients showed satigtically significantly larger proportions of cells
transcribing HIVthan did treated patients or healthy controls (median values of
0.0165 for untreated patients and 0.001 for treated patients) (Fg. 2B). Therefore,
the frequency of cellstranscribing HIV RNA from untreated patients was estimated
at 165 per million CD4+ T cells, while in ART-treated individuals, we observed a
frequency of 10 RNA-transcribing cells per million CD4+ T cells. These values arein
agreement with previous reports (36). When we stratified the samples according to
the patients’ plasma viral loads, we observed that more actively transcribing cells
were consistently better detected in samples with high plasma viral loads. We were
able to detect HIVtranscriptsin two out of six samples from treated aviremic HIV-
infected individuals (Hg. 2C). For instance, the normalized values of HIV RNA-
expressing cells showed a strong positive correlation with plasma viral loads (r =
0.823, P<0.0001) (Hg. 2D) and negatively correlated with absolute CD4+ T cell
counts (r =-0.723, P = 0.0001), percentages of CD4+ T cellsin the original samples (r =
- 0.686, P=0.0004), and CD4/CD8 ratios (r = -0.729, P=0.002) (Fg. 2Eto G). When we
correlated the percentage of positive cells expressing HIV RNA with viral reservoirs
markers, we observed a positive correlation with total HIV DNA (r =- 0672, P =
0.039) and intracellular levels of HIV RNA measured by conventional quantitative PCR
QPCR (r=0.721, P=0.023) (Fg. SSA and B). The median frequency of HIV RNA-
expressing cells obtained with the RNA flow/FISH assay was 80 events per million
CD4+ T cells,compared to 12,804 moleculesfor total HIV DNA
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FIG2 Detection of CD4+ T cells expressing HIV RNA transcripts in primary samples from HIV-infected patients. Fifteen million PBMCs from healthy
donors and HIV-1-infected patients were thawed and subjected to the RNA ASH-flow protocol for viral transcript detection without any previous
cell stimulation. (A) Lymphocytes were gated by using the forward and side scatter areas (FSC and SSC, respectively), and the debris was excluded
from the analysis. Cell doublets then were removed from the analysis (FSC-A versus FSC-H, followed by SSC-A versus SSC-H), and live cells were
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and 79,871 molecules for intracellular levels of HIV RNA per million CD4+ T cells
measured by gqPCR (Fg. S50). In addition, when we performed the qVOA assay with
samples from a separate cohort of aviremic individuals, we did not observe any
correlation between the number of infectious units per million CD4+ T cells and the
frequency of memory CD4+ T cells expressing HIV RNA obtained with the RNA
flow/FISH assay (Fig. S5D). Overall, the RNA flow/FISH method measured approximately
3-log-fold fewer positive events than the conventional gPCR method. This difference
is due to the fact that the two techniques measure different outcomes, the RNA
flow/FISH method measures the percentage of HIV RNA-expressing cells, and
detection of a positive event requires several RNA molecules per cell. On the
contrary, the conven-tional gPCR method quantifies the number of RNA or DNA
molecules in the whole population of CD4+ T cells containing both HIV-infected
and uninfected cells. In thisregard, confocal microscopy images of cells transcribing
HIV showed numerous positive dots corresponding to HIV RNA molecules per
individual cell (Hg. 2H). Additionally, in some primary PBMC samples from HIV-infected
patients, we costained HIV RNA and the viral Gag p24 protein. Dual positive cell
events were absent or very rarely detected in any population analyzed (data not
shown). The assay of insufficient cell numbers might explain the failure to detect
infected cells harboring both viral markers. Overall, thisnovel assay detects actively
HIV RNA-transcribing cells in primary samples from infected individuals, and
importantly, levels of cells expressing HIV RNA correlate very well with different
markers of disease progression and intracellular levels of HIV RNA measured by
conventional qPCR

Identification of CD4+ T cell subpopulations expressing HIV-1 RNA transcripts
after ex vivo infection of unstimulated PBMCs. We then assessed the presence of HIV
RNA transcripts in different CD4+ T cell subsets after ex vivo infection of
unstimulated and unfractionated PBMCs from healthy donors. Cells were first
infected with an exogenous virus and then stained with antibodies specific for the
markers CD3, CD4, CD45R0O, and CCRY to identify different subpopulations of CD4+
T cells. The percent- ages of HIV RNA-positive cells within the naive (Tya), central
memory (Tew), effector memory (Tgy), and terminally differentiated (Typ) CD4+ T cell
subsets of a representa- tive ex vivo infection experiment are shown in Fg. 3A.
The expression of HIV RNA transcripts was observed mainly in T memory cells
(~0.2% of the total cell population) (Fg. 3A). Secifically, the majority of cells
supporting HIV transcription had a Ty CD4* T cell phenotype and represented
> 50% of all infected cells (Eig. 3B). The percentage of Tgy cells expressing HIV RNA
was higher than in the whole T cell (Teps) population (median proportion of postive
cells of 035 for Tgy cells and 024 for CD3* T cells) (Fg. 3B), indicating an
enrichment of the subpopulation that supports most active transcription of HIV
(1.38-fold enrichment in Tgy cells compared to Teps cells). More- over, infected cell
subpopulations only partially downregulated the CD4 cell receptor upon infection,
with the Tg, subset being the subpopulation sustaining greater down- regulation of
the CD4 marker (~40% of all Tgy-infected cells) (Fg. 3C).

Phenotypic characterization of CD4+ T cells expressing HIV-1 RNA transcripts
in primary samples from HIV-infected patients. After the successful identification of

FIG 2 Legend (Continued)

selected by live/dead staining. HIV RNA expression was identified in viable CD4*+ T cells. Shown are representative flow cytometry plots of
HIVRNA detection in CD4+ T cells from a uninfected person (HIV' ), an ART-treated patient (plasma viral load [VL] = <20 copies [cop]/ml;),
and untreated (UNT) patients with different plasma VLs. (B) Summary data of normalized HIV RNA+ frequency in CD4+ T cells in uninfected
controls (HIV- ; n = 6), patients treated with ART (plasma VL of <20 copies/ml; n = 6), and untreated patients (n = 16). (C) Frequency of HIV RNA
detection stratified by plasma VLs. (D) Correlation of HIV RNA+ cells and plasma VLs. (E) Correlation of percent HIV RNA*+ cells and absolute
numbers of CD4+ T cells in blood. (F) Correlation of percent HIV RNA* cells and percent CD4+ T cells determined by flow cytometry. (G
Correlation of percent HIV RNA* cells and the CD4/CD8 ratio. (H) Representative micrographs obtained by confocal microscopy of cells from an
HIV-negative donor (left) and an untreated HIV-infected patient (right) after the RNA ASH-flow protocol. Saining of HIV RNA transcripts is red.
All HIV RNA+ percentages were normalized to those of uninfected donors (obtained by background subtraction) for each independent
experiment. White symbols correspond to values below the limit of detection. In panels D to G, values for untreated patients are
represented by gray symbols and valuesfor treated patients are represented by green symbols. *, P < 0.05; **, P < 0.01 (Mann-Whitney
test). Spearman’s nonparametric correlation coefficients and associated P values are shown. Data for patients 1 to 6 and 25 to 40 are shown
in panels B to F, data for patients 1 to 6, 28 to 33, and 36 to 39 are shown in panel G, and data for patient 26 are shown in panel H (Table S1).
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FIG 3 Detection of HIV RNA transcripts in different subsets of CD4+ T cells after ex vivo infection
of PBMGCs. Unfractionated and unstimulated PBMCs from healthy donors were infected ex vivo
with exogenous HIV. Cells were subjected to the RNA ASH-flow protocol 5 days after infection. (A)
Repre- sentative flow cytometry plots of HIV RNA-expressing cells in different subsets of CD4+ T cells
(Tuas Tems Tems @nd Trp). (B) Quantification of HIV RNA+ cells in the different CD4+ T cell subsets of
three different infected HIV-negative donors. (C) Percentages of HIV-expressing Tg, and Ty, cells that
downregulate the CD4 receptor upon infection.

the CD4+ T cell subpopulations transcribing HIV in ex vivo-infected samples, we sought
to phenotypically characterize the subsets of CD4+ T cells that support HIV transcrip-
tion in vivo. Ffteen million unfractionated and unstimulated PBMCs from untreated
HIV-infected patients were subjected to the RNA ASH-flow assay to determine the
frequency of HIV RNA-expressing cells. A representative gating strategy used to identify
T cell subsets in an HiV-infected patient is shown in FHg. S6A. We observed greater
proportions of HIV-transcribing cells in all of the subsets assayed than in uninfected
controls, except naive T cells (median values: Tya, O; Tew, 0.02; Tgy, 0.095; Trp, 0.014)
(Hg. 4A). Consistent with the ex vivo infection experiments, the Tz, subset was
dominant among the HIV RNA-expressing cells and the proportion of cells expressing
HIV was greater in Tgy cells than in all other CD4+ T cell subsets (fold increases in Tgy
versus other subsets: 124.7 for Tya, 24.8 for Tey, 108.44 for T+p) (Hg. 4B). In addition, HIV
RNA-expressing cells were detected significantly more often within the Tgy subset in
samples from aviremic treated HIV-infected patientsthan in uninfected control samples
(Hg. 40). Moreover, the percentage of Tgy cells expressing viral transcripts was also
higher than that of the other assayed CD4* T cell subsets. We next assessed the
correlation of HIV RNA-expressing cells in the different T cell subsets by using plasma
viral loads and CD4+ T cell counts as progression markers. There was a
positive correlation between the plasma viral loads and the percentages of Tey and
Tem HIVRNA-expressing cells, although a more robust correlation was observed for
Tem cells (r = 0.7887, P < 0.0001) (Hg.4E). In contrast, we observed a strong inverse
correlation between HIV-expressing Tgy cell and CD4+ T cell counts (r = - 0652, P
= 0.0007) (Hg. 4D), similar to what was observed in the entire CD4+ T cell
compartment (Fig. 2D). Additionally, after the identification of CD32 as a marker of
latently infected cells (11), we wanted to investigate if cells expressing HIV in samples
from aviremic patients were also expressing the CD32 marker. We observed that cells
expressing the CD32 receptor represented only a small proportion of the tota CD4+
T cells (median, 0.063; inter- quartile range, 0.060 to 0.104). Only one of the
patients analyzed contained HIVRNA-expressing cells in this population of cells (Hg.
4F). Taken together, these results indicate that we successfully detected different
subpopulations of cells expressing HIV RNA with the flow RNA FISH protocol.
Moreover, we observed that the effector memory
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FIG 4 Identification of CD4* T cell subsets supporting HIV expression in primary samples from HiV-infected patients. Ffteen million unfractionated
and unstimulated PBMCs from HiV-infected patients were subjected to the RNA FSH-flow protocol for viral transcript detection in the different CD4+ T cell
subsets (Tya, Tems Tews @nd Trp). (A) Frequencies of HIV RNA-expressing cells in different CD4+ T cell subpopulations of untreated patients (n = 13). The
frequency of viral transcription in each subpopulation was compared with that of the HIV-negative control by using the Mann-Whitney test. (B) Paired
comparison of HIVRNA+ cellsin CD4+ T cell subsets of untreated patients (n = 13). The statistical values shown were obtained with the Wilcoxon signed-rank
test with corrected P values for multiple comparisons. (C) Frequency of HIV RNA-expressing cells in CD4+ T cell subsets of treated patients with
undetectable plasma viral loads (n = 10). (D) Spearman correlation of HIV RNA frequency in the different CD4+ T cell subpopulations and the absolute CD4+ T
cell counts (n = 23). (B Spearman correlation between plasma viral loads and the percentages of CD4+ T cells expressing HIV RNA in different subsets (n = 23).
For all correlations, white symbols represent values below the limit of detection, symbols representing values for untreated patients are in dark colors, and
symbols representing values for treated patients are in pale colors. (F) Frequencies of HIV RNA-expressing cells in CD4+ T cells expressing CD32 and HLA-DR
All normalized values were obtained after subtracting the corresponding background signal observed in the HIV-negative control. *, P < 0.05; **, P < 0.01.
Data for patients 28 to 40 (Table Sl) are shown in panels A and B; those for patients 1 to 6, 10, and 13 to 15 are shown in panel C; those for patients 1 to 6,
10, 13 to 15, and 28 to 40 are shown in panelsD and E and those for patients 7, 10, 11, 16 to 20, and 24 are shown in panel F.

T cell subset was largely responsible for the production of HIV RNA in CD4+ T cellsin
both treated and untreated HIV-infected patients.

Detection of viral reactivation in primary CD4+ T cells from ART-
treated HIV-infected patients. Finally, we assessed the ability of this assay to detect
HIV RNA transcripts and the Gag p24 viral protein from previously isolated CD4+ T
cells after ex vivo viral reactivation. We evaluated primary samples from treated
aviremic infected patients and assessed the capacity of a strong non-HIV-specific
activating stimulus (phorbol 12-myristate 13-acetate [PMA]-ionomycin [lono]) and
romidepsin, a histone deacetylase inhibitor, to induce the transcription and
translation of HIV. A representa-tive flow cytometry plot is shown is Hg. 5A. Overall,
we observed an increase in the percentage of cells expressing HIV RNA upon cell
activation with PMA-lono compared with the corresponding control (5.53-fold
change), and upon cell activation with
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FIG5 Detection of HIV-1 RNA and Gag p24 protein in primary CD4+ T cells from HIV-infected patients
after ex vivo reactivation. CD4* T cells from treated HiV-infected patients were isolated with
magnetic beads. Expression of HIV RNA and the viral Gag p24 protein was detected by the RNA
FSH-flow technique after 13 h of reactivation with PMA-lono or 24 h of reactivation with
romidepsin. (A) Representative flow cytometry plots of cells from atreated patient before and after viral
reactivation with PMA-lono. Live cells were identified, and single HIV RNA-expressing cells gated against
side scatter (SSC) are shown on the left. Percentages of HIV RNA* cells that were Gag p24+ are shown
on the right. (B, C) Comparisons of HIV-1 RNA+ single cells after viral reactivation with PMA-lono (B)
and HIV-1 RNA+ Gag* doubly positive cell frequencies before and after viral reactivation (PMA-lono)
(©. (D) Fequencies of HIV-1 RNA* single cells expressing Gag* before and after stimulation with PMA-
lono. () Comparison of HIV-1 RNA* single cells after viral activation with romidepsin. (F, G
Comparisons of HIV-1 RNA* single cells after viral reactivation with romidepsin (F) and doubly postive
cells HIV-1 RNA+ Gag* frequencies before and after viral reactivation (romidepsin) (G). Cells from nine
patients were treated with PMA-lono (patients 5 and 7 to 13 are shown in panels B to D), and cells
from four patients were treated with romidepsin (RVD) (patients 7 and 21 to 23 are shown in panels E
to G). *, P< 0.05 (paired nonparametric t test). FC, fold change.

romidepsin, four out of four patients showed increasing proportions of HIV
RNA- expressing cells (3.69-fold change) (Hg. 5B and E). The median numbers of RNA-
positive cells per million CD4+ T cells before and after viral reactivation were 20
and 145 for PMA-lono and 6 and 58 for romidepsin, respectively. Moreover, the
expression of cells doubly positive for HIV RNA and Gag p24 rose significantly when
cells were stimulated with PMA-lono, with an estimated median of six cells with
inducible HIV per million
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CD4+ T cells (Hg. 5C). For romidepsin, we observed positive p24 events in only one
patient (Hg. 5F). Of note, the range of dually positive cells was highly dependent on the
patient. Also, when we analyzed the percentage of cells transcribing HIV RNA that also
translated Gag p24 after stimulation with PMA-lono, we observed a significant increase in
the numbers of HIV RNA+ cells concomitantly expressing HIV proteins. However, the
degree of expression was also highly variable between different patients and was
observed only for PMA-lono (Fg. 5D). For romidepsin, however, this increase was very
modest and was observed in only one patient (Hg. 5G). Thus, this assay could be used to
evaluate the effectiveness of different LRAs in reversing the latent state of the HIV
reservoir in different cell populations.

DISCUSSION

Identification of the HIV-1 cell reservoirs that exist in HIV-infected patients will
significantly advance the design of new targeted therapies aimed at curing HIV. In this
regard, the identification and characterization of active viral reservoirs, defined as
infected cells with transcriptionally active HIV, have been limited by an inability to
isolate the required amount of cells for accurate quantification of viral transcription. In
this investigation, we used a new RNA ASH-flow assay for the identification of HIV-
infected cells that express viral transcripts both after ex vivo infection and in primary
samples from HIV-infected patients. In addition, we used this novel method to assess
viral reactivation in primary CD4+ T cells from HiV-infected patients after ex vivo
exposure to an activating stimulus.

Using this novel assay that measures transcriptionally competent HIV-infected cells,
we found that after ex vivo infection of unstimulated PBMCs, HIV transcription was
significantly detected in T cells and production of viral proteins correlated well with the
downregulation of the CD4 cell receptor. This finding is in agreement with previoudy
published data showing that different viral proteins are responsible for the downregu-
lation of CD4 on the surface of the infected cell (38, 39) and higher levels of HIV RNA
expression are required for productive infection (40, 41). Importantly, we also observed
that non-T cells expressed HIV transcripts and viral proteins and most of these non-T
cells expressed the CD4 receptor. In this investigation, we have not fully identified these
non-T-cell populations harboring both HIV RNA and the Gag p24 protein, although viral
capture by dendritic cells and viral replication in monocytes would be a possble
explanation for the present results (42, 43). More precise phenotypic studies are needed to
fully identify the non-T-cell populations supporting HIV transcription and translation after
ex vivo infection.

Using the RNA flow/FISH protocol, we found that the majority of HIV RNA-positive
cells in primary samples from infected patients were detected in CD4+ T cells and we
were not able to observe significant detection of HIV transcripts in the CD4 T cell
population. This result is consistent with previous reports where CD4+ T cells were
enriched in unspliced viral transcripts compared to T cells that downregulated the CD4
receptor (44). Moreover, in treated patients, HIV RNA in blood and tissue was highly
concentrated in the CD4+ population compared to non-CD4+ T cells (45). In addition, T
cells that downregulate the CD4 receptor support the greatest production of viral
particles; thus, higher rates of cell death in this infected population during the exper-
imental protocol might also account for our results (46). In agreement with the lack of
significant detection of HIV RNA in CD4 T cells, we did not detect cells expressing both
viral RNA and the viral Gag p24 protein in samples from HiV-infected patients without
previous cell stimulation. In addition to cell death, the assay of insufficient cell numbers
may explain the lack of detection of dually stained cell populations.

Frequencies of CD4+ T cells expressing HIV transcripts in samples from HIV-infected
patients measured by this novel method had a median of 10 positive cells per million
CD4+ T cells in aviremic patients and 165 positive cells per million CD4+ T cells in
viremic untreated individuals. These data fully agree with previous studies (29, 36).
Importantly, these frequencies correlated very well with different markers of disease
progression such as plasma viral loads, CD4* T cell counts, and CD4/CD8 ratios. Our
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data agree with previoudy published data showing that intracellular HIV RNA
quanti- fication strongly correlated with disease progression and inversely
correlated with CD4+ T cell counts in untreated viremic patients (30-33). Previous
reports have shownthat during the chronic phase of infection, intracellular levels
of HIV RNA range between 3- and 4-log magnitudes of molecules per million
unfractionated PBMCs (31); however, after ART initiation, the levels of cell-associated
HIV RNA only decline about 1 to 2 logs (47, 48) and positively correlate with the
total viral reservoir measured by total HIV DNA quantification (49). When we
performed a direct comparison of the quantitative values obtained by
conventional methods of intracellular viral nucleic acids and the percentage of
positive cells measured by the RNA HSH-flow technique, we observed a direct
significant correlation between the two methods, however, our novel method
quantified 3-log-fold lower values than the RNA molecule levels in CD4+ T cells
quantified by gPCR and 2-log-fold lower values than the number of DNA
molecules per million CD4* T cells measured by conventional methods. The impossi-
bility of measuring the exact numbers of HIV RNA and DNA molecules in a single cell
by gPCR makes this comparison biased, since detection of positive events by the
RNA HSH-flow technique most likely requires the presence of several HIV RNA
molecules, as we have observed in our micrographs. In this regard, previous
reports showed that productively HIV-infected cells contained ~300 HIV RNA copies
per cell (35, 50, 51). Moreover, the lower sensitivity of the RNA FHSH-flow method
than the PCRbased method might also explain part of these differences. When we
compared the propor- tions of memory CD4+ T cells expressing HIV RNA calculated
by the RNA FISH-flow assay and the qVOA, we did not observe any correlation.
The proportion of viral RNA-expressing cells not able to produce fully replicative
virions might be responsible for this result. In the same line, intracellular HIV RNA
quantification by qPCR hascorrelated poorly with qVOA results in previous studies
(17, 18).

In treated aviremic patients, the identification of the cellular sources of HIV tran-
scripts is of particular importance since this information will directly identify the
specific cell subpopulations supporting HIV persistence. HIV transcripts can be found in
latently infected cellsthat do not produce viral particles, in productive infection of new
cells, orin cells reactivated from latency with productive production of viral particles
(26). To date, the precise composition of the cellular subpopulations that support
this active viral reservoir in HIV-infected patients is largely unknown. We identified
the effector memory CD4+ T cell subpopulation as the main subset of cells
expressing HIV during both untreated and treated infections. In this regard, the
detection of infected cells in the fraction of PBMCs could be an intrinsic limitation of
our study, since central memory T cells recirculate congtitutively between secondary
lymphoid organs and blood and effector memory T cells circulate through blood and
home to inflamed tissue (52). Thus, not all of the cell subsets analyzed in this study are
continuously present in peripheral blood. Of note, identification of effector memory
CD4+ T cells was carried out by using the phenotypic markers CD45RO and CCRY,
and therefore, this population can also contain cells with a transitional memory
phenotype (83).

In agreement with our data, previous studies identified effector memory cellsasthe
main subset supporting HIV transcription in both peripheral blood and ileum and
rectum tissue samples from ARIT-treated patients (45). On the bass of HIV DNA
quantification, Tgy cells were also identified as one of the main subsets harboring
total and integrated HIV DNA (22, 23, 25). Follicular helper T cells have been
recently identified as one of the main cell subsets that support the replication,
transcription, and production of HIV-1 (24). Although we did not perform a detailed
investigation of that specific cell subpopulation in this study, we present our method
as a promising tool for the identification of transcriptionally active HIV in cell
subpopulations, including follic-ular helper T cells, from different tissue samples.

A new biomarker of latently infected cells has recently been described. Descours et
al. reported that the immunoglobulin G Fc fragment CD32a was exclusively induced in
quiescent infected cells. Productive infection of stimulated CD4+ T cells was not
associated with significant CD32a expression, compared to that in resting CD4+ T cells
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(11). Thus, we also explored the expression of CD32 in cells transcribing HIVin vitro and
in vivo by our newly described method. We found that after ex vivo infection of
unstimulated PBMGCs, infected cells concomitantly upregulated the expression of CD32
and the activation marker HLA-DR productively infected cells expressing HIV RNA and
Gag protein upregulated both markers to a greater degree (2-fold increase) than cells
transcribing only HIV RNA (1.5-fold increase). Moreover, the proportion of cells express-
ing CD32 also increased. On the basis of these results, we concluded that productive
HIV infection upregulates the expression of CD32. Levels of CD32 were very modest
compared to those of non-T cells. Of note, with our system, we cannot compare these
levels to those expressed in latently infected cells. The discrepancy between the study
of Descours et al. and our results may be due to the fact that Descours et al. stimulated
their PBMCs before productive infection, while we performed infections without any
previous cell stimulation. In addition, Descours et al. focused their analysis on the
HLA-DR cell population. Further studies are certain to fully elucidate the role of CD32
in HIV infection and latency.

HIV RNA transcription is a useful tool with which to assess the effect of LRAs in new
therapeutic approximations aimed at curing HIV. LRAs are being used in clinical trials
to reactivate HIV from its dormant state. However, clinical studies have shown only a
modest reduction of the latent HIV reservoir after LRA administration (15, 16, 54). As
LRAs may not work equally in all infected cell subpopulations, new methods to assess
the effectiveness of LRAs in vitro are highly desirable. Previousreports have shown the
ability of the RNA FISH-flow assay to detect viral reactivation in primary samples and
cell lines (55, 56). Here, we used our method to detect viral reactivation in primary
infected CD4+ T cells after the ex vivo administration of an activating stimulus. In
samples from treated HiV-infected patients, romidepsin significantly increased the
percentage of cells expressing HIV RNA; however, we were not able to detect a
significant production of viral proteins. This result is consistent with previously reported
studies where romidepsin alone failed to induce robust production of viral particles (57,
58). However, upon cell stimulation with PMA-lono, significant percentages of cells
expressing HIV and viral proteins were successfully detected. HIV RNA expresson
increased very modestly upon viral reactivation. The fact that we focused our analysis
on cells with high expression of HIV RNA to avoid an increased background might
account for this result. Importantly, and in agreement with our data, previous reports
have shown that the number of unspliced HIV RNA molecules per cell during different
stages of viral production varies only slightly; transcription of unspliced HIV RNA per cell
was unaffected by treatment status and ongoing viral replication (35, 36). Using this
method, we estimated that the median size of the inducible reservoir, defined as cells
able to express viral RNA and the Gag p24 protein upon cell activation, was six per
million CD4+ T cells. This number is higher than previously reported frequencies of
latently infected cells measured by the gold standard qVOA assay (12, 13). However, we
are not able to exclusively detect the fraction of cells with replication-competent virus.
Our estimated size of the inducible reservoir is, however, smaller than that predicted by
the tat/rev-induced limiting-dilution assay, which accounts for the fraction of cells with
transcriptionally active HIV-1 (29). How our novel method correlates with previously
reported assays designed to measure the size of the latent reservoir deserves a more
detailed investigation; in-depth comparison with the same samples will be indispens-
able to fully estimate the ability of the RNA flow/FISH assay to accurately measure the
size of the HIV-1 reservoir.

An assay that detects translation-competent HiV-infected cells on the basis of the
same technology has been recently reported (56). Baxter et al. smultaneously detected
both HIV RNA and the viral Gag p24 protein in primary HIV-infected samples. However,
a very high background signal level in the HIV RNA channel precluded the use of the
assay to identify the fraction of transcriptionally competent HiV-infected cells. In our
study, however, the use of a high-sensitivity set of 50 probesthat recognize the Gag-Fol
sequence of the HXB2 consensus genome with a minimized background signal and
subtraction of the nonspecific background from the quantification of HIV RNA-
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expressing cells allowed us, for the first time, to detect significant differences in the
levels of HIV RNA-expressing cells in different cohorts of HIV-infected patients.

Overall, in this study we have found that effector memory CD4+ T cells are an
important niche for HIV transcription in vivo. The identification of transcriptionally
active HiV-infected cells will provide important information on the specific cellular and
anatomical sources of residual viremia, the contribution of HIV to viral pathogeness,
and the specific cellular reservoirs that persist in ART-treated individuals. In addition,
this novel method detects viral reactivation in primary CD4+ T samples, providing a
useful tool with which to evaluate the effectiveness of different LRAs in different cell
subpopulations.

MATERIALS AND METHODS

Ethics statement. PBMCs from HIV-1-infected patients were obtained from the HIV unit of the
Hospital Universitari Vall d’Hebron in Barcelona, Spain. Written informed consent was provided by all of
the patients who participated in this study, and the protocols used were approved by the Comité d’Etica
d’Investigacié Cinica (Institutional Review Board numbers 39-2016 and 196-2015) of the Hospital
Universitari Vall d’Hebron, Barcelona, Spain. Samples were obtained only from adults, who all provided
written informed consent, and the samples were prospectively collected and cryopreserved in the
Biobanc (register number C0003590). All samples received were totally anonymous and untraceable. The
JLat cell line and the T-lymphoblastoid MOLT-4 CCR5+ cell line were obtained from the NIH AIDS
Reagent Program.

Study samples. Samples from HIV-1-infected patients with CD4+ T cell counts of >100/mm3 in the
HIV unit of the Hospital Universitari Vall d’'Hebron in Barcelona, Spain, were included in this study.
Information on plasma viral loads, CD4* T cell counts, and time on ART for treated patients is
summarized in Table S1.

Cells and virus. PBMCs were obtained from HIV-1-infected patients by Hcoll-Paque density gradient
centrifugation and cryopreserved in liquid nitrogen. PBMCs from healthy donors were obtained anon-
ymously from the BST (Banc de Sang | Teixits, Barcelona, Sain) and isolated as described above.

The human latently infected cell line JLat (clone 9.2) was obtained through the NIH AIDS Reagent
Program from Eic Verdin (59); grown in RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS Gibco, Life Technologies, Inc.), 100 U/ml penicillin, and 100 pg/ml streptomycin (Life Technologies,
Inc); and maintained at 37¢C in a 5% CO, incubator. The T-lymphoblastoid MOLT-4 CCR5+ cell line
(obtained through the NIH AIDS Reagent Program from Masanori Baba, Hiroshi Miyake, and Yuji lizawa)
(60) was cultured in R10 (RPMI medium with 10% FBS) containing 1 mg/ml G-418.

The plasmid encoding HIV-1 strain NL4.3 (pNL4.3) was obtained through the NIH AIDS Reagent
Program from Malcom Martin. Viral stocks were generated by transfection of 293T cells with pNL4.3, and
the resulting viral particles were titrated in TZMbl cells by enzyme luminescence assay (britelite plus kit;
PerkinBmer) as described previously (61).

Ex vivo infection of unstimulated PBMCs. PBMCs from healthy donors were quickly thawed and
incubated overnight in RLO with 100 pg/ml streptomycin, 100 U/ml penicillin, and 40 U/ml interleukin-2
(IL-2). On the next day, PBMCs were infected (350,000 50% tissue culture infective doses/million cells)
with the NL4.3 viral strain for 4 h at 37dC and 5% CO,. Following the initial infection, the cells were
thoroughly washed and cultured in six-well plates in R10 plus 100 U/ml IL-2 for an additional 5 days to
expand the viral infection. The cells were then subjected to the RNA FASH-flow protocol as described
below.

Detection of single cells expressing HIV-1 RNA transcripts by the RNA FISH-flow assay. The RNA
ASH-flow assay for detection of HIV transcripts was performed in accordance with the manufacturer's
instructions (Human PrimeHow RNA Assay; EBioscience), with some modifications. Briefly, 15 million
PBMCs were stained with antibodies to cell surface markers (20 min at room temperature [RT]; CCR?7,
30 min at 37&C) and violet viability dye (20 min at RT). Cells were then fixed, permeabilized, and
intracellularly stained for detection of the viral p24 protein when required (60 min at 4¢C). After an
additional fixation step, cells were ready for 3 h of hybridization at 40 + 1dC with a high-sensitivity
target-specific set of 50 probes spanning the whole Gag-Pol HIV mRNA sequence (bases 1165 to 4402 of
the HXB2 consensus genome). The cells were then subjected to different amplification steps (sequential
2-h incubations at 404C with the preamplification and amplification mixtures). Fnally, multiple label
probes were hybridized with the specific amplifiers (1 h at 40¢C). Negative controls were included in all
experiments with cells from non-HIV-infected donors. The normalized percentage of HIV RNA expression
was calculated for each subpopulation by subtracting the mean value obtained from the negative
control from the signal obtained with the real sample. All samples were run on an LSR Fortessa four-laser
flow cytometer (Becton, Dickinson).

Antibody panel. To identify the different CD4+ T cell subpopulations expressing HIV RNA, PBMCs
were stained for cell surface markers with CD4 (AF700; BD), CD3 (phycoerythrin [PE-Cy7; BD), CCR7 (PE
BD), and CD45R0 (BV605; BioLegend) antibodies. The CD4+ T cell subset phenotypes were identified as
follows: Tya, CD3+* CD4+ CCR7+ CD45RO ; Tew, CD3+ CD4+ CCR7+ CD45RO* ; Tew, CD3+ CD4+ CCR7-
CD45R0O" ; Trp, CD3+ CD4+ CCR7- CD45RO . For detection of CD32 after ex vivo infection, we used CD4
(AF700; BD), CD3 (PECy5; BD), p24 (PE Beckman Coulter, Inc.), CD32 (PECy7; BioLegend), and HLA-DR
(fluorescein isothiocyanate; BioLegend) antibodies. For detection of CD32 in samples from HIV-infected
patients, we used CD4 (AF700; BD), CD3 (PECy5; BioLegend), CD45R0 (BV605; BioLegend), CD32 (PECy7;
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BioLegend), and HLA-DR (PE BioLegend) antibodies. The expression of HIV RNA transcripts was analyzed
with target-specific AF647-labeled probes, and expression of the viral Gag p24 protein was detected with
a PEconjugated anti-p24 antibody (clone KC57 RD1; Beckman Coulter, Inc.). Cell viability was determined
with a violet viability dye for flow cytometry (LIVEDEAD Fixable Violet Dead Cell Sain kit; Invitrogen).

Linearity of the RNA FISH-flow assay. To test the linearity of the assay, latently infected Jurkat (J-Lat
clone 9.2) cells were spiked with the T-lymphoblastoid MOLT-4 CCR5+ cell line at four different ratios
(1/3 serial dilutions). Samples were then subjected to the RNA ASH-flow assay. The predictive curve was
determined by the basal expression of green fluorescent protein within the JLat cells and the subse-
quent theoretical values of the serial dilutions. The infection rate (experimental curve of percent HIV
RNA* cells) was calculated by using the values obtained with the RNA FISH-flow assay. Linear regression
was computed to determine the linearity of the relationship between the predicted and experimental
values of the assay. The linearity of the assay was also measured after expanding the infection of primary
CD4+ T cells from HiV-infected patients. We used the same protocol described for the qVOA assay, and
the positive wells were mixed up and diluted into uninfected cells at six different ratios. The predictive
curve was determined by the basal expression of p24 and the subsequent theoretical values of the serial
dilutions.

Ex vivo viral reactivation of primary CD4+ T cells. Primary CD4+ T lymphocytes from PBMGCs of
HIV-infected patients were purified by negative selection in accordance with the instructions provided by
the manufacturer (MagniSort Human CD4+ T Cell Enrichment; Affymetrix). Isolated CD4+ T cells (purity
routinely >95%) were cultured in complete RPMI medium supplemented with 10% FBS 100 pg/ml
streptomycin, and 100 U/ml penicillin alone or stimulated with PMA (50 ng/ml; Abcam, Inc) and
lono (0.5 pg/ml, Abcam, Inc.) for 13 h in the presence of raltegravir (1 pM) and nevirapine (100 nM) or with
romidepsin (40 nM) for 24 h. Cells were then extensively washed and subjected to the RNA ASHflow
assay for detection of viral RNA and the viral Gag p24 protein. A minimum of 2 million CD4* T cells were
used per condition.

Confocal microscopy of cells following the RNA FISH-flow assay. Following the RNA FASH-flow
assay protocol, samples were fixed for 30 min at 4¢C with 4% PFA, washed with phosphate-buffered
saline, and smeared onto a microscope slide. Preparations were finally mounted with Huoromount G
(BBioscience). Preparations were imaged with an Olympus FV1000 Spectral Deconvolution Confocal
Microscope. ImageJ software was used for all image compositions.

HIV-1 RNA in situ hybridization in lymph nodes. To evaluate the specificity of the target-specific
high-sensitivity probes that detect HIV transcripts in primary samples from an HIV-infected patient
(probes for bases 1165 to 4402 of the HXB2 consensus genome), we used the ultrasensitive ViewRNA ISH
Tissue 2-Plex Assay kit (eBioscience), which detects RNA molecules in tissue samples. A lymph node
sample from an acutely HIV-infected patient (patient 41, Table Sl1) was fixed and embedded in paraffin.
Sections (6 um each) were mounted on Superfrost Plus microscope slides (Fsher ientific). Before the
assay was performed, samples were heated for 1 h at 60aC, dewaxed in xylene, and then placed in 100%
ethanol before being air dried. The ViewRNA protocol was performed in accordance with the manufac-
turer’s instructions. Briefly, heat-induced epitope retrieval was performed by boiling sections in pretreat-
ment solution for 10 min, and additional protease digestion was performed at 404C for 20 min.
Hybridization was carried out by slide incubation with target probes for 2 h at 40¢C. After that, samples
were stored overnight in storage buffer. On the next day, signal amplification was achieved by sequential
dlide incubation with PreAmplifier Mix and Amplifier Mix for 25 and 15 min at 40¢C, respectively. Samples
were then incubated with the appropriated label probe and substrate. Fnally, slides were counterstained
with 4’ 6-diamidino-2-phenylindole (DAPI), air dried, and mounted with Huoromount G. Samples were
imaged on an Olympus FV1000 Spectral Deconvolution Confocal Microscope with a 10X phase objective
in sequential mode to separately capture the fluorescence from the different fluorochromes at an image
resolution of 800 by 800 pixels.

HIV DNA and intracellular HIV RNA quantification by qPCR CD4+ T cells were isolated by
negative selection as mentioned above. A total of 1.5 million cells were subjected to RNA extraction by
the total RNA extraction protocol (mirVana; Ambion). RNA was reverse transcribed with SuperScriptlil
(Invitrogen) in accordance with the instructions provided by the manufacturer, and cDNA was quantified
by qPCR with primers and probes specific for the HIV long terminal repeat-gag region. Copies of HIV RNA
were quantified with an HIV RNA standard, and values were normalized to micrograms of RNA of the
origina sample. For HIV DNA quantification, 1 million CD4+ T cells were immediately lysed with a
proteinase K-containing lysis buffer. Cell lysates were subjected to total HIV DNA gquantification as
previously described (18). The gene for CCR5 was used for cell input normalization.

gVOAs. qVOAs were performed as previously described, with some modifications (18). Briefly, CD4+
T cells from HIV-1-infected patients were isolated by negative selection (Affymetrix) and cultured at
50,000/well in R1O supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin.
Subsequently, cells were stimulated with phytohemagglutinin (PHA; 2 pg/ml), recombinant IL-2 (100 U/
ml), and irradiated allogeneic PBMCs (50 Gy in a Cs source irradiator for 20 min) obtained from HIV-
negative healthy donors (100,000/well) and cultured in an incubator at 374C and 5% CO2. After 48 h, the
PHA was completely washed away and MOLT-4 CCR5+ cells were added at 10,000/well on day 2 of culture
and again on day 9. The cultures were subjected to the removal of 100 pl of just medium on day 6 and 100
wl of the cell suspension on day 9 and replenished with fresh complete medium containing recombinant
human IL-2 (100 U/ml). After 12 days, cell supernatant was collected from each well and the number of
wells containing infectious HIV-1 was assessed by incubation of the supernatant with TZM-bl cells.
Luciferase activity was quantified on day 14 by luminescence assay in accordance with the
manufacturer’s instructions (britelite plus kit; PerkinBmer) and is directly proportional to the number of
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infectious virus particles present in the initial inoculum. Latently HIV-1-infected ACH-2 cells were run as
positive controls. Estimated frequencies of cells with replication-competent HIV-1 were calculated
by limiting-dilution analysis as described in reference 62.
Statistical analysis. Satistical analyses were performed with the Prism software, version 5.0 (Graph-
Pad). Comparisons of the frequencies of HIV RNA-expressing cellsin infected patients and healthy donors
were performed with the nonparametric Mann-Whitney test. For
correlation coefficient was calculated. To test the linearity of the assay, a linear regression was
performed. A paired t test (Wilcoxon signed-rank test) was used to compare HIV RNA expression levels
in CD4+ T cell subsets with corrected P values for multiple comparisons. A P value of <0.05 was
considered significant.

correlations, Spearman’s
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Figure S1

Detection of HIV RNA and Gag p24 protein in non-T cells. Unfractionated and
unstimulated PBMCs from healthy donors were infected ex vivo and subjected to
the RNA FISH-flow protocol after 5 days of infection. (A) Gating strategy used for the

identification of HIV transcription and protein production in non-T
Summary data of three HIV-negative donors.
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Figure S2

Linearity of the RNA FISH-flow assay with highly sensitive probes for detection of HIV
transcription. (A) The latently infected cell line J-Lat (clone 9.2) spiked with the
uninfected MOLT CCR5" cell line was used to perform the quantification of predicted
(blue symbols) versus experimental (orange symbols) results with single expression
of HIV RNA. (B) Infection of primary CD4* T cells from HIV-infected patients was
expanded in vitro, and infected cells were diluted with uninfected cells to perform
the quantification of predicted (blue symbols) versus experimental (orange symbols)
values of HIV RNA expression measured by the RNA FISH-flow assay. Assay linearity
was assessed by linear regression.
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Figure S3

Representative flow cytometry plots of HIV RNA detection in CD4* T cells from two
uninfected (HIV") persons, two ART-treated patients (plasma viral loads of <20
copies/ml), and six untreated patients with different plasma viral loads.
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Figure S4

Reproducibility of the assay and specificity of the HIV RNA probe. (A) Reproducibility
of the assay. Normalized values of HIV RNA expression in CD4* T cells from three
different patients assayed in independent experiments (patients 32, 35, and
37; Table S1). (B) HIV RNA-expressing cells imaged by confocal microscopy in a
lymph node tissue sample from an uninfected donor (top) and an HIV-infected
individual (patient 41, Table S1) (bottom). DAPI staining is blue, and HIV RNA
transcripts are red. Clear symbols correspond to values below the limit of detection.

B

T
1
_ee
: )
G HIV-
0.01 °
(<]
0.001 —o0
- r T T
35 32 37
Patient
) . .

% Normalized HIV-1 RNA 3>
o
(<]

86



Ill. Resultats: TREBALL 1

Figure S5

Correlations between the RNA FISH-flow technique and viral DNA and RNA
guantification by conventional methods. (A) Spearman correlation between the
percentage of HIV-expressing cells determined by the RNA FISH-flow assay and the
total HIV DNA quantified by conventional qPCR. (B) Spearman correlation between
the percentage of HIV-expressing cells determined by the RNA FISH-flow assay and
intracellular HIV RNA quantification by gPCR. (C) Comparison of values obtained with
the RNA FISH-flow assay, intracellular HIV RNA quantification by qPCR, and total HIV
DNA guantification by gPCR. (D) Correlation between qVOA values and proportions
of HIV RNA-expressing memory CD4* T cells in samples from aviremic patients. Data
for patients 3, 26, 27, 30, 32, 35, 36, and 38 to 40 are shown in panel A; those for
patients 1, 3, 27, 30, 32, 35, 36, and 38 to 40 are shown in panel B; those for patients
1, 3, 26, 27, 30, 32, 35, 36, and 38 to 40 are shown in panel C; and those for patients
7,10, 11, 16 to 20, and 24 are shown in panel D.
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Figure S6

Representative example of the flow cytometry gating strategy used for the
identification of CD4* T cell subsets in patient samples. (A) Subpopulations are
defined as Tna (CD3*CD4*CD45RO"CCR7*) Tcm (CD3*CD4*CD45RO*CCR7), Tem (CD3*
CD4*CD45R0O* CCR77), and T1p (CD3*CD4*CD45ROCCR7). (B) Gating strategy used
for the identification of HIV-expressing cells in different CD4* T cell populations
based on the expression of CD32 and HLA-DR.
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Table S1

Characteristics of the patients included in this study.

Time since

CD4 Cell . Time on
Patient ID dia::‘\gsis Count %CD4 (Z;';Lt‘/’::) HAART r::i‘:\'fn
(months) (cells/pl) (months)

1 336 250 20,85 <20 150 TDF/FTC+NVP
2 204 440 40,3 <20 9% ABC/3TC+NVP
3 33 930 30,9 <20 9 TDF/FTC+ATV/r
4 41 1390 40,6 <20 19 ABC/3TC+RAL
5 19 1310 42,30 <20 12 TDF/FTC/EFV
6 62 650 18,3 <20 8 TDF/FTC+EVG/c
7 44 790 35,4 <20 12 TDF/FTC+EVG/c
8 51 1120 40,2 <20 28 TDF/FTC+DRV/r
9 19 360 21,09 <20 1 TDF/FTC+EVG/c
10 31 320 20,81 <20 23 ABC/3TC+DTG
11 26 1450 54,99 <20 19 TDF/FTC+RPV
12 42 730 40,32 <20 21 TDF/FTC+RPV
13 28 1300 50,73 <20 19 ABC/3TC+DTG
14 9 630 34,84 <20 8 TDF/FTC+EVG/c
15 18 880 41,35 <20 6 ABC/3TC+DTG
16 30 940 47,07 <20 20 TDF/FTC+EVG/c
17 31 840 35,75 <20 23 TDF/FTC+EVG/c
18 18 1520 46,83 <20 6 ABC/3TC+ATV/r
19 47 800 40,42 <20 23 ABC/3TC/RAL
20 48 850 40,64 <20 27 TDF/FTC+RPV
21 25 1030 34,87 <20 16 TDF/FTC+EVG/c
22 73 1410 36,46 <20 24 TDF/FTC+EVG/c
23 48 490 36,57 <20 18 ABC/3TC+RPV
24 280 330 15,98 78 - UNT

25 71 850 25,8 5.950 . UNT

26 68 480 26,4 77.700 - UNT

27 2 550 26,4 8.600 - UNT

28 84 240 6,51 1.820.000 } UNT

29 335 290 37,4 94.100 . UNT

30 198 170 5,23 517.000 - UNT

31 1 80 9,89 148.000 - UNT

32 2 450 20,1 1.020.000 } UNT

33 9% 780 51,9 2.050 - UNT

34 213 350 22,7 74.900 - UNT

35 2 180 4,19 417.000 . UNT

36 62 830 43,7 51.900 - UNT

37 2 850 35,17 559 - UNT

38 270 280 17,5 189 - UNT

39 75 690 33,1 4.220 - UNT

40 315 150 11,51 49.300 - UNT

a1 0,1 150 7,5 5.000.000 . UNT

FTC, emtricitabine; TDF, tenofovir; NVP, nevirapine; ATV/r, atazanavir boosted with ritonavir; 3TC, lamivudine;

EFV, efavirenz; ABC, abacavir; RAL, raltegravir; EVG/c, elvitegravir boosted with cobicistat; DTG, dolutegravir;

DRV/r, darunavir boosted with ritonavir; RPV, Rilpivirine; UNT, untreated.
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TREBALL 2: Els agents reversors de la laténcia afecten de manera diferent el reservori
latent present en les diferents subpoblacions de cél-lules T CD4".

Titol: Latency reversal agents affect differently the latent reservoir present in distinct
CD4* T subpopulations.

Autors: Judith Grau-Expdsito!, Laura Luque-Ballesteros?, Jordi Navarro?, Adrian Curran?,
Joaquin Burgos?, Esteban Ribera?, Ariadna Torrella!, Bibiana Planas?, Rosa Badia®, Mario
Martin-Castillo!, Jests Ferndndez-Sojo?, Meritxell Genesca!, Vicen¢ Falcé!, Maria J.
Buzon®".

Linfectious Diseases Department, Hospital Universitari Vall d’Hebron, Institut de Recerca (VHIR),
Universitat Autdnoma de Barcelona, Barcelona, Spain, 2Banc de Sang i Teixits, Hospital
Universitari Vall d’"Hebron, Universitat Autonoma de Barcelona, Spain

Objectiu: Avaluar la capacitat de reactivacid que tenen els agents reversors de la latencia
individualment i en combinacio en les diferents subpoblacions de cél-lules T CD4*. La
reactivacio sera quantificada a través de la técnica de RNA/FISH flow.

Metodes: Es van realitzar assajos de reactivacio viral en cél-lules T CD4* obtingudes per
aillament negatiu a partir de donacions de sang completa de 9 pacients en tractament
antiretroviral. Un total de 13 condicions, inclosos els controls positiu i negatiu, Ingenol i
Bryostatin-1 (agonistes de PKC), Romidepsin i Panobinostat (inhibidors de HDAC) i JQ1
(inhibidor de Bromodomini) i les combinacions de dos LRAs de diferents families, es van
testar en cada pacient. La produccié intracel-lular de VIH-ARN i p24 es va avaluar
mitjancant la tecnologia RNA/FISH flow en les diferents subpoblacions de cél-lules T
CD4* (Naive-Tna; Memory Stem Cell-Tsem; Central Memory-Tew, Effector memory-Tew;
Transitional Memory-Trv | Terminally differentiated cells-Ttp) després de 22h en cultiu.
Les sinergies i antagonismes entre compostos es van calcular mitjancant el model
d’independencia de Bliss.

Resultats: En general, es va induir I'expressié d’ARN viral després de la reactivacié viral
en una mediana del 16,28% de tot el reservori de VIH en cél-lules T CD4*, perd només el
10,1% d’aquestes cel-lules reactivades van produir la proteina viral p24. Els nivells més
alts de VIH-ARN i la proteina p24 van ser induits per Ingenol, Romidepsin i Panobinostat
seguits de Briostatina i JQ1. A més, la combinacié de Romidepsina+lgenol va induir una
reactivacio de 3,5 vegades més en comparacié amb el control negatiu. En quant a les
subpoblacions de cel-lules T CD4%, la majoria de subpoblacions de memoria van ser
reactivades per Romidepsina i la susceptibilitat més alta es va observar a les cél-lules Tem
(FC=4.24). Panobinostat va ser més eficient a la reactivacié de les cél-lules Tem (FC=2.11)
i Tem (FC=2.32) mentre que Ingenol va tenir un gran efecte en Tem (FC=4.05) i Trm
(FC=5.27), pero no en les cél-lules Tem. Pel que fa a les combinacions de LRAs,
Romidepsina+ingenol es va convertir en la condicidé més eficagc en totes les
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subpoblacions de cel-lules T CD4* testades, principalment en Trv (FC=6,72) i Tem
(FC=7,61), pero sense produir cap efecte en les Tscm. Paral-lelament, es va observar un
efecte antagonic en termes de transcripcié del VIH quan es van tractar les cel-lules amb
Panobinostat+Ingenol.

Conclusions: Els nostres resultats avalen |'eficiencia de la técnica RNA/FISH flow per
avaluar la potencia dels LRAs en les diferents subpoblacions de cel-lules T CD4*. Tot i que
s’identifiquen importants sinérgies quan es combinen RMD i ING, els LRA existents
presenten una capacitat limitada per induir la transcripcié del VIH en les cél-lules que
actuen com a reservori. Aquest estudi posa de manifest la necessitat de generar nous
farmacs amb una capacitat més amplia de reactivacié que actuin a nivell de totes les
cel-lules T CD4* per a futurs assaigs clinics.
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Abstract

Latency reversal agents (LRAS) have proven to induce HIV-1transcription in vivo but are
ineffective at decreasing the size of the latent reservoir in antiretroviral treated patients. The
capacity of the LRAs to perturb the viral reservoir present in distinct subpopulations of cells is
currently unknown. Here, using a new RNA FISH/flow ex vivo viral reactivation assay, we
performed a comprehensive assessment of the viral reactivation capacity of different fami-
lies of LRAS, and their combinations, in different CD4* T cell subsets. We observed that a
median of 16.28% of the whole HIV-reservoirinduced HIV-1 transcripts after viral reactiva-
tion, but only 10.10% of these HIV-1 RNA* cells produced the viral protein p24. Moreover,
none of the LRAs were powerful enough to reactivate HIV-1 transcriptionin all CD4* T cell
subpopulations. For instance, the combination of Romidepsin and Ingenol was identified as
the best combination of drugs at increasing the proportion of HIV-1 RNA* cells, in most, but
not all, CD4* T cell subsets. Importantly, memory stem cells were identified as highly resis-
tant to HIV-1 reactivation, and only the combination of Panobinostat and Bryostatin-1 signifi-
cantly increased the number of cells transcribing HIV within this subset. Overall, our results
validate the use of the RNA FISH/flow technigque to assess the potency of LRAs among dif-
ferent CD4" T cell subsets, manifestthe intrinsic differences between cells that encompass
the latent HIV reservoir, and highlight the difficulty to significantly impactthe latent infection
with the currently available drugs. Thus, our results have importantimplications for the ratio-
nal design of therapies aimed at reversing HIV latency from diverse cellular reservoirs.

Author summary

HIV infection isan incurable disease. Despite antiretroviral therapy, a pool of cellswith
HIV in a latent state persistsand precludes fully eradication of the viral infection. The
cellsthat contain this latent viral reservoir are very diverse, and therefore different
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therapeutic strategieswould be necessaryto targetand eliminate all infected cells. Latency
Reversal Agents (LRAs) are compounds able to awake the latent virus from its dormant
state with the purpose of making infected cells visible to the immune system. But the abil-
ity of the LRAs to target different cell types containing HIV is currentlyunknown. Here,
using a novel methodology that interrogates individual cells, we found that current LRAs
do not impact equallyall infected cells. In fact, certain types of memory lymphocytes, rec-
ognized to harbor latent HIV for decades, are not fully impacted by most of the LRAs
tested. Our study highlightsthe difficulty to cure HIV with the currently available LRAs.
Different therapeuticapproachesaimed at reversingHI1V latency from diverse cellular res-
ervoirsare needed to reduce HIV persistence.

Introduction

Currentantiretroviral therapy (ART) is extremely effective at suppressing HIV viremia below
the limit of detection of standard clinical assays and substantially reduces the morbidity and
mortality associated with the HIV-1 infection. However, ART is unable to fully eliminate and
eradicate HIV from the human body [1.2]. Thisis mainly due to the presence of latently HIV-
infected cellsgenerated in the early stages of the infection that are not susceptible to current
antiretroviraldrugs [3]. The development of new clinical strategiestargetingthe persistent virus
may lead to a long-term drug-free remission of HIV infection, which currently representsa
high priority for HIV-1 research [4.5].

Over the last years, the “kick and kill”therapeutic strategy has been pursued asan approach
for eliminating HIV; latently HIV-infected cellsare pharmacologically forced to induce HIV
transcription with the hope that viral reactivated cellswill be cleared by virus-induced cyto-
pathiceffectsor by the immune system [6-8]. In thisregard, drug discovery efforts have iden-
tified several latency reversal agents (LRAS), compounds that can efficiently induce HIV
expression. VVorinostat, Romidepsin and Panobinostat belong to the histone deacetylase inhibi-
tor (HDACI) family. HDACIi can suppressthe histone deacetylases enzymes that enzymatically
remove the acetyl group from histones,and as a consequence they induce gene expression.
Importantly, HDACi successfully reactivated latent HIV in the first-in-human clinical trials [9—
11]. Further, Disulfiram,a drug previously used to treat alcoholism, has been shown to increase
HIV transcription in a subgroup of ART-suppressed patientsafter in vivo administra- tion [12].
However, so far, none of the current LRAs tested in patientshave proven to be effec- tive at
decreasingthe size of the latent HIV reservoir. Other compounds, not yet tested in humans,
have shown promising resultsex vivo. In this sense, the PKC (protein kinase C) ago- nists
Ingenol [13] and Bryostatin-1[14] are involved in the PKC pathway, which playsan important
role in cellular latency and reactivation of HIV via NF-kB (nuclear factor kappa- light-chain-
enhancer of activated B cells) signalingand via P-TEFb (positive transcription elongation factor
b). The bromo and extraterminal (BET) bromodomain inhibitor JQ1 [15] also reactivates HIV
by its effect through the P-TEFb. Lastly, a novel family of LRAs has been identified; the
benzotriazolessuccessfully increase viral transcription dependent on STATS5 phosphorylation
[16].

An important issue for currentand futureclinical trialsaimed at curing HIV infection
through the administration of LRAs isto determine how effectivethese compoundsare in
fullyreactivatingthe virusfrom all latently-infected CD4* T cell subpopulations. The CD4* T
cell pool encompasses a heterogeneous population of cellsdefined by the differential expres-
sion of cell surface receptorsassociated with different stages of cell maturation, activation and
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differentiation [17,18]. These CD4* T cell subpopulationsinclude naive cells (Tna), stem cell
memory (Tscwm), centralmemory (Tcwm), transitional memory (Tm), effector memory (Tem)
and terminally differentiated cells (Ttp). As HIV transcription leveland infection frequency
differ by cell type [19-22], the characterization of the responses of the different CD4* T cell
subpopulationsto pharmacological HIV reactivation will guide us on the design of more effec-
tive therapiesaimed at reducing HIV persistence.

Currently, the most used assay for measuring the impact of LRAson HIV reactivation is
the quantification of intracellular HIV-1 RNA by conventional quantitative PCR assays
[11,23-25]. Several other methodologies, as the quantitative viral outgrowth assay (qQVOA),
Tat/revinduced limiting dilution assay (TILDA) or the quantification of viral DNA, have also
been used to characterize the action of different LRAs in patient samples [26-28]. Recently,a
new assay that detectsHIV reactivation using a dual staining protocol of the viral protein p24
has been described [29]. However, due to the low number of cellsrespondingto the LRAs in
patients, currentassays require the use of large quantities of cellsto accurately measure viral
transcription. Furthermore, the detailed characterization of the different cell subsetsrespond-
ing to LRAs has been scarce so far, since it requiresthe previousisolation of the specific cell
subsetsunder evaluation. In order to overcome these limitations, we have recently reported a
novel RNA FISH/flow method, which is based on the quantification of viral RNA by flow
cytometry allowingthe quantification and phenotypingof cellsexpressing HIV-1 RNA mole-
culesat the single cell level [30,31]. Importantly, HIV-1 RNA expressed in different subpopula-
tions of CD4* T cellscan be successfully determined by this novel system.

Here, we have used and validated the RNA FISH/flow assay as a novel methodology suitable
to evaluate compounds that can be pursued to reactivatethe latent virusin patient-derived HIV
infected cells. Using thismethodology, we have characterized the specific responses of different
CD4* T cell subpopulationsto the action of several LRAs familiesand their combina- tions.
Overall,in CD4* T cellswe found that, on average, 16.28%of cellscontaining HIV-1 DNA were
able to reactivate HIV with the most potent LRAstested. From these cells, only a small fraction
(~10%) produced the viral protein p24. Furthermore, we observed heteroge- neous responses
of specific cell differentiation phenotypesto these compounds, and we identi- fied the
combination of Romidepsin plus Ingenol as the most effective drug combination to efficiently
increase HIV transcription and p24 production in most CD4* T cell subsets. These findings
highlight the difficulty to find LRAs able to reactivate HIV presentin all cellular reser- voirs; an
essential requirement for the “kick and kill”’therapeutic strategy to successfully impact
persistingHIV in infected patients.

Results

HIV reactivation kinetics with single and combined latency reversal agents
in the latently infected cell line J-Lat

In order to evaluate the potency and timing of the different LRAs at reactivating latent HIV, we
initially tested them in the latently infected cell line J-Lat (clone 10.6), which contains inte-
grated but transcriptionally competent HIV provirusesthat expressthe green fluorescence
protein (GFP) after viral reactivation. We evaluated the following families of LRAs: HDACi
(Panobinostatand Romidepsin), PKC agonists (Ingenol and Bryostatin-1) and a bromodo-
main inhibitor (JQ1). Drugswere used at concentrations previously shown to be effective at
reversing HIV latency [23,32,33]. To best measure HIV reactivation and in order to avoid the
loss of GFP signal due to the cell death of highly viral-reactivated cells, we treated cellswith the
pan-caspase inhibitor Q-VD-OPh before the addition of the compounds. Previousresults
showed that J-Lat cellsand CD4* T cellsfrom patients stimulated with Panobinostat expressed
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Fig 1. HIV reactivation kinetics in the latently infected cell line J-Lat. J-Lat cells were incubated for 50h with
medium (R10), single LRAs or the combination of different familiesof these compounds; Panobinostat (PNB, 30 nM),
Romidepsin (RMD, 40 nM), Ingenol (ING, 100 nM), Bryostatin-1 (BRY-1, 10 nM) and JQ1 (1 uM). Percentage of
GFP* (in green) and Annexin V* (in red) cells was monitored each hour usingthe IncuCyte ZOOM live cell imaging
system (Essen Bioscience). Dashed lines show the effect at 22h for the single drugs Panobinostat, Romidepsin and JQ1
(in yellow) and for Ingenol and Bryostatin-1 (in blue). Dotted lines represent 22h.

https://doi.org/10.1371/journal.ppat.1007991.g001

higher levelsof GFP and HIV-1 RNA, respectively, when cellswere simultaneously treated
with the pan-caspase inhibitor (SLA and S1B Fig).

In J-Lat cells, after incubation with single LRAs and a detailed monitoring of the viral
dynamics, we observed that viral reactivation for most LRAs tested reached its maximum or a
plateau after 20-24h of drug exposure, except for JQ1 that gradually increased the expression of
GFP during the entire incubation period (50h). Romidepsin induced the highest reactiva- tion
level (24% of GFP* cells), followed by Ingenol and Panobinostat (20 and 15% of GFP* cells,
respectively) (Fig 1). In thismodel of latent infection, Bryostatin-1 did not induce a sig-
nificant viral reactivation. In addition, we analyzed the effect that the combination of different
familiesof LRAs had on HIV transcription. Romidepsin plus Ingenol was the most potent
combination of LRAs, reaching values of 35% of GFP* cells. Moreover, we also observed an
additive effect at reactivating HIV when Ingenol was combined with Panobinostat and with
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JQ1 (27 and 28% of GFP* cells, respectively). Importantly, in our experimental system, we
observed that after 20-24h of drug treatment neither the single compounds nor their combina-
tionsinduced more than 12% of cell apoptosisin J-Lat cells (Fig 1). Next, we tested the ability of
the RNA FISH/flowassay to detect HIV-1 RNA and the viral protein p24 after the adminis-
tration of LRAs. J-Lat cellswere cultured with Romidepsin or with Romidepsin plus Ingenol
for 22h (S2A Fig). We observed that, as previously shown [30,34], the RNA FISH/flowtech-
nology is able to distinguish two HIV-1 RNA positive populations: single HIV-1 RNA* cells,
and cellsexpressingboth HIV-1 RNA and p24. Importantly, the population of cellsexpressing
HIV-1 RNA and p24 was highlyabundant (~90%of cells) when the culture was treated with the
combination of the 2 LRAs, compared to single LRAs (~50% of cells) (S2A Fig). These val- ues
corresponded to percentages of GFP* and HIV-1 RNA* cellsof 58.1%for Romidepsin alone
and 90.2%for Romidepsin plusIngenol (S2B Fig). Differencesin the proportion of posi- tive
cellsbetween these resultsand those provided in Fig 1 are more likely due to the read out and
the normalization method used to quantify viral reactivation with the different assays.
Overall, we determined 22h as the more adequatetiming to observe viral reactivation with all
tested LRAs.

Detection of HIV-1 RNA after viral reactivation with single and combined
LRAs in primary CD4" T cells

First, we measured drug toxicity induced by the addition of LRAsto primary CD4* T cells.
Early apoptosis, late apoptosisand cell death were identified as shown in S3A Fig. Overall,
LRAs induced a maximum median of 11.34%of cell death (condition Romidepsin plus Inge-
nol) when drugswere added for 22h to previously-isolated CD4* T cellsobtained from unin-
fected donors (S3C Fig). However, under our experimental conditions, using the pan-caspase
inhibitor Q-VD-OPh, no more than 3.04%of cell death was quantified (S3B Fig). Moreover, in
CD4* T cell subsetswe observed that Ttp and Tewm cells, the more differentiated cell subsets,
were more susceptibleto cell death, especiallywhen treated with the combination of Romidep-
sin and Ingenol (~10%dead cells, S3D Fig). On the contrary, Tcm and Tna cellsshowed the
lowest percentages of cell death when treated with different LRAs (maximum 2—3% of cell
death) (S3D Fig). Drugtoxicitiesin the absence of the caspase inhibitor are shown in S3E Fig.
Of note, drug toxicity that remains despite Q-VD-OPh treatment might be caused by other cell
death mechanisms, such as pyroptosisor cell necrosis [35]. Overall, Romidepsin plus Inge- nol
was the most toxic combination of drugsin all CD4* T cell subpopulations. Nevertheless, even
in this condition drug toxicity stillremained relatively low after 22h of cell culture,and thus it is
very unlikelythat drug toxicity might preclude the interpretation of the viral reactiva- tion
assays.

Then, we tested the potential of LRAs to reactivate latently HIV-infected cellsin fresh sam-
plesfrom 9 ART-treated individuals. At least 6x10° isolated CD4* T cellswere cultured per
condition during22h, and a total of 13 conditionswere set up for each patient. After viral reac-
tivation, cellswere subjected to the RNA FISH/flow assay in order to evaluate the frequency of
cellsthat responded to the action of LRAsand were able to reactivate the latent provirus. The
sensitivity of thisassay at detectingHIV-1 RNA" cellswas previously established at 10
HIV-RNAT cellsper million cells[30]. The representative flow cytometry gating strategy used
to identify HIV expression and production of the viral protein p24 in different subpopulations
of CD4* T cellsis shown in S4A Fig. Overall, most tested LRAs and the combination of differ-
ent families of LRAs significantly increased the frequency of cellsexpressing HIV-1 RNA in
most patientscompared to the non-reactivated control (p <0.05) (Fig 2A). For single LRAS, we
observed that Ingenol, Romidepsin and Panobinostat increased the proportion of HIV-1 RNA
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Fig 2. Detection of cells expressing HIV-1 RNA after viral reactivation with different LRAs. Freshly isolated CD4* T cells from 9 ART-suppressed HIV-infected
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shown. Medians and min and max ranks are represented and statistical comparisons with the control medium were performed using the Wilcoxon test. ¢ p<0.05,

t ' p<0.01.B. Percentage of patients showing synergistic, antagonistic or additive effects (Bliss independence model) on HIV reactivation are shown as individual
ring graphs for each combination of different LRA familiesstudied. C. Proportion of HIV-transcribing cells relative to the positive control PMA/lonomycin. Pies for
individual patients normalized to the positive control and median values for all patients are represented in a box and whisker plot graph. HIV-1 RNA* and HIV-1 RNA
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fractions are shown in orange and blue, respectively. D. Fraction of the HIV-reservoir susceptibleto HIV reactivation after LRA treatment in CD4* T cells from 9 ART-
suppressed patients. Lower pies show the proportion of reactivated and non-reactivated cells. Upper pies show the fraction of reactivated cells after treatment with each
compound depicted in the adjacent legend. We next calculated the percentage of the HIV-transcriptionally active viral reservoir after exogenous reactivation with the
LRAs. We observed that between 3 and 31% (median value of 16.28%) of the total cells that encompass the viral reservoir (measured as the number of cells containing
proviral DNA) were capable of transcribing HIV-1 RNA after viral reactivation (Fig 2D). The potency of each LRAs and their combinations in each individual patient is
also shown in Fig 2D. Thus, while in general only a fraction of cells harboring HIV-1 DNA can be reactivated by current available LRAs, differences in terms of strength
and consistency of this viral reactivation are observed in the whole population of CD4* T cells from different ART-treated individuals.

https://doi.org/10.1371/journal.ppat. 1007991.g002

expressingcellsto higher levels (median valuesof 67 for Ingenol, 66 for Romidepsin and 48 for
Panobinostat, expressed as cells per million, p = 0.0039,0.0039 and 0.054, respectively,
compared to the media control) than Bryostatin-1 or JQ1 (median values of 19 for Bryostatin- 1
and 33 for JQ1, p = 0.015and 0.039, respectively). However, only Ingenol was effective at
reactivatingHIV in all tested patients, compared to Romidepsin (8 out of 9 patients) and Pano-
binostat (7 out of 9 patients). For the combinations of LRAs, we observed that Romidepsin plus
Ingenol promoted the highest induction of cellsexpressing HIVV-1 RNA in all tested patients (p
=0.0039, fold change (FC) = 3.50, compared to the negative control) (Fig 2A). Of note, in this
specific condition the proportion of HIV-1 RNA" cellswas even higher than the resulting
proportion of cellscultured with the positive control of PMA and lonomycin (median values of
180 for Romidepsin plus Ingenoland 64 for PMA and lonomycin,

p = 0.0078). We also observed that the combination of JQ1 with Ingenolinduced a high pro-
portion of cellsexpressing HIV-1 RNA (median value of 78, p = 0.0039) in 8 out 9 patients (Fig
2A\). Furthermore, we calculated the synergistic, additive or antagonistic effects of the dif-
ferent combinations of LRAs using the Blissindependence Model [33.36]. We observed that
Romidepsin and Ingenol presented the highest synergistic effect in 45% of the patientsana-
lyzed, while the other drug combinations promoted drug synergy in 22% of the patientsat the
most (Fig 2B). Moreover, it should be noted that the combination of Panobinostat and Ingenol
induced an important antagonistic effect in 89% of the patientstested (Fig 2B). The synergistic
effectsbetween the different families of the LRAs in the individual patientsare depicted in S4B
Fig. Next,we normalized the values of RNA-expressing cellsto the positive control, PMA and
lonomycin. Supportingthe resultsshowed in Fig 2B, we observed that Ingenol and Romidep-
sin were equally potent at reactivating cellsexpressing HIV than the positive controlin 7 out of
9and in 5out of 9 patients, respectively. A more modest effect was observed for Panobino- stat,
Bryostatin-1and JQ1 alone (Eig 2C). The best drug combinations again were Romidepsin plus
Ingenoland JQ1 plus Ingenol, which increased the proportion of HIV-1 RNA expressing cells
at levelscomparable to the positive control in 9 out of 9, and 6 out of 9 patients, respec- tively.
In addition, in patients#1, 3, 6 and 8, Panobinostat only reactivated at most half of the values
obtained with the positive control. In the same patients, Ingenol was equally potent than the
positive control; however, the combination of both drugs decreased the proportion of cells
expressing HIV-1 RNA compared with the single drug Ingenol, compatible with an antag- onist
effect when both compoundsare combined (Fig 2C). Besides, since we have recently described
that CD4* T cellsexpressingCD32%™ are enriched in HIV transcriptsin vivo, and that viral
infection upregulatesthis marker [30,37], we analyzed the expression of CD32%™ in viral-
reactivated cellsusing different LRAs. We observed that CD32¢™ was consistently upre-
gulated after the pharmacological reactivation of HIV (4C Fig).

Detection of HIV protein p24 after viral reactivation with LRAs in primary
CD4" T cells from HIV-infected patients

First, we determined the sensitivity of the assay at detectingHIV-1 RNA" and p24* cells. Pri-
mary ex vivo infected cellswere spiked into uninfected cellsat different ratiosand the mixture
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Fig 3. Proportion of CD4" T cells expressing the viral protein p24 after viral reactivation with different LRAs. A. The proportion of HIV-transcribing CD4* T cells
that simultaneously produce the viral protein p24 is shown. Comparisons with the control medium were performed using the Wilcoxon test. ! p<0.05,f ! p<0.01.B.
Calculation of synergistic, antagonistic or additive effect after the combination of LRAs using the Bliss independence model. White symbols correspond to patients in
which production of p24 was not detected. Medians and min to max ranks are represented in panels A and B. C. Normalization of the percentage of HIV-transcribing
cells expressing p24 relative to PMA/lonomycin. Pies for individual patients and median values for all patients are represented in a box and whisker plot graph. Fractions
of HIV-1 RNA" cells expressing p24 and lacking the expression of p24 are shown in orange and blue, respectively.

https:/doi.org/10.1371/journal.ppat. 1007991.9003

was then subjected to the RNA FISH/flow protocol. We observed that dual expression of HIV-
1RNA and p24 determined by the experimental curve showed consistencywith the predicted
curve at all of the dilutions tested, establishinga limit of detection of 10-20 positive events per
million cells (S2C Fig). Next, in order to determine whether LRAsand their different combi-
nations were also capable of inducing the expression of the viral protein p24, we performed the
RNA FISH/flow protocol with the simultaneous staining of intracellular p24. We analyzed the
percentage of cellstranscribing HIV-1 RNA that were also able to produce p24. As shown in
Fig 3A, cellsexpressingp24 significantly increased after the addition of all LRAs but two,
Bryostatin-1and JQ1. Ingenol, Romidepsin and Panobinostat were the most potent LRAs at
inducingthe translation of viral transcripts (median values of 5.62,4.17 and 3.64%, respec-
tively). The combination of LRAs produced significant proportions of cellsexpressingp24,
exceptwhen JQ1 was combined with Bryostatin-1 (median value of 0.99%). The positive con-
trolPMA and lonomycin was the most potent drug (median value of 8.33%), followed by the
combination of Ingenoland Romidepsin (median value of 7.14%, Fig 3A). However, in gen-
eral, we did not detect more than 10%of HIV-1 RNA* cellsexpressing p24. Of note, the com-
bination of JQ1 and Ingenol produced high levelsof cellstranscribing HIV-1 RNA, however
thiscombination only induced p24 in a modest proportion of cells (3.23%). Moreover, no syn-
ergieswere detected for the production of the viral protein p24 in any of the combinations
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tested and, in concordance with the transcription data, we determined an antagonistic effect in
the majority of patientswhen the combination of Panobinostat and Ingenol was used for viral
reactivation (Fig 3B). Next, we normalized the proportion of p24* cellsto the maximum values
obtained with the positive control (Fig 3C). In agreement with the resultsdescribed in Fig 2C,
we observed a negative effect when we combined Panobinostat and Ingenol (i.e patients#1 and
3) (Fig 3C). Furthermore, we observed a statistical significant correlation between the pro-
portion of HIV-1 RNA* cellsand the percentage of the cellsthat are able to produce p24 after
different LRA treatments (p <0.0001) ($4D Fig).

Taken together, individual LRAs have different capabilities of increasing the proportions of
HIV-1RNA and p24-expressing CD4* T cells. In general, there was an agreement between the
frequency of cellsexpressing HIV-1 RNA and p24, but some disconnection was observed for
some LRAs; Romidepsin and Ingenol was the combination inducingthe larger proportion of
RNA-expressing cells, however PMA and lonomycin outperformed them in their abilityto
induce p24-expressing cells. Thisis in agreement with previousreported resultsthat deter-
mined that the positive control (anti-CD3/CD28 antibody-coated beads) was able to induce
higher levels of multiply spliced Tat-RevHIV-1 transcripts compared to unspliced HIV-1 RNA.
On the contrary, Romidepsin induced higher levels of unspliced HIV-RNA compared to Tat-
Rev transcripts [38]. Moreover, we detected an antagonist effect, in both HIV-1 RNA* and p24*
cells,when Panobinostat and Ingenol were combined.

Heterogeneous responses to LRAs of different CD4" T cell subpopulations

Next, we focused our investigations on the capabilities of LRAs at reactivating HIV in different
CDA4* T cell subpopulations. To do so, we isolated fresh CD4* T cellsfrom ART-treated patients
and after LRA addition, transcription of HIV was measured by the RNA FISH/flow assay.
Firstly, we assessed the impact of the different LRAs on the phenotypic markers used to identify
the different CD4* T cell subpopulations. We observe that the proportions of the dif- ferent
subsetswere, in general, well maintained after treatmentwith the different drugs. Only very
small differenceswere detected in some conditions (S5A Fig). We consider that these changes
are negligibleand it should not significantly impact the proportion of virally-reacti- vated cells.
Moreover, we observed that Romidepsin increased the proportion of memory cells
transcribing HIV-1 RNA compared to the control, includingcentral memory (Tewm) (FC =
2.33,p =0.0039), effector memory (Tem) (FC = 4.24,p = 0.007) and transitionalmemory (Ttwm)
(FC =4.06, p = 0.046) cells,and also naive cells (Tna) (FC = 1.72,p = 0.0078) (Eig 4A).
However, Panobinostat was less potent at inducing HIV-1 RNA* cellsin Tty ; indeed, we
observed the highest effectin Tcm (FC =2.11, p = 0.0039) and a modest effect in Tem and Tna
(FC=2.32,p=0.031and FC =1.27,p = 0.0156, respectively). Although significant,JQ1
induced a modest frequency of cellstranscribing HIV-1 RNA in the majority of subsetsana-
lyzed, except for Tscm. Moreover, Ingenol preferentially reactivated Tem (FC = 4.05,p =
0.0039) and Ttm (FC =5.27,p = 0.0156) in most patients, which reached statistical signifi-
cance. Although not significant, Ingenol also reactivated HIV in Tem cellsin 4 out of 9 patients.
Finally, Bryostatin-1reactivated very modestly some subsets, including Tna, Tto and Tem (FC
=1.49,p =0.0156;FC = 1.94,p = 0.031;and FC = 1.22, p = 0.0156, respectively) (Fig

4A). Asummary heatmap for the effect of single drugs is shown in S6A Fig. In addition, we
analyzed the data stratified by CD4* T cell subsets (Fig 4B). In general, Tcm and Tna Subpopu-
lationswere successfully reactivated by almost all tested drugs. Tcm and Trm were more effi-
ciently reactivated by Ingenol, while Tewm cellstranscribed more HIV when cellswere treated
with Romidepsin. Moreover, HIV transcription was induced in Tna cellsmore robustly after
the addition of Ingenoland Romidepsin, and in Tscm after Ingenol treatment. T+p cells

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007991  August 19, 2019 9/23
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Fig 4. Proportion of cells expressing HIV-1 RNA and p24 after viral reactivation in different CD4* T cell subpopulations. A. Proportion of cells
transcribing HIV-1 RNA after viral reactivation with single LRAs in the followingpopulations: Tna, Tscm, Tcm, Ttm, Tem and Trp. Medians are shown.
B. Proportion of HIV-1* cells per million cellsin each CD4* T cell subpopulation with all tested drugs and their combinations. C. Proportion of patients
showing synergistic, antagonistic or additive effects (Bliss independence model) after HIV reactivation with combinations of LRAs are shown for each
CD4* T cell subset. Percentage of patients responding to LRAs interactions are shown for each cell subset. D. Proportion of HIV-1 RNA" Tcy cells
expressing the viral protein p24. Black asterisks denote statistical significance compared with the negative control (media) using a Wilcoxon test. Red
asterisks denote statistical significance compared with the combination of Romidepsin plus Ingenol using a Friedman test followed by Dunn’s post hoc
tests. Medians and min to max ranks are represented in panels Band D. * p<0.05,! ¢ p<0.0L.

https:/doi.org/10.1371/journal.ppat. 1007991.0004

showed a distinct pattern of reactivation, since Ingenol, Bryostatin-1and JQ1 were the only
single LRAs that increased the proportion of cellsexpressingHIV in this specific subset (Fig
4B). Importantly, the combination of Romidepsin and Ingenol induced the largest proportion
of cellstranscribingHIV in most CD4* T subsets, outperformingmost LRAsand their combi-
nations (FC = 3.44,p = 0.0039 for Tcm; FC = 6.72,p = 0.0078for Ttwm; FC = 6.96, p = 0.0156 for
Tem; FC=7.61,p = 0.0078 for Ttp; FC = 2.54,p = 0.0039 for Tna; and FC = 2.61,p = 0.062

for Tscm) (Fig 4B). However, within the Tscm subset only the combination of Panobinostat
plus Bryostatin-1was able to induce a significant increase of HIV-1 RNA* cells (Fig 4B). A
summary heatmap on the effect of drug combinations in the different CD4* T cell subsetsis
shown in S6B Fig. Finally, we calculated the interactions between each drug combination in
the individual patients (S6C Fig). In the majority of patients, the combination of Romidepsin
and Ingenolwas synergisticin memory cells (Tcm 45%, Ttm 67%, Tem 44.5%and Trp 67%)
(Figs4C and S6C). However, the combination of drugs that induced significant synergy in
Tna cellswas JQ1 plusIngenol (56%),and in Tscm Panobinostat plus Bryostatin-1 (44%). As
we already observed in the total CD4* T cell population, the combination of Panobinostat and
Ingenol produced an antagonistic effect in memory cells (Tcm 89%, Tem 67%, Ttm 56%, Tscm
67%and Trp 67%). However, for the Ttm subset the combination of JQ1 and Ingenol was also
antagonisticin most patients (78%) (Figs 4C and S6C). The reactivation induced by the posi-
tive control, PMA and lonomycin, was not evaluated in CD4*T cellssubsetsdue to the diffi-
cultyto gate accurately the different CD4* T subpopulations.

Next, we investigated not only the capabilities of LRAs to induce HIV transcription, but also
to generate the viral protein p24 expression in the different CD4* T cell subsets.We  observed
that the combination of Romidepsin and Ingenol was able to induce a substantial increase of
cellsproducingp24 in Tcwm cellsin most patients (Fig 4D), although it did not induce a
synergistic effect (S6D Fig). Of note, for all remaining cell subsets, we were not able to detect
significant number of cellsexpressing p24. The low percentage of cellsexpressing p24 and the
low absolute number of HIV-1 RNA* cellsdetected in the remaining subsets may explain this
observation.

Overall, different CD4* T cellssubsetshave different susceptibilitiesto LRAs and their com-
binations, but in general, we found that Romidepsin plus Ingenol was the most potent combi-
nation of LRAs, increasingsignificantly the proportion of HIV* cellsand producinga
synergistic effect compared to the individual drugs. We also observed that Tcm and Tya sub-
populations presented broader susceptibilityto the different families of LRAs, despite T+p
and, specially, Tscm were more resistantto HIV reactivation. Furthermore, we determined a
robust antagonistic effect when Panobinostat and Ingenol were used in combination in most
subsetsanalyzed as we observed in the whole population of CD4* T cells.

Discussion

The elimination of the latently infected cell reservoir is believed to be the most important
requirementto definitively eradicate HIV from the human body. Currently, therapeutic
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infected primary resting cells[13], while Wei et al. demonstrated that Romidepsin induced an
important increase in HIV-1 transcription compared to VVorinostat in both total memory and
resting cellsfrom HIV infected patients [43]. Moreover, we observed that JQ1 and Bryostatin- 1
reactivated HIV-1 very poorly. In contrast to our results, it has been previously showed that in
resting CD4* T cellsfrom HIV-patientsonly Bryostatin-1 induced an increment in the pro-
duction of RNA compared to the HDAC inhibitors Romidepsin, Panobinostat and Vorinostat,
and the bromodomain inhibitor JQ1 [23]. In the study, the authorsused gPCR to measure viral
reactivation, thusa potentinduction of HIV in a limited number of cells might help to explain
the discrepancy between both studies. Another study from Jiang et al. [44], described a
synergistic effect when JQ1 plus Ingenol were combined, but in our work we observed an
antagonistic effect in the 56% of the patients. The fact that different Ingenol moleculescan be
used for viral reactivation studies, the different methods used to detect viral reactivation, and
the discrepanciesobserved between cell linesand primary CD4* T cellsin viral reactivation
protocols [32], might explain this contradictory result.

Furthermore, we characterized the responses of each CD4* T subpopulation to different
LRAs. These investigations have rarelybeen performed before, mainly due to the difficulty to
obtain enough cellsfrom each CD4* T cell subset to comprehensively quantify viral reactiva-
tion. In order to overcome this limitation, we used the novel RNA FISH/flowmethodologythat
allowsthe simultaneousdetection of HIVV-1 RNA transcriptsand the viral protein p24 at the
single cell level without the need to previously isolate the fraction of cellsbeing evaluated  [30].
In general, each LRA was impacting differentlythe CD4* T cell subpopulations;even drugs
belongingto the same family had a differential effect on the same cell subsets. For instance,
Panobinostat successfully reactivated HIV in Tcwm cells, whereas Romidepsin was capable of
impactingall memory cells(Tcm, Trm and Tem). Importantly, it has been shown that both
drugs have different capacityto inhibit cell-associated HDAC activity [43]. Thus, it istempting
to speculate that differential expression of HDAC isoformswithin different CD4* T cell subsets
could be associated to their intrinsic capability to reactivate latent HIV. In concor- dance with
our results,in a recent study, cellstreated with Panobinostatt that reactivated HIV appeared to
be long-lived whereas Romidepsin appeared to reactivate HIV in shorter life span cells [45].
Thisstudy calculated the life span of cellsthat reactivated HIV in vivo using mathe- matical
models. Consistently, Banga et al. showed that Panobinostat was slightly more robust than
Romidepsin at reactivatingHIV in isolated restingmemory CD4* T cells,a fraction enriched in
long-lived central memory cells [25]. We also observed that Tcm and Ta cellshave the
broadest susceptibilityto the different families of LRAs, and Ingenol was extremely efficient at
reactivating Tna, Tscm, Tem and Trm but did not show a significant effect on Tew cells. In this
regard, a recent study determined that the majority of cellsexpressing HIV-1 RNA in the
presence of Ingenolhad a Tcm/Trm and Tem phenotype [31]. Additionally, while the Tna
subpopulation has not traditionally been considered as a cellular HIV reservoir, this subset has
been recentlydescribed as a large inducible cell reservoir of both latentand replica- tion
competent virusat levelssimilar observed in Tcm [46], which isin concordance with our
results. One of the main limitationsof the present study is our inability to detect p24 in most of
the cell subsets. In general, there was an agreement between the frequency of cellsexpressing
HIV-1 RNA and cellsproducing p24. However, we were only able to detect p24 in the whole
CD4* T cell population and in Tcwm cells. Thisis not the result of a poor sensitivity of the RNA
FISH/flowmethod (10-20 positive cells per million), instead it might be explained by the low
absolutenumber of HIV-RNA* cellsobserved within subsetsthat were represented in small
frequenciesasi.e. Tscm, Ttm, Tem and Trp (all below 30%).

We observed that long-lived cellssuch as Tcm or Tscwm, previously defined to be important
in the long-term maintenance of HIV reservoirsin patients[19,20], have different
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infected primary resting cells[13], while Wei et al. demonstrated that Romidepsin induced an
important increase in HIV-1 transcription compared to Vorinostat in both totalmemory and
resting cellsfrom HIV infected patients [43]. Moreover, we observed that JQ1 and Bryostatin- 1
reactivated HIV-1 very poorly. In contrast to our results, it has been previously showed that in
restingCD4* T cellsfrom HIV-patientsonly Bryostatin-1 induced an increment in the pro-
duction of RNA compared to the HDAC inhibitors Romidepsin, Panobinostat and Vorinostat,
and the bromodomain inhibitor JQ1 [23]. In the study, the authorsused gPCR to measure viral
reactivation, thus a potent induction of HIV in a limited number of cellsmight help to explain
the discrepancy between both studies. Another study from Jiang et al. [44], described a
synergistic effect when JQ1 plus Ingenol were combined, but in our work we observed an
antagonistic effect in the 56% of the patients. The fact that different Ingenol moleculescan be
used for viral reactivation studies, the different methods used to detect viral reactivation, and
the discrepancies observed between cell linesand primary CD4* T cellsin viral reactivation
protocols [32], might explain this contradictory result.

Furthermore, we characterized the responses of each CD4* T subpopulation to different
LRAs. These investigationshave rarely been performed before, mainly due to the difficulty to
obtain enough cellsfrom each CD4* T cell subset to comprehensively quantify viral reactiva-
tion. In order to overcome this limitation, we used the novel RNA FISH/flow methodologythat
allowsthe simultaneousdetection of HIVV-1 RNA transcriptsand the viral protein p24 at the
single cell level without the need to previously isolate the fraction of cellsbeing evaluated  [30].
In general, each LRAwas impacting differentlythe CD4* T cell subpopulations; even drugs
belongingto the same family had a differential effect on the same cell subsets. For instance,
Panobinostat successfully reactivated HIV in Tcw cells, whereas Romidepsin was capable of
impactingall memory cells(Tcwm, Trm and Tem). Importantly, it has been shown that both
drugs have different capacity to inhibit cell-associated HDAC activity [43]. Thus, it is tempting
to speculate that differential expression of HDAC isoformswithin different CD4* T cell subsets
could be associated to their intrinsic capability to reactivate latent HIV. In concor- dance with
our results, in a recent study, cellstreated with Panobinostatt that reactivated HIV appeared to
be long-lived whereas Romidepsin appeared to reactivate HIV in shorter life span cells [45].
Thisstudy calculated the life span of cellsthat reactivated HIV in vivo using mathe- matical
models. Consistently, Banga et al. showed that Panobinostat was slightly more robust than
Romidepsin at reactivatingHIV in isolated restingmemory CD4" T cells, a fraction enriched in
long-lived central memory cells [25]. We also observed that Tcm and Tna cellshave the
broadest susceptibility to the different families of LRAs, and Ingenol was extremely efficient at
reactivating Tna, Tscm, Tem and Trwm but did not show a significant effect on Tewm cells. In this
regard,a recent study determined that the majority of cellsexpressingHIV-1 RNA in the
presence of Ingenolhad a Tcm/Trm and Tem phenotype [31]. Additionally, while the Tna
subpopulation has not traditionally been considered as a cellular HIV reservoir, this subset has
been recently described as a large inducible cell reservoir of both latentand replica- tion
competent virusat levelssimilar observed in Tcm [46], which isin concordance with our
results. One of the main limitationsof the present study is our inability to detect p24 in most of
the cell subsets. In general, there was an agreement between the frequency of cellsexpressing
HIV-1 RNAand cellsproducing p24. However, we were only able to detect p24 in the whole
CD4* T cell population and in Tewm cells. Thisis not the result of a poor sensitivity of the RNA
FISH/flowmethod (10-20 positive cells per million), instead it might be explained by the low
absolute number of HIV-RNA* cellsobserved within subsetsthat were represented in small
frequenciesasi.e. Tscm, Ttm, Tem and Tro (all below 309).

We observed that long-lived cellssuch as Tcm or Tscwm, previously defined to be important
in the long-term maintenance of HIV reservoirsin patients[19,20], have different
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susceptibilities to the LRAs tested. For instance, Tscm Were poorly reactivated with most drugs.
Only the combination of Panobinostat and Bryostatin-1,and to a lesser extent Ingenol, were
able tosignificantlyincrease the proportion of HIV-1 RNA* cellsin this subset. Thisfind- ing
highlightsthe difficulty to identify LRAs with a mechanism of action broad enough to reac-
tivate latent HIV present in all HIV-infected cells. Moreover, the lack of effect of the LRAs on
Tscwm cellsisaconcern,since viral recrudescence from these long-lived cells might significantly
precludethe in vivo long-term efficacy of LRAs tested in clinical trials. Thus, our resultshave
important implicationsfor rational design of therapiesaimed at reversingHIV latency;the
knowledge of the individual mechanisms that lead to viral reactivation in the population of cells
that encompass the latent HIV reservoir will help with the development of LRAs with which to
impact HIV persistence.

Importantly, we found that the combination of Romidepsin and Ingenol induced the high-
est frequency of HIV-1 RNA* cells, even more than the positive control with PMA and lono-
mycin, and this finding was consistent in all tested samples. To our knowledge, the
combination of Romidepsin plus Ingenol has never been explored before in thissetting. The
independent mechanism of action of both drugs is most likelythe responsible for the high
number of HIV-1 RNA" cellsdetected. This argument is supported by the observation that the
combination of both drugs does not induce higher number of HIV-1 RNA molecules per cell
(mean fluorescence intensity) (S5B Fig), instead it induces a broader spectrum of cellsthat are
able to expressHIVV-1 RNA upon viral reactivation. Moreover, the synergistic effect was partic-
ularly evidentin the Tcm and Ttm memory subsets, indicatingthat the differentiation or mat-
uration status of the cellsmay be a critical determinant for a successful viral reactivation with
thedifferent LRAs. In thissense, it has been recently reported that CD4* T cell subsetshave
distinct transcriptional profilesthat are related to the level of HIV-1 infection and might mod-
ulatethe response to external stimulus [47]. We also determined a robust antagonistic effect
(89%in whole CD4* T cells) when Panobinostat and Ingenol were combined. Thisis in agree-
ment with the study presented by Larragoiteet al. [48], in which they showed that the co-treat-
ment with both drugs inhibited the reactivation of HIV in an ex vivo model of resting CD4* T
cellsisolated from aviremic patients, despitea synergistic relationship was demonstrated in an
in vitro latency cell model (J-Lat 10.6). The authorsspeculate that the inhibition induced by
Panobinostat of the chaperone heat shock protein 90 (Hsp90), which is directly involved in the
reversion of HIV-1 latency by Ingenol [49], might reduce the activation of the NF-kB pathway
caused by the PKC agonist. This could explain the antagonistic effect observed when these two
drugsare combined. In addition, it has also been observed that Panobinostat induces latency
reversal by an Hsp90 independent way [48]. Further, these results manifest again the existing
discrepancies between latently infected T cell linesand primary cell models of HIV-1 latency
[32].

In conclusion, this study highlightsthe inability of current LRAs to fully reactivate HIV hid-
den in diverse cellular reservoirs. The identification of compounds with a broader reactivation
capacity or the use of complementary drugs with different mechanisms of action will be needed
to reactivate latent virus present in different cell types, where more likely diverse cellu- lar
pathwaysare implicated in silencingHIV.

Materials and methods
Ethics statement

PBMCs (peripheral blood mononuclear cells) from adults (>18 years old) HIV-1-infected
patientswere obtained from the HIV unit of the Hospital Universitari Vall d’Hebron in Barce-
lona, Spain. Written informed consent was provided by all patientswho participated in this
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study, and the protocols used were approved by the Comité d Etica d Investigacid Clinica
(Institutional Review Board numbers 39-2016 and 196-2015) of the Hospital Universitari Vall
d’Hebron, Barcelona, Spain. All sampleswere obtained only from adultsand were totally
anonymous and untraceable.

Study samples

Samples from HIV-1-infected patientsunder ART with CD4* T cell countshigher than 100
cellsyrmm? and viral load <50 cop/ml for a mean (min-max) of 3 (1-6.5) years were recruited
in the HIV unit of the Hospital Universitari VVall d’Hebron in Barcelona (Spain) and were
included in this study. Information on plasmaviral loads, CD4* T cell counts, and time on
ART for treated patientsis summarized in S1 Table.

Cells

Fresh PBMCs were obtained from a whole blood donation (400ml) from HIV-infected patients
by Ficoll-Pague density gradient centrifugation and cellswere immediately used with- out
previouscryopreservation. Isolated CD4* T cells (MagniSort Human CD4* T Cell Enrich-
ment; eBioscience) were cultured in RPMI medium (Gibco) supplemented with 10% fetal
bovine serum (FBS; Gibco), 100 pg/ml streptomycin (Capricorn Scientific) and 100 U/ml peni-
cillin (Capricorn Scientific), (R10). The human latently infected cell line J-Lat (clone 10.6) was
obtained through the NIH AIDS Reagent Program from Eric Verdin [50]; cellswere grown in
R10 and maintained at 37°Cin a 5% CO; incubator.

Viral reactivation with latency reversal agents

Isolated CD4* T cellswere stimulated during 22h with latency reversal agents (LRAs) at the
following concentrations: 40 nM Romidepsin (Selleckchem), 30 nM Panobinostat (Selleck-
chem), 1 uM JQ1 (Sigma-Aldrich), 100 nM Ingenol-3-angelate (Sigma-Aldrich), 10 nM Bryos-
tatin-1 (Tocris Bioscience), the positive control (PMA 81 nM plus lonomycin 1 uM, both from
Abcam), or the negative control (mediaalone, R10). Drugswere used at concentrations previ-
ously shown to be effectiveat reversing latency in studies performed in CD4* T cellsfrom HIV-
infected individualsas well as studies performed in latency models in vitro [23,32,33]. All
compounds were reconstituted in DMSO at the maximum concentration of 0.006%. More-
over, in order to prevent cell death induced by the reactivation of HIV and to evaluate the reac-
tivation effect without confounding variables, cells were pre-treated with a pan-caspase
inhibitor named Q-VD-OPh (quinolyl-valyl-O-methylaspartyl-[-2,6-difluorophenoxy]-methyl
ketone, Selleckchem) [51,52]. Q-VD-OPh is a potent inhibitor for caspases1, 3,8 and 9, which
are involved in the intrinsicand extrinsic apoptotic pathways, inhibiting consequently the spe-
cific cell death induced by HIV [53-56]. In all experiments, cellswere treated with 10 uM of
Q-VD-OPh for at least 2h prior to the addition of the latency reversal agents.

Detection of viral reactivation and cell death by the IncuCyte Live-Cell
analysis technology

HIV reactivation and toxicity effectsinduced by the different LRAs were longitudinallyand
exhaustively determined in the latentlyinfected cell line J-Lat 10.6. Viral reactivation and cell
death was monitored using the IncuCyte ZOOM live cell imaging system (Essen Bioscience).
The latentlyinfected cell line J-Lat contains integrated but transcriptionally latent HIV provi-
ruses, in which the reporter gene GFP replacesthe nef coding sequence [50]. GFP was used to
measure viral reactivation and the apoptotic marker Annexin V (Essen Bioscience) was used
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to determine cell death induced by the drugs or by cytopathic effect. Briefly, cellswere pre-
treated with the pan-caspase inhibitor Q-VD-OPh for at least 2h and then seeded at 25.000cells
per wellin a 96 well plate. Single LRA or combination of different families of LRAs were added
to the correspondingwelland Annexin V reagent (1:200) was immediately added on cells, with
a final well volume of 100pl. Images were captured every hour for 48h from 2 inde- pendent
wellsper condition. Green (HIV expression) and red (Annexin V) object counts per well
(/mm?) were quantified at each time point and values were normalized to the confluence of
each well.

Drug toxicity assays in CD4" T cells

Cell toxicity was assessed for singledrugsand the combination of different LRA families in pre-
viously isolated CD4* T cells from three independent uninfected donors. CD4* T cells were
pre-incubated with the pan-caspase inhibitor Q-VD-OPh for 2h. Afterwards, CD4* T cells
(200,000 cells per well) were incubated for 22h with the compounds. Then, cells were stained
with the apoptotic marker Annexin V (PE, Biolegend) and a viability dye (LIVE/DEAD fixable
Violet Dead Cell Stain kit, Invitrogen) in order to identify the following stages of cell death: live
cells (Annexin V- Viability'), early apoptotic cells (Annexin VV* Viability'), late apoptotic+
necroticcells (Annexin VV* Viability") and total cell death (Annexin V- Viability*). In addition,
different surface markers, including CD3 (Pe-Cy7, BD Biosciences), CD4 (AF700, BD Biosci-
ences), CD45R0 (BV605, Biolegend) and CD27 (FITC, Biolegend), were used to identify
drugtoxicity induced in the different CD4* T cell subpopulations. The CD4" T cell subsets
were identified as follows: Naive (Tna) and Stem Cell Memory (Tscm) (CD3*CD4*CD27*
CD45R0"),Central (Tcwm) and Transitional Memory (Trm) (CD3*CD4*CD27* CD45R0"),
Effector Memory (Tem) (CD3*CD4*CD27 CD45R0O*) and Terminally Differentiated cells
(Ttp) (CD3*CD4*CD27 CD45R0O").

RNA FISH/flow assay of single cells expressing HIV-1 RNA transcripts and
p24 protein after viral reactivation

PBMCs from nine ART-treated HIV-infected patients were obtained from a whole blood
donation (400ml)and CD4* T cellswere isolated by negative selection using magnetic beads
(MagniSort Human CD4* T Cell Enrichment; eBioscience). A total of 13 conditionswere
assayed per patientand at least 6x10° of freshly-isolated CD4* T cellswere subjected to viral
reactivation per condition, which included the individual LRAs, the combination of 2 different
families, and the positive and negative controls. Prior to viral reactivation, cellswere pre-incu-
bated with the pan-caspase inhibitor Q-VD-OPh for 2h. In order to block new rounds of viral
infection duringviral reactivation, cellswere treated with LRAs in the presence of Raltegravir
(1uM) during 22h. Afterwards, cellswere subjected to the RNA FISH/flow protocol for the
detection of HIV transcriptsand the viral protein p24 followingthe manufacturer’s instruc-
tions (Human PrimeFlow RNA Assay; eBioscience) with some modifications, as previously
described [30]. Briefly, PBMCs were stained with antibodies against cell surface markersand
viability dye. Cellswill be then fixed, permeabilized, and intracellularly stained for detection of
the viral p24 protein. After an additional fixation step, cellswill be ready for 3h of probes
hybridization at 40 1°C with a high-sensitivity target-specific set of 50 probes spanning the
whole Gag-Pol HIV mRNA sequence (bases 1165 to 4402 of the HXB2 consensus genome).
The cellswill be then subjected to different amplification steps (sequential 2h incubationsat
40°C). Finally, multiple label probes will be hybridized with the specific amplifiers (1 h

at 40°C) and sampleswill be run on an LSR Fortessa four-laser flow cytometer (Becton
Dickinson).

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007991  August 19, 2019 16/23
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In these experiments, to identify the different CD4* T cell subpopulationsexpressing HIV-
1RNA and the viral protein p24, the followingantibodies were used for cell surface staining:
CD3 (AF700, Biolegend), CCR7 (Pe-CF594, BD Biosciences), CD27 (FITC, BD Biosciences),
CD45R0 (BV605, Biolegend) and CD95 (Pe-Cy5, BD Biosciences). The CD4* T cell subset
phenotypeswere identified as follows: Tya (CD3* CCR7* CD45R0O™ CD27* CD95'); Tscm
(CD3* CCR7* CD45RO" CD27* CD95*); Tcm (CD3* CCR7* CD45R0O*); Tem (CD3* CCRT
CD45RO* CD27); Trm (CD3* CCR7 CD45RO* CD27*) and Trp (CD3* CCR7 CD45R0").
The surface marker CD32 (Pe-Cy7, Biolegend) was also included in the analysis. The expres-
sion of HIV-1 RNA transcriptswas analyzed with target-specific AF647-labelled probes, and
the expression of the Gag p24 viral protein was detected with a PE-anti-p24 antibody (clone
KC57 RD1; Beckman Coulter). Cell viability was determined using a violet viability dye for
flow cytometry (LIVE/DEAD fixable Violet Dead Cell Stain kit, Invitrogen). All values of
HIV-1RNA were normalized to the negative control (R10) correspondingto the non-reacti-
vated cellsfrom each patient.

Sensitivity of the assay at detecting productive HIV-infected cells

To test the sensitivity of the assay at detecting cellsexpressingboth HIV-1 RNA and p24, pri-
mary infected CD4" T cellsfrom HIV-infected patientswere expanded. We used the same pro-
tocol described for the qVOA assay [30], and the positive wellswere mixed up and diluted into
uninfected cellsat six different ratios. Sampleswere then subjected to the RNA FISH-flow assay.
The predictive curve was determined by the basal expression of HIV-1 RNA and p24 and the
subsequent theoretical values of the serial dilutions. The infection rate (experimental curve of
percent HIV RNA*p24* cells) was calculated by using the values obtained with the RNA FISH-
flow assay. Linear regression was computed to determinethe linearity of the rela- tionship
between the predicted and experimental values of the assay.

Proviral HIV-DNA quantification by gPCR

CD4* T cellswere isolated by negative selection as mentioned above. For proviral quantifica-
tion, 1 million CD4* T cellswere immediately lysed in a Proteinase K-containing lysis buffer (at
55°Cover-nightand at 95°C for 5 minutes). Cell lysates were subjected to HIV-DNA quan-
tification by gPCR using primersand probes specific for the 1-LTRHIV region (LTR forward
5>TTAAGCCTCAATAAAGCTTGCC-3’, LTRreverse 5>-GTTCGGGCGCCACTGCTAG-3’
and probe 5°/56-FAM/CCAGAGTCA/ZEN/CACAACAGACGGGCA/31ABKFQ/ 3%), as pre-
viously described [57]. CCR5 gene was used for cell input normalization. Sampleswere ana-
lyzed in an Applied Biosystems 7000 Real-Time PCR System.

Statistical analysis

Statistical analyseswere performed using the Prism software (GraphPad) version 6.01. Data are
shown as the median and the min-max rank. Comparisons among the frequency of HIV-1
RNA expressing cells between unstimulated control (R10) and viral-reactivated conditions
were performed using the Wilcoxon signed rank test. For correlations, Spearman’s correlation
coefficient was calculated. To test the linearity of the assay, a linear regression was performed.
AFriedman ANOVA test was used to compare the frequency of HIV-1 RNA* cellsinduced by
Romidepsin plus Ingenol with the levelsinduced by the other drugsin the different CD4* T
cell subsets, with corrected p-values for multiple comparisons (Dunn’stest). A p value of
<0.05was considered statistically significant. Synergiesand antagonisms effects between
drugs were calculated using the Bliss independence model (values <-0.09 were considered as
highlyantagonistic, values > 0.09 were considered as highly synergistic. Intermediate values
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between 0.09 and -0.09 were considered to have an additive effect). Data are presented as the
difference between the observed and the predicted responses of each combination (Afay =
faxy,0—Taxy,p), Where fuy 0 isthe observed fraction affected and fay,p is the predicted fraction
affected. The fuxyp is calculated as fay p = faxtfay—(Fix { fy) Where f is the fraction affected by
drug Xand fay is the fraction affected by drug Y [33].

Supporting information

S1 Fig. Q-VD-OPhinhibits the apoptosis of viral-reactivated cells. The effect of the pan-cas-
pase inhibitor Q-VD-OPh on the detection of viral-reactivated cells was evaluated in isolated
CD4* T cellsfrom ART-suppressed HIV-infected patientsand in the latently infected cell line J-
Lat (clone 10.6). A. GFP expression in J-Lat cellswas monitored by the IncuCyte ZOOM live
cellimaging system (Essen Bioscience) every hour for 50 hours after the addition of Panobino-
stat (30 nM) with or without Q-VD-OPh. B. CD4" T cellswere reactivated with Panobinostat
(PNB, 30 nM) in the presence of Q-VD-OPh (10uM). Control cultureswere treated with media
alone (R10) or treated with media and Panobinostat (PNB). Copiesof HIVV-1 RNA per million
CD4* T cellswere quantified in samplesfrom 6 HIVV* patientsby gPCR. Open circlesshow
valuesunder the limit of detection. Fold-change (FC) of viral reactivation is compared between
conditions, but only in those where HIV-1 RNA was detected.

(TIF)

S2 Fig. Detection of HIV-1 RNA and p24 after viral reactivation by the RNA FISH/flow
assay in JLat cells. Cellswere incubated for 22h with medium alone (R10), Romidepsin
(RMD, 40 nM) or Romidepsin (40 nM) plus Ingenol (ING, 100 nM). Cellswere then subjected
to the RNA FISH/flow protocoland the proportion of HIV-1 RNA* and p24* (A) and HIV-1
RNA* and GFP* (B) cellswas determined by flow cytometry. A flow cytometry plot for each
condition is shown. C. Infection of primary CD4* T cellsfrom HIV-infected patientswere
expanded in vitro, and infected cellswere diluted with uninfected cellsto perform the quantifi-
cation of predicted (blue symbols) versus experimental (orange symbols) values of HIV-1
RNA* p24* expression measured by the RNA FISH/flow assay. Assay linearity was assessed by
linear regression.

(TIF)

S3 Fig. Drug toxicitiesin CD4* T cellsand in CD4" T cell subpopulations. Isolated CD4* T
cells from 3 uninfected donorswere incubated with the different drugsfor 22 hours (40nM
Romidepsin, 30 nM Panobinostat, 1 uM JQ1, 100 nM Ingenol, 10 nM Bryostatin-1, 81 nM PMA
plus 1 uM lonomycin or media alone) and cell death was evaluated by flow cytometryin the
whole CD4* T cell population and in the different CD4" T cell subsets. Cell subsets were
identified as Naive and Stem Cell Memory (Tna/Tscm) (CD3*CD4*CD27+ CD45R0"), Central
and Transitional Memory (Tcm/Ttm) (CD3*CD4*CD27* CD45R0O™), Effector Memory (Tem)
(CD3*CD4*CD27 CD45R0*) and Terminally Differentiated cells (T+p) (CD3*CD4*CD27
CD45R0"). Cells were stained with the apoptotic marker Annexin V and a viability dye. A. Gat-
ing strategy used to identify the following stages of cell death: live cells (Annexin V- Viability'),
earlyapoptotic cells (Annexin V* Viability'), late apoptotic+necrotic cells (Annexin V* Viabil-
ity") and total cell death (Annexin V- Viability"). B-C. Percentage of cell death and apoptosis
induced by the different single LRAsand their combinationsin total CD4* T cell population in
presence (B) or absence (C) of the pan-caspase inhibitor Q-VD-OPh. D-E. Drug toxicities in
different CD4* T cell subpopulations, including Tna/Tscm, Tem/Trm, Tem and Trp in presence
(D) or in absence (E) of Q-VD-OPh. Median values and min-maxranks are represented in pan-
els B-E. In all panels, total dead cells are represented in green, early apoptosis is shown in orange
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and late apoptosis and necrosisis represented in blue.
(TIF)

$4 Fig. Detection by the RNA FISH/flow assay of cells expressing HIV-RNA and p24 after
viral reactivation in primary CD4* T cells from HIV-infected patients. Isolated CD4* T cells
from 9 ART-suppressed HIV-infected individualswere reactivated with different LRAs for 22h
and subjected to the RNA FISH/flow assay to analyze the frequency of cellsexpressingHIV-
RNA and the viral protein p24. A. Gatingstrategy used to analyze HIV reactivation in CD4* T
cellsand in the different CD4" T cellssubsets. B. Calculation of synergistic, antagonis- tic or
additive effectsin CD4* T cellsfor the different combination of LRA familiesusing the Bliss
independence model. C. Percentage of cellsexpressing CD324™ in HIV-1 RNA* and HIV-1
RNA™ CD4* T cellsafter treatment with the different LRAs plotted by Tukey boxplot. Medians
of 9 independent experimentsare shown in panelsBand C. D. Correlation between the
proportion of HIV-1 RNA* cells per million cells,and the proportion of cellsHIVV-1 RNA*
expressingthe viral protein p24. Spearman’s nonparametric correlation coefficient and associ-
ated P value are shown.

(TIF)

S5 Fig. A. Percentage of different CD4* T cell subpopulations after treatment with the
LRAs. Percentage of each subset (Tna, Tscm, Tem, Ttm, Tem and Trp) was determined after 22
hours of culturewith single or combination of LRAs (40 nM Romidepsin, 30 nM Panobino-
stat, 1 uM JQ1, 100 nM Ingenol, 10 nM Bryostatin-1,81 nM PMA plus 1 uM lonomycin or
media alone) by flow cytometry. Dashed red line show the effect at 22h for the negative con-
trol, R10. Asterisks denote statistical significance compared with the negative control (R10)
using a Friedman test followed by Dunn’s post hoc tests. ! p<0.05,! ' p<0.01.B. Mean
Fluores- cence Intensity (MFI) of HIV-1 RNA" cellsafter viral reactivation with Romidepsin
(RMD), Ingenol (ING) and the combination of Romidepsin with Ingenol (RMD+ING).

(TIF)

S6 Fig. Heatmaps and drug synergies in viral-reactivated CD4* T cell subsets. A-B. Sum-
mary heatmaps of the potency of single LRAs (A) and their combinations (B) at increasingthe
proportion of HIV-1 RNA* cellsin the different CD4* T cell subpopulations. C. Analysis of the
interactionsbetween LRAs, using the Blissindependence model, is shown for each CD4* T cell
subset. D. Interaction between LRAs on the abilityto increase the proportion of p24* cells
within HIV-1 RNA* cellsin the Tcm subset are shown for each patient. Mediansand min to
max ranks are represented in panelsC and D.

(TIF)

S1 Table. Clinical data of patients included in the study. Patient ID, time since HIV diagno-
sis, CD4 cell count, % of CD4, viral load (cop/ml), time on suppressive ART and HAART regi-
men were included.

(PDF)
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Table S1
Time since CDA4 Cell Time on
Viral Load HAART
Patient ID HIV diagnosis Count %CD4 suppressive ART
(copies/ml) regimen
(months) (cells/pl) (months)
1 72 800 23.12 <20 18 ABC/3TC+DTG
2 33 490 21.03 <20 28 TDF/FTC+EVG/c
3 31 560 27.92 <20 11 TDF/FTC+EVG/c
4 49 1070 38.14 <20 39 TDF/FTC/EFV
5 31 810 34.70 <20 22 ABC/3TC+DTG
6 42 1150 37.05 <20 37 ABC/3TC+RPV
7 13 1760 57.71 <20 >13 TDF/FTC+EVG/c
8 55 970 NA <20 45 ABC/3TC+DTG
9 168 540 NA <20 54 TDF/FTC+EVG/c
10 25 800 42.99 <20 19 TDF/FTC+EVG/c
11 35 1160 45.83 <20 31 TDF/FTC/EFV
12 276 520 29.50 <20 78 TDF/FTC+ETV
13 33 720 NA <20 13 TDF/FTC+EVG/c
14 331 930 29.7 <20 71 TDF/FTC/EFV
15 127 960 45 <20 56 ABC/3TC+DTG
16 31 840 35.75 <20 23 TDF/FTC+EVG/c
17 18 1520 46.83 <20 6 ABC/3TC+ATV/r
18 48 850 40.64 <20 27 TDF/FTC+RPV

FTC, emtricitabine; TDF, tenofovir; 3TC, lamivudine; EFV, efavirenz; ABC, abacavir; EVG/c, elvitegravir
boosted with cobicistat; DTG, dolutegravir; DRV/c, darunavir boosted with cobicistat; ETV, Etravirine;
RPV, Rilpivirine; ATZ/r, atazanavir boosted with ritonavir; NA, not available.
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ARTICLE PENDENT DE PUBLICACIO

Titol: Metabolic reprograming induced by Lauric Acid, a natural saturated fatty acid,
reactivates latent HIV and preserves immune-mediated killing of HIV-reservoir cells.

Objectiu: Avaluar la capacitat d’'una nova molécula d’origen natural, I’acid lauric, com a
potencial agent reversor de la laténcia del VIH i com a immunomodulador de la resposta
antiviral en cél-lules primaries de pacients infectats pel VIH.

Meétodes: Es van realitzar assajos de reactivacio viral en models de latéencia i en cél-lules
primaries T CD4* de pacients en tractament antiretroviral. Mitjancant |’Us de técniques
convencionals tals com la qPCR i la citometria de flux es va avaluar la capacitat de I'acid
lauric per promoure la transcripcid viral i la produccid de proteines. Es van realitzar
assajos funcionals per determinar 'efecte d’aquest acid gras en la capacitat citotoxica
de les cel-lules T CD8*. I, per ultim, es van dur a terme analisis de metabolomica,
protedmica i lipidomica per determinar la repercussié del I'acid lauric a nivell del
metabolisme cel-lular en un context de reactivacio.

Resultats: L’acid lauric ha estat capac de promoure la transcripcié viral i la produccié de
proteina viral tant en models de latencia com en céel-lules primaries, presentant una
toxicitat cel-lular associada molt reduida. A més els assajos funcionals han demostrat
que I'acid lauric no deteriora la funcié efectora de les cél-lules T CD8". Els analisis de
lipidédmica en CD4*, han mostrat que I’acid lauric promou la formacid de fosfatidilcolines
i diacilglicerols, necessaris per a la produccié de proteina viral durant la reactivacio. | els
analisis de metabolomica i protedmica han determinat I'acid lauric podria induir la
reprogramacié metabolica en cél-lules T CD8* per obtenir energia no només a través de
la glicolisi sind també per la B-oxidacié d’acids grassos.

Conclusions: Els nostres resultats confirmen |'eficiéncia in vitro de I’acid lauric per
reactivar el VIH del reservori cel-lular sense afectar la capacitat citotoxica de les cél-lules
T CD8*, postulant-se com un nou agent reversor de la latencia d’origen natural. A més,
presenta la capacitat de reprogramar el metabolisme cel-lular sense afectar la
funcionalitat de les cél-lules T CD8* citotoxiques. La disponibilitat i aprovacié de I’acid
lauric com a additiu alimentari, la reduida toxicitat in vitro i in vivo, el baix cost i la seva
eficacia per reactivar el VIH fan que I'acid lauric sigui un molt bon candidat per ser testat
en futurs assajos clinics amb I'objectiu d’eliminar els reservori viral.
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Metabolic reprograming induced by Lauric Acid, a natural saturated fatty
acid, reactivates latent HIV and preserves immune-mediated killing of HIV-

reservoir cells

Abstract

Elimination of the latent HIV reservoirs that persist in antiretroviral treated (ART) HIV-infected
patients is recognized as the main barrier to cure HIV. Latency reversal agents (LRA) are
compounds that reactivate latent HIV from its dormant state, however LRAs do not impact the
reservoir in vivo. The poor reactivation capacity of these compounds, the inability of the
immune system to recognize and to kill viral reactivated cells and the cell-associated toxicity,
preclude the clinical use of current LRAs. Here, we find that Lauric acid (LA), a natural-derived
fatty acid, significantly reprograms the metabolic signatures of host cells. In CD4* T cells LA
repurposes the composition of the lipid content upregulating diacylglycerols and producing
de novo phosphatidylcholines, potently reactivating latent HIV in samples from ART-treated
patients. Moreover, LA impacts the metabolism of CD8* T cells with the significant
upregulation of the B-oxidation pathway and the proteasome activity, and the preservation of
the cytotoxic capacity of CD8* T at killing viral-reactivated cells from primary cell reservoirs.
The functionality of LA at reactivating the latent virus and preserving immune responses,
together with the low toxicity found in human studies and its low cost, make LA an excellent

candidate for cost-effective therapeutic strategy directed to impact the HIV reservoir.
Introduction

The infection caused by HIV is an incurable condition. The presence of latent cell reservoirs
that persist in antiretroviral treated HIV-infected patients is considered the main obstacle to
cure HIV. In recent years, new therapeutic strategies targeting the HIV reservoir are being
developed with limited success. The “shock and kill” approach depends on compounds that
induce broad and robust induction of viral transcription, coupled with corresponding
competent immune responses capable of purging the latently infected population. In this
sense, latency reversal agents (LRAs) are compounds tested in clinical trials that are able to
reactivate part of the latent HIV present in cell reservoirs. However, infected cells do not die
as a consequence of the viral cytopathogenic effects or the action of the immune system.
Importantly, current LRAs are relatively toxic compounds, which limits its extended use and
the number of doses that can be given to patients. Human clinical trials using LRAs have not

been completely effective at reducing the viral reservoirs[1]. Because current LRAs are thus
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unlikely to be effective on their own, new therapies are focused on combinations of
treatments that could identify and eliminate the latent HIV population[2, 3]. For instance, the
combination of LRAs with therapeutic vaccines, which stimulate CD8* T cell responses, has
showed promising results in a clinical trial[4]. Other proposed strategies rely on newly
developed high-tech and high-cost approaches, including the design of recombinant
antibodies or genome editing. These approaches, however, might be difficult to implement to
the majority of infected individuals in developing countries. Although it is largely accepted
that single compounds dually acting on the HIV reservoir and the immune system could
significantly impact the latent reservoir, these compounds could also induce global immune
activation and might have life-threatening toxic effects by causing a cytokine release
syndrome. Therefore, it is necessary to find novel non-toxic compounds, which could be
administrated daily, broadly acting on the reactivation of most HIV reservoir cells without a

deleterious impact on immune effectors cells.

Natural fatty acids are non-toxic compounds approved for human use at high concentrations.
For instance, Lauric acid (LA) or dodecanoic acid is a saturated fatty acid with a 12-carbon
atom chain that is found naturally in various plant and animal fats and oils, and represents a
large proportion of the fatty acid content in coconut milk, coconut oil, laurel oil, and palm
kernel oil[5, 6]. It is also found in human breast milk, cow's milk and goat's milk. Moreover, it
has been suggested that LA have a different metabolic and hence health effects compared with
other saturated fatty acids like myristic or palmitic acid[7, 8]. Importantly, there are no evidence
for toxic effects of LA at dose levels equivalent to 9,000 mg LA/kg body weight[9].
Furthermore, LA have been extensively identified in the literature as a microbicide, with a
potent activity against gram positive bacteria[10, 11] and a number of fungi and lipid-coated
viruses[12, 13]. In fact, LA has been associated with health benefits related with the
cardiovascular system[14-16], weight loss[17], diabetes[18], and Alzheimer's Disease[19, 20]
among others, probably due to its ability to reduce the adipose tissue and the promotion of a
more favorable lipid profile, increasing high-density lipoproteins (HDL) instead of low density
lipoproteins (LDL)[21, 22]. Several studies have demonstrated that LA is directly transported to
the kidney to produce energy and ketone bodies, the energy source for the heart and brain, and
it is not accumulated as fat in the body. In addition, LA is not involved in the cholesterol
biosynthesis or transport [22, 23]. Moreover, LA has the potential to reciprocally modulate
both innate and adaptive immune responses, mediated in part, through the activation of Toll-

like receptors [24, 25]. Previous studies have demonstrated that fatty acids are also involved
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in diverse transduction pathways, in gene transcription and relevant biological events as cell
metabolism, inflammation, apoptosis and production of bioactive lipid mediators, thus
contributing to multiple pathophysiological responses[26]. Importantly, both fatty acid
biosynthesis and fatty acid uptake programs are required for the early activation of CD4+ T
cells [27], an essential step for HIV reactivation. Furthermore, a recent report suggested that

fatty acid metabolism may also participate in the late steps of viral replication [28].

Here, using different models of HIV latency, human lymphoid tissues and cells from ART-
treated patients, we prove the ability of LA to reprogram cell metabolism and serve as a potent

LRA. Its low cost and reduced toxicity in vivo warrant its evaluation in clinical trials.
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Results

Lauric acid reactivates latent HIV through the activation of NF- kB

First, to test the ability of LA to reactivate latent HIV, we used the latently infected cell line J-lat
10.6, which has the latent provirus integrated and encodes the GFP gene, providing a fluorescent
marker of the HIV-1 transcriptional activity. Cells were treated with increasing concentrations of
LA (from 20 to 100 pg/ml) and HIV reactivation was quantified as the percentage of cells
expressing GFP. We observed that 20 and 40 pg/ml of LA were able to reactivate HIV above the
negative control (Figure 1A). Higher concentrations of LA reduced viral reactivation due to cell
toxicity (Figure S1A). We also tested if LA was able to induce the production of the viral protein
p24 in a primary model of HIV latency using CD4* T cells. In concordance with the previous data,
we observed a robust production of p24 in the culture (median of 0.059%), reaching p24 levels
similar to those observed with the positive control PMA/lonomycin (median of 0.050%), a potent
global cell stimulus (Figure 1B). Then, in other to dig into the mechanism of viral reactivation
induced by LA, we evaluated if the activation of the TLR-2 was involved in viral reactivation, since
previous reports have shown the ability of LA to activate both TLR-2 and 4[29, 30]. We used a J-
lat 10.6 cells genetically engineered to express TLR-2[31]. Pam2CSK4, a specific TLR1/2 agonist
and PMA/lonomycin, were used as positive controls (Figure 1C left). We failed to observe a
direct involvement of the TLR-2 receptor on viral reactivation (Figure 1C right), since lower viral
reactivation was observed in TLR-2 expressing cells compared with wild type cells. We also
evaluated the role of NF-kB, an important transcription factor involved in HIV transcription. J-lat
10.6 cells were stimulated with LA in the presence of the NF-kB specific inhibitor Bay 11-7082.
We observed a statistically significant reduction of viral reactivation (50%) at the highest
concentration of the inhibitor (p<0.0001), confirming that viral reactivation induced by LA is, at

least partially, dependent on NF-kB activation (Figure 1D).

Overall, we observed that LA is able to reactivate latent HIV in the latently infected cell line J-lat
10.6 and in a latency model using primary CD4" T cells, and viral reactivation is modulated by

the transcription factor NF-kB.

Lauric acid reactivates latent HIV in samples from ART-treated patients

Because cell lines do not always recapitulate the physiology of cells from HIV-infected patients,
we evaluated the capacity and potency of this natural compound to reactivate latent HIV in fresh

samples from ART-treated individuals. First, we sought to test the LA activity and cytotoxicity in
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immune cells as a means to explore its therapeutic window. Cell surface expression of CD69, a
biomarker of early T cell activation, is well known to directly correlate with the activity of potent
LRAs[32]. We tested cell toxicity in CD4* T, CD8" T and NK cells and, in contrast with our finding
inthe cell line, we found no cell death at any of the concentrations tested using our experimental
conditions (Figure S1B). We also observed that levels of CD69 increased with concentrations of
LA starting at 80ug/ml, inducing higher activation in CD4* T cells, both in percentage and in
intensity of expression, in all tested patients (Figure 2A and S1C). However, a very modest
increase of CD69 expression was observed in CD8* T cells, with no changes detected in NK cells
(Figure 2A). Then, we tested viral reactivation in patient’s samples. We isolated at least 4x10°
CD4* T cells from patient’s PBMCs and cultured them with different concentrations of LA. We
observed that LA was able to efficiently reactivate latent HIV, with a half maximal effective
concentration (ECso) of 57ug/ml (Figure 2B). When LA was compared to the positive control,
PMA/lonomycin, we observed no statistical differences, indicating that LA is equally potent than
the positive control at producing viral RNA, and significantly higher than the negative control
(DMSO vehicle) (p<0.001) with a fold-change of viral reactivation of 2.6 (mean of HIV-RNA
molecules/million cells of 10.239 for PMA/lonomycin and 9.222 for LA) (Figure 2C right and left).
In general, we observed significant viral reactivation in 14 out 15 patients when cells were

treated with LA.

To better characterize the cells that express HIV-1 RNA after viral reactivation with LA, we used
the RNA/FISH flow protocol, which allows the identification of HIV-RNA* cells in different
subpopulations of CD4* T cells [33, 34]. We observed that several CD4* T cell subsets, including
central and effector/transitional memory subsets, reported as the largest cell populations that
support long-term viral persistence[35], were susceptible to the LA action (Figure 2D) (Total CD4
T cells (Tep3) (FC=3,75; p= 0,03), Central memory (Tcm) (FC=1,34, p=0,09) and effector and
transitional memory (Tem/mv) (FC=4,00, p=0,03). We determined that the effector/transitional
cells supported to a larger extent HIV-1 transcription induced by LA, which is in concordance
with our previous results in which we determined that memory cells are more susceptible to
viral reactivation and are the main source of residual transcription in ART-treated patients[33,

34].

Once the reactivation in terms of RNA was demonstrated, we ought to analyse if LA was also
able to induce the production of viral protein in patient’s samples. After 22h of incubation with
the fatty acid, isolated CD4* T cells were interrogated for the production of the p24 viral protein

by flow cytometry (Figure 2E). A representative example is shown in Figure 2E left. We observed
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that LA induced statistically significant amounts of p24* cells compared to the vehicle control
(p=0.02). In general, the positive control PMA/lonomycin, induced higher expression of p24*
cells (median of p24* cells 0.28 for PMA/lonomycin, 0.03 for LA and 0.01 for vehicle control)
(Figure 2E right). Finally, we evaluated whether LA might impact the total HIV reservoir size ex
vivo. At least 1 million of isolated CD4" T cells from ART-treated patients were subjected to viral
reactivation using LA, after we quantified total HIV-DNA. We observed that LA was able to
decrease HIV-DNA in 2 out 3 patients, indicating that this natural compound might disrupt HIV
latency and promote the killing of viral-reactivated cells (Figure 2F). Despite the trend observed

in this representative experiment, more samples should be assayed to confirm these results.

Taken together, these results demonstrate the capacity of LA to activate CD4* T cells and induce
both viral RNA and protein in samples from ART-treated patients, highlighting its potential as a

new latency reversal agent.

Exogenous administration of LA to CD4" T cells generates new lipid products involved in viral

production

Many viruses induce glycolysis, fatty acid synthesis and/or glutaminolysis in the host cell that
might help to produce viral particles. In this regard, HIV infection has showed to increase host
fatty acid synthase levels, and a decrease in this enzyme attenuates HIV replication during late
stages of its replication cycle[28]. This is in line with the general knowledge that fatty acid
biosynthesis is required for viral replication, and concordant with the exclusive lipid composition
of cell membranes of HIV-infected cells, which are characterized by a high cholesterol to
phospholipid ratio. Here, we hypothesized that supplementation of CD4* T cells with LA might
induce an advantageous environment for viral reactivation. Thus, we investigated the lipidomic
profiling of CD4*T cells from 5 HIV-suppressed ART-treated patients after ex vivo administration
of LA. Different lipidomic signatures were observed compared with the control group (Figure
3A). Specifically, de novo production of Phophatidylcholines (PC) (Figure 3B and Table S1), and
significant upregulation of  cholesteryl esters  (CE), Diacylglycerols  (DG),
Lysophosphatidylcholines (LPC) and Triglycerols (TG) (Figure 3C and Table S1) were observed in
cells treated with LA. Importantly, it has been reported that hydrolysis of Phosphatidylcholines,
which products are diacylglycerols, activates the pathway leading to induction of nuclear NF-kB-
binding activity and transactivation of HIV expression[36]. Moreover, Diacylglycerols are potent

activators of Protein Kinase C (PKC) enzymes[37], a well-known family of LRAs[38, 39].
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Therefore, these results suggest that LA might induce a lipidome-wide remodelling of the host

cell to provide a suitable cell environment for viral production.

Lauric acid activates immune cells in lymphoid tissue

LA was previously described to be able to activate TLRs [24, 30]. Although we failed to show a
direct link between activation of the TLR-2 and LA in cell models (Figure 1C), we tested the
activation of immune cells in lymphoid tissue compared to the drug GS-9620, an agonist of TLR-
7. Cell activation, measured as percentage of CD69* cells, was observed in tonsil samples at
concentrations starting at 40ug/ml in CD4* T, CD8* T and NK cells. However, at these drug
concentrations we observed a decrease in cell viability (Figure 4A and S1C). In general,
percentages of CD69* immune cells were very similar to those observed for GS-9620 and LA,
with responses outreaching the vehicle control in CD4* T, CD8* T, NK, B and pDC cells for both
GS-9620 and LA (Figure 4B). Importantly, we determined that LA was able to promote an
increase of cell activation in all tested immune subpopulations, being extremely efficient at
activating pDCs and B cells. This result might indicate that besides the potential of LA to
reactivate latent HIV in CD4 T cells, this natural compound might trigger an antiviral response by
activation of pDCS in lymphoid tissue, with similar levels of those obtained by the positive

control GS-9620.

Lauric acid does not impair CD8'T cell cytotoxic functionality and reprograms cell metabolism

After confirming the capacity of LA to promote the reactivation of latent HIV, we wanted to
evaluate whereas the CD8* T cytotoxic responses were impaired in the presence of LA, as shown
for other LRAs[40, 41]. We performed functional assays using CD4* T cells from ART-treated
patients which were viral-reactivated with PMA and lonomycin. Next day, cells were co-cultured
with autologous CD8* T cells previously treated with LA. The cytotoxic response of CD8* T cells
was evaluated as the reduction of p24* cells. Scheme panel of the experiment is shown in Figure
5A. We observed that CD8" T cells treated with LA were able to reduce the number of viral-
reactivated cells (FC=3,34) at the same level as untreated CD8" T cells (FC=3,82) (median CD4*
alone (vehicle)=0.02; CD4"* treated with PMA/lonomycin= 0.18; CD4* (PMA/lonomycin)+CD8*
(R10)=0.047 and CD4* (PMA/lonomycin) +CD8"* (LA)=0.054) (Figure 5B). These results indicate

that LA does not impair the killing capacity of CD8 T cell against viral-reactivate cells.

In order to better understand the effect of LA on CD8* T cells, we also performed metabolomic

and proteomic studies using isolated CD8* T cells from 5 HIV-suppressed ART-treated patients
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that were treated with LA. A total of 74 metabolites were quantified by GC-QTOF/ MS. The
principal component analysis (PCA) showed different metabolic signatures when cells were
treated with LA compared with the control group (Figure 5C). 9 metabolites (Table S2) were
differentially expressed between conditions and the metabolomic pathway analysis revealed a
significant increase of Fumaric and Citric acid, among others, suggesting an upregulation of the
Krebs cycle (TCA cycle) after LA treatment (Figure 5D). Moreover, two enzymes implicated in
the metabolism of fatty acids, Acyl-CoA thioesterase implicated in the esterification of fatty
acids, and Acetyl-CoA dehydrogenase which is implicated in the B-oxidation of fatty acids (Figure
S2A), were upregulated with LA. A concomitant decrease of Glucose-6-P isomerase, an enzyme
implicated in glycolysis, was also detected (Figure S2B). Altogether, our results suggest that LA
might reprogramme CD8"* T cells to obtain energy through the B-oxidation pathway, beside
glycolysis. In this sense, it has been described that CD8'T from elite controllers (EC) exhibited,
ex vivo, notably higher fatty acid oxidation to fuel mitochondrial oxidative phosphorylation,
compared to ART-treated individuals. Moreover, CD8"* T cells from EC presented a higher fatty

acid/glucose uptake ratio than cells from ART-treated individuals[42].

Additionally, we performed a proteomic analysis of CD8* T cells after LA treatment. The results
reinforced our previous findings showing that LA did not impair the effector functionality of
CD8'T cells (Figure 5B). No differences in the expression of genes related with the cytotoxic
activity of CD8 T cells, like granzyme B or T-bet were found when cells were treated with LA
(Figure 5E). This is significant since LA might position as advantageous compared to other latency
reversal agents, such as HDACi, which have been shown to alter the functionality of CD8" T
cells[41, 43]. When differentially expressed genes were subjected to pathway analysis to
determine relevant Gene Ontology biological processes, we identified significant pathways
altered, including cell activation, secretion by cell, cellular protein metabolism, and vesicle
mediated transport (Figure S2C). In general, a decrease in global CD8* T cells activation was
observed in cells treated with LA. This is consistent with the metabolic switch from glycolysis to
B-oxidation as a main source to obtain energy by the cell. Finally, the proteomic analysis also
showed that LA promoted an up-regulation of proteasome-related genes in CD8* T cells; we
observed a significant increase in the expression of several subunits of the proteasome,
including subunit 4, 6 and beta 10, which might indicate the enhancement of proteasome
activity (Figure 5F). Interestingly, the increase of the proteasomic activity within CD8* T cells has

been associated with the differentiation of naive CD8* T cells to memory cells in vivo[44].
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Materials and methods

Ethic statement

PBMCs from HIV-1-infected patients were obtained from the HIV unit of the Hospital Universitari
Vall d’Hebron in Barcelona, Spain. Written informed consent was provided by all of patients who
participated in this study, and the protocols used were approved by the Comité d’Etica
d’Investigacié Clinica (Institutional Review Board numbers 39-2016 and 196-2015) of the
Hospital Universitari Vall d’"Hebron, Barcelona, Spain. Samples were obtained only from adults
and were totally anonymous and untraceable. In addition, tonsil tissue was obtained from eight
children who were undergoing routine tonsillectomy from the Otolaryngology Department of
the Hospital Universitari Vall d’Hebron, Barcelona, Spain (Institutional Review Board number
PR(AG)116/2018). All participants gave written informed consent for their participation in these

studies.
Study samples

Samples from HIV-1-infected patients with CD4* T cell counts higher than 200 cells/mm? and
viral load <50 cop/ml for at least 2 years were recruited in the HIV unit of the Hospital
Universitari Vall d’Hebron in Barcelona (Spain) and were included in this study. Information on
plasma viral loads, CD4* T cell counts, and time on ART for treated patients is summarized in

Table S4.
Cells and virus

PBMCs were obtained from viral-suppressed HIV-infected patients by Ficoll-Paque density
gradient centrifugation. Isolated CD4'T cells were obtained by negative selection using the
MagniSort Human CD4* T Cell Enrichment kit (Invitrogen). The human latently infected cell line
J-Lat 10.6 were provided by Dr. Eric Verdin and J-Lat-TLR2 cells were generated in A. Bosque
laboratory, both contain a full-length HIV-1 genome with a frameshift in env that restricts the
insert from expressing env or nef. Both primary cells and cell line were grown in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS; Gibco) 100 U/ml penicillin, and 100

g/ml streptomycin (Capricorn Scientific) (R10) and maintained at 37°C in a 5% CO; incubator.

The plasmid encoding HIV-1 strain NL4.3 (pNL4.3) was obtained through the NIH AIDS Reagent
Program from Malcom Martin. Viral stocks were generated by transfection of 293T cells with

pNL4.3, and the resulting viral particles were titrated in TZMbl cells by enzyme luminescence
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assay (britelite plus kit; PerkinElmer) as described previously [45]. The viral stock of HIVg, was
obtained through virus expansion cultures by infecting PHA-stimulated normal donor peripheral

blood mononuclear cells (PBMC) with infectious culture supernatant[46].

A partial resection or total tonsils were obtained from paediatric donors following surgery. The
tonsillar tissue was placed in R20 (RPMI 1640 medium supplemented with 20% of FBS and
antibiotics) and processed immediately under aseptic conditions. Tonsils were then dissected
into ~8-mm?3 blocks after removing all the cauterized and blooded sections. Tissue blocks were
then mechanically digested by disrupting the tissue with a disposable pellet pestle (turning 20
times left and 20 times right). Once digested, the cellular suspension was filtered, using a 70 um

filter, and washed twice with PBS 1X.
HIV-latency model using primary CD4* T cells

PBMCs from healthy donors were thawed and CD4 T cells were isolated, as described above.
Cells were infected with HIV-1nu4.3 or HIV-1g, for 4 hours at 372C and 5% CO.. Cells were washed
twice with PBS 1X and cultured in R10 with IL-2 (10 U/ml) and IL-7 (0.1 nM). After 2 days of
infection, Raltegravir (1 uM), Darunavir (1 uM) and Nevirapine (1 uM) were added to the cell
culture to prevent new rounds of viral infection. Next day, cells were incubated with Q-VD-OPh
(quinolyl-valyl-O-methylaspartyl-[-2,6-difluorophenoxy]-methyl ketone, Selleckchem) (10 uM)
for 2 hours at 372C and 5% CO;, in R10 medium containing IL-2, IL-7 and antiretroviral drugs at
the indicated concentrations, and then latent viral infection was reactivated during 22h with LA
(100 pug/ml) or PMA and lonomycin (81 nM PMA; 1 uM lonomycin). For the quantification of the
viral protein p24, the following antibodies were used for cell surface and intracellular staining:
CD3 (PerCP, BD Biosciences), CD8 (APC, BD Biosciences) and p24 (PE, clone KC57 RD1; Beckman
Coulter). Cell viability was determined using a far red viability dye for flow cytometry (LIVE/DEAD
fixable Far Red Dead Cell Stain kit, Invitrogen). Samples were acquired in a BD FACS Calibur flow

cytometer and analyzed with FlowJo v10.6.1 software (TreeStar).
Viral reactivation in samples from suppressed ART-treated patients

For HIV-RNA quantification, CD4* T cells were isolated from PBMC samples from aviremic
patients. To prevent apoptosis of viral reactivated cells, CD4* T cells were incubated with Q-VD-
OPh for 2 hours before the addition of the stimulus. Then, LA (100 pg/ml), PMA (81 nM) and
lonomycin (1uM) or the vehicle (DMSO) were added to the culture during 22h. At least 5M of

CD4* T cells were used per condition. In order to prevent new rounds of viral infection after viral
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reactivation, cells were also treated with Raltegravir (LuM). Then, cells were washed twice with
PBS 1X and lysed with the specific buffer (NLR buffer, NZYTech) for RNA extraction and viral

guantification.

To determine the half maximal effective concentration (ECso) of LA at reactivate latent HIV, 4
serial dilutions were tested in CD4* T cells from 3 different ART-treated patients (100ug/ml,
50pg/ml, 25pg/ml and 12.5pg/ml). After 22h cells were washed and subjected to nucleic acid

extraction and HIV-RNA quantification.

Viral reactivation was also measured as the percentage of cells expressing p24 after drug
exposure. Isolated CD4* T cells were previously treated with Q-VD-OPh for 2 hours to prevent
cell apoptosis, followed by 22h incubation with LA, PMA/lonomycin or DMSO control. After, cells
were washed and stained with antibodies to identify CD4* T cells expressing the viral protein
p24. The following antibodies were used for cell surface and intracellular staining: CD3 (PerCP,
BD Biosciences), CD8 (APC, BD Biosciences) and p24 (PE, clone KC57 RD1; Beckman Coulter). Cell
viability was measured using a far red viability dye for flow cytometry (LIVE/DEAD fixable Far
Red Dead Cell Stain kit, Invitrogen). Fixed cells were finally acquired in a BD FACS Calibur flow

cytometer and analyzed with FlowJo v10.6.1 software (TreeStar).
Quantification of viral nucleic acids by qPCR.

At least 1 million cells were subjected to RNA extraction using the NZY Total RNA Isolation kit
(NZYTech). HIV-RNA was reverse transcribed with SuperScript Ill (Invitrogen) in accordance with
the instructions provided by the manufacturer, and cDNA was quantified by gPCR with primers
and probes against the HIV long terminal repeat (LTR forward 5'-TTAAGCCTCAATAAAGCTTGCC-
3" and LTR reverse 5'-GTTCGGGCGCCACTGCTAG-3’; LTR probe 5'-CCAGAGTCACACACCAGACGG
GCA-3’). Copies of HIV RNA were quantified using a standard, and values were normalized to
micrograms of RNA of the original sample. For HIV-DNA quantification, between 0.1-1 million
CD4* T cells were lysed with a proteinase K-containing lysis buffer (55°C over-night and 5 min at
95°C). Cell lysates were subjected to total HIV-DNA quantification using the same primers

described above. The gene for CCR5 was used for cell input normalization.
Cell activation in PBMCs and tonsils

To determine the ECso of LA at activating immune cells, PBMCS from HIV-infected individuals
and cells from tonsillar tissue from HIV negative donors were incubated with different

concentrations of LA (100, 80, 60, 40 and 20 pg/ml) for 22 hours. Cells were then washed and
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stained with surface antibodies to identify different subpopulations. The following antibodies
were used: CD3 (Pe Cy7, Biolegend), CD4 (AF700, BD Biosciences), CD8 (APC, BD Biosciences),
CD56 (FITC, BD Biosciences), CD69 (Pe-CF594, BD Biosciences), CD123 (BV786, BD Biosciences)
and HLA-DR (SB600, eBioscience). Cell viability was determined using a violet viability dye for
flow cytometry (LIVE/DEAD fixable Violet Dead Cell Stain kit, Invitrogen). Samples were run on
an LSR Fortessa four-laser flow cytometer (Becton Dickinson) and analyzed with FlowJo v10.6.1

software (TreeStar).
CD8" T cell cytotoxicity assay against viral reactivated cells

At least 100 million PBMCs from 9 suppressed ART-treated patients were used. 50 million cells
were used to isolate CD4* T cells (Magnisort Human CD4 T cell Enrichment kit, Invitrogen), and
50 million cells were set aside for CD8* T cell isolation (Magnisort Human CD8 T cell Enrichment
kit, Invitrogen). CD4* and CD8* T cells were incubated with Q-VD-OPh for 2 hours before the
addition of the stimulus to prevent cell apoptosis. CD8" T cells were incubated with LA
(100pug/ml) or DMSO control for 4 hours. Then, CD8* T were washed and co-cultured (ratio 2:1,
CDA4:CD8) with previously virally reactivated CD4* T cells using PMA (81nM)/lonomycin (1uM)
during 22h. Co-cultures were maintained for 20 hours and then cells expressing p24 were
assessed by flow cytometry using the following antibodies: CD3 (PerCP, BD Biosciences), CD8
(APC, BD Biosciences) and p24 (PE, clone KC57 RD1; Beckman Coulter). Cell viability was
determined using a far red viability dye for flow cytometry (LIVE/DEAD fixable Far Red Dead Cell
Stain kit, Invitrogen). Fixed cells were finally acquired in a BD FACS Calibur flow cytometer and

analyzed with FlowJo v10.6.1 software (TreeStar).
RNA FISH/flow assay of single cells expressing HIV-1 RNA transcripts after viral reactivation

PBMCs from 5 ART-treated HIV-infected patients were obtained by Ficoll Hypaque and CD4* T
cells were isolated by negative selection using magnetic beads (MagniSort Human CD4* T Cell
Enrichment; eBioscience). Prior to viral reactivation, cells were pre-incubated with the pan-
caspase inhibitor Q-VD-OPh for 2h. In order to block new rounds of viral infection during viral
reactivation, cells were treated with LRAs in the presence of Raltegravir (1uM) during 22h.
Afterwards, cells were subjected to the RNA FISH/flow protocol for the detection of HIV
transcripts following the manufacturer’s instructions (Human PrimeFlow RNA Assay;
eBioscience) with some modifications, as previously described[33]. Briefly, PBMCs were stained
with antibodies against cell surface markers and viability dye. Cells will be then fixed and

permeabilized. After an additional fixation step, cells will be ready for 3h of probes hybridization
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at 40+1°C with a high-sensitivity target-specific set of 50 probes spanning the whole Gag-Pol HIV
MRNA sequence (bases 1165 to 4402 of the HXB2 consensus genome). The cells will be then
subjected to different amplification steps (sequential 2h incubations at 40°C). Finally, multiple
label probes will be hybridized with the specific amplifiers (1 h at 40°C) and samples will be run

on an LSR Fortessa four-laser flow cytometer (Becton Dickinson).

In these experiments, to identify the different CD4" T cell subpopulations expressing HIV-1 RNA,
the following antibodies were used for cell surface staining: CD3 (AF700, Biolegend), CCR7 (Pe-
CF594, BD Biosciences), CD45R0 (BV605, Biolegend) and CD95 (Pe-Cy5, BD Biosciences). The
CD4* T cell subset phenotypes were identified as follows: Tna (CD3* CCR7* CD45R0O™ CD957); Tsem
(CD3* CCR7* CD45R0O" CD95%); Tem (CD3* CCR7* CDA5R0OY); Temytm (CD3* CCR7 CD45R0O*) and Trp
(CD3* CCR7" CD45R0O’). The surface marker CD32 (Pe-Cy7, Biolegend) was also included in the
analysis. The expression of HIV-1 RNA transcripts was analyzed with target-specific AF647-
labelled probes and cell viability was determined using a violet viability dye for flow cytometry
(LIVE/DEAD fixable Violet Dead Cell Stain kit, Invitrogen). All values of HIV-1 RNA were
normalized to the negative control (R10) corresponding to the non-reactivated cells from each

patient.
Metabolomic analysis

CD8* T cells from 5 viral-suppressed ART-treated individuals were isolated by negative selection
and were treated with LA (60ug/ml) for 22h. For metabolomics analysis, a protein precipitation
extraction was performed by 0.5 mL of methanol:water (8:2) containing internal standard
mixture (succinic acid-d4, myristic acid-d27, glicerol-13C3 and D-glucose13C6) to cell pellets and
homogenized with an ultrasonic probe (3 cycles, 20% amplitude, 10 sec/cycle) for 1 minute and
incubated at -202C for 30 min. Then, the samples were centrifuged at 15,000 rpm and
supernatant was evaporated to dryness before compound derivatization (metoximation and
silylation). The derivatized compounds were analysed by GCqTOF (model 7200 of Agilent, USA).
The chromatographic separation was based on Fiehn Method, using a J&W Scientific HP5-MS
(30 m x 0.25 mm i.d., 0.25 um film capillary column and helium as carrier gas using an oven
program from 60 to 3252C. lonization was done by electronic impact (El), with an electron
energy of 70eV and operated in full sScan mode. In addition of targeted compounds from central
carbon metabolism which were quantified using internal standard calibration curves, a
screening for the identification of more metabolites was performed by matching their EI mass

spectrum and retention time to metabolomic Fiehn library (from Agilent) which contains more
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than 1.400 metabolites. After putative identification of metabolites, these were semi-quantified

in terms of internal standard response ratio.
Proteomic analysis

Cell lysis and protein extraction from CD8* T cell pellets were performed according to RIPA buffer
protocol (Fisher Scientific). First, protein extraction was performed by adding 0.5 mL of RIPA
buffer and homogenized with an ultrasonic probe (3 cycles, 20% amplitude, 10 sec/cycle) for 1
minute. Afterwards, homogenised extracts were incubated under stirring for 15 min at 42C and
centrifuged at 14000 rpm, for 15 min. The supernatants were collected for protein precipitation
with the addition of 10% TCA/acetone. Then, protein pellets were resuspended in 6M urea/50
mM ammonium bicarbonate (ABC) for digestion. Then, 20 pg of total protein for CD8 cells
(quantified by Bradford’s method) were reduced with 4 mM 1.4-Dithiothreitol (DTT) for 1h at
37°C and alquilated with 8 mM iodoacetamide (IAA) for 30 min at 252C in the dark. Afterwards,
samples were digested overnight (pH 8.0, 372C) with sequencing-grade trypsin (Promega) at an
enzyme:protein ratio of 1:50. Peptides were desalted on Oasis HLB SPE column (Waters) and
labelled with TMT 11-plex reagents (Thermo Fisher) following the manufacturer’s instructions.
To normalize all samples in the study, a pool containing all of the samples was labeled with TMT-

126 tag and included in each TMT batch.

Multiplexed samples were on-line fractionated by High pH Reversed-Phase Peptide
Fractionation Kit (ThermoFisher) coupled to a C18 trap nano-column (100 um x 2 cm; 5 um,
Thermo Fisher) and a C-18 analytical nano-column (75 um x 15 cm; 3 um, Nikkyo Technos) on
an EASY-Il nanoLC chromatograph (Thermo Fisher) by a gradient a continuous water-acetonitrile
(0.1% formic acid) elution gradient at 300 nl/min. Mass spectrometry analyses were performed
on an LTQ-Orbitrap Velos Pro (Thermo Fisher) by acquiring an enhanced FT-resolution spectrum
(R=30,000 FHMW) followed by two data-dependent MS/MS scan events from the most intense
ten-parent ions with a charge state rejection of one and a dynamic exclusion of 0.5 min. Thus,
an HCD fragmentation (40% NCE) with FT-MS/MS acquisition (R=15,000 FHMW) was conducted
for peptide quantification. Protein identification/quantification was performed on Proteome
Discoverer software v.1.4.0.288 (Thermo Fisher) by Multidimensional Protein Identification
Technology (MudPIT). For protein identification, the MS and MS/MS spectra were analyzed
using Mascot search engine (v.2.5) with SwissProt_2016_07.fasta database, restricted for
human taxonomy and assuming trypsin digestion. Two missed cleavages and an error of 0.02 Da

for FT-MS/MS, 0.8 Da for IT-MS/MS and 10.0 ppm for a FT-MS spectra were allowed. The TMT-
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10plex was set as quantification modification, oxidation of methionine and acetylation of N-
termini were set as dynamic modifications, whereas carbamidomethylation of cysteine was set
as static modification. The false discovery rate (FDR) and protein probabilities were calculated

by Percolator.
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Discussion

Current antiretroviral drugs maintain the viral load under the limit of detection; however, the
interruption of the treatment results in an immediately rebound of the virus. Several strategies
are investigated as an additional treatment despite ART, aimed to reduce or eliminate the HIV
reservoirs. The “shock and kill” strategy is based on the reactivation of the latent virus using
drugs called latency reversal agents (LRAs), and the killing of those reactivated cells by the
cytopathic effects or the action of the immune system. Clinical trials using LRAs, however, have
not shown significant efficacy at reducing the size of viral reservoirs. The most accepted
hypotheses that would explain these results are that current LRAs do not induce viral
transcription in all infected cells, and that immune effector cells do not efficiently kill viral
reactivated cells. Concurring with the first statement, we have recently reported that LRAs do
not fully reactivate latent HIV present in all subpopulations of CD4* T cells that compose the
latent reservoir [34]. This is noteworthy because in order to reduce the viral reservoir and induce
prolonged remission (>20 years), new strategies will need to target at least 99.9% of all infected
cells [47]. Moreover, it has been shown that multiple rounds of LRAs are needed to increase the
pool of viral-reactivated cells [48]; but long-term exposure to current LRAs are not possible due
to their intrinsic toxicity. In addition, previous investigations have shown that LRAs might have
deleterious effects on the main effector immune cells: NK[49] and CD8* T cells[40, 41] showing
an imbalance between HIV-reactivation efficacy and cell toxicity. For instance, only the use of
LRAs in combination with therapeutic vaccines that stimulate CD8* T cell responses has showed
promising results in a clinical trial [50]. Thus, broader LRAs acting in most HIV infected cells and
with a low toxicity profile allowing its daily use, will significantly overcome this important
limitation. Thus, here we propose Lauric Acid (LA), a natural compound, as a novel latency

reversal agent.

In this study, we investigated for the first time the impact of LA on its ability to reactivate the
latent HIV reservoir and on its capacity to modulate cytotoxic CD8+ T cells responses. Using
several methodologies, we studied the reactivation of latent HIV from cellular reservoirs induced
by LA by the detection of HIV-1 RNA transcripts and the viral protein p24, and the effect of this
fatty acid on the function and metabolism of CD4* T cells and the cytotoxic CD8* T cell
population. We observed that in viral latency models, both in cell lines and in primary CD4* T
cells, LA was able to induce a notable reactivation of HIV at concentrations of 40ug/ml producing
also detectable levels of viral proteins. Of note, in vivo there are no evidence for toxic effects

of LA at dose levels equivalent to 9,000 mg LA/kg body weight[9]. When we focused on the cell
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primary latency model, the levels of p24 achieved by LA were comparable of those obtained
with the positive control PMA and lonomycin. It has been described that some LRAs, such as
Givinostat or Ingenol among others, can produce, in vitro, higher or similar p24 protein levels
than those induced by the positive control[51, 52]. This suggest that LA might be able to produce
higher levels of multiply spliced Tat-Rev HIV-1 transcripts instead of unspliced HIV-1, as has been
reported during TCR stimulation with anti-CD3/CD28 antibody-coated beads[53]. To further
elucidate the mechanism by which LA reactivates latent HIV, we first focused on its ability to
activate toll-like receptors (TLR). We used a modified clone of J-lat cells expressing TLR-2, since
it has been shown that LA could induce the activation of transcription factors such as NF-«kB
through the activation of TLR 2 and 4[54-56]. For instance, a study performed in primary CD4* T
cells from healthy donors, determined that memory CD4* T cells could express constitutively
TLR-2[57]. We observed that J-lat cells expressing TLR-2 were readily reactivable after exposure
to LA, however levels were lower than cells not expressing TLR-2, indicating that this TRL might
have a limited impact on viral reactivation. Furthermore, our results indicated that the
expression of HIV in the presence of LA was partially dependent on the downstream activation
of NF-kB, since its specific inhibition significantly reduced HIV reactivation. This result is in fully
agreement with the widely reported role of NF-kB on HIV reactivation[58-62]. Interestingly, we
observed in our lipidomic analysis that CD4* T cells treated with LA produced significant amounts
of Phosphatidylcholines. Arenzana-Seisdedos et al., showed that breakdown of
phosphatidylcholine induced functional activation of NF-kB and increased HIV transcription[36],
which is in fully agreement with the role of NF-kB in viral reactivation in the presence of LA
observed in Figure 1D. Thus, HIV might repurpose the composition of the lipid content of the
cells to enhance the production of new viral particles. Moreover, we observed upregulation of
Diacylglycerol, a product of Phosphatidylcholine hydrolysis, but also a metabolite directly
involved in the activation of PKC enzymes [37]. This is significant, since PKC agonists and their
analogs, are a well-recognized family of latency reversal agents and have been showed to
upregulate cell surface expression of CD69 in CD4'T cells, which is well-known to directly
correlate with PKC activity[32]. In this sense, several recent studies with PKC agonists have
demonstrated a direct correlation between CD69 expression and HIV-1 latency reversal in
vitro[63, 64], which is in agreement with our findings and suggests that LA might share a similar

mechanism of action than the traditional PKC agonists.

Besides, several other mechanisms might also be responsible of the LA action on the viral

reservoir; it may signal trough the mitochondrial antiviral signaling protein (MAVS), a
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downstream effector protein of RLRs RIG-I and MDA-5. As previously shown for Ingenol (PCK
agonist) and Acitretin[65, 66], LA may induce HIV-1 reactivation from latency by the chemical
generation of reactive oxygen species (ROS) that activates the anti-Oxidative Stress (AQOS)

response through a MAVS dependent mechanism.

We also showed that LA was able to induce a significant increase in HIV-transcription, mostly
supported by cells with effector/transitional memory phenotypes. This finding is in agreement
with our previous works in which we determined that effector subsets are the main source of
residual transcription in ART-treated patients and are the most susceptible subsets to viral
reactivation[33, 34]. Moreover, LA not only induced the transcription of HIV-RNA but also the
production of the viral protein p24 in samples from ART-treated patients. Of note, most of the
LRAs that have been currently tested in vitro are somehow efficient at stimulating viral
transcription, but they have showed moderate capacity to produce viral proteins[34, 67]. In this
regard LA accomplish the essential features of a potent LRA candidate because induces viral
transcription with the concomitant production of proteins, and without compromising the

viability of target cells.

Importantly, our flow cytometry expression assay and the metabolomic analysis showed that LA
did not induce a global activation of CD8* T cells, nor precluded their cytotoxic function. This
finding is relevant because it is well known that HIV-infected patients, including those virally-
suppressed by ART, present an altered CD8" T functional profile[68, 69]. During the acute
infection, cytotoxic CD8* T cells develop robust responses that led to control of viremia and to
the establishment of the viral set point. However, this viral control is partial and HIV-specific
CD8* T cells gradually lose cytotoxic potential and their capacity to proliferate and to produce
cytokines[70]. In addition, the inflammatory environment, the continuous antigen stimulation
and the persistent activation of these cells lead to the upregulation of inhibitory immune
checkpoint and the inevitable development of T cell exhaustion and immunosenescence[71].
Importantly, CD8* T cells treated with LA present a less activated profile and maintain their
capacity to kill viral-reactivated cells, measured by functional assays and by the expression of
genes related to effector functions. In contrast, other LRAs tested in clinical trials, such as
Vorinostat, Romidepsin and Panobinostat, have shown to compromise the cell viability and

impair the killing of infected cells by CD8* T cells in vitro[41].

It has been described that fatty acids and their metabolism play an important role in HIV

infection. A recent report from Kulkarni et al.[28], demonstrates that fatty acid synthase (FASN)
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is essential for the late steps of HIV viral replication, suggesting that the regulation of fatty acid
metabolism could be a key point to develop new antiretroviral strategies. Moreover, other study
from Angela et al.[27], suggested that the metabolism of fatty acid, including the regulation of
fatty acid biosynthesis and fatty acid uptake programs, is crucial to the full activation of CD4+ T
cells, an essential step for the reactivation of latent HIV. Several studies demonstrated the
implication of fatty acid metabolism in the T cell function, indicating that regulation of this
mechanisms may reveal strategies for manipulating immune responses towards therapeutic
outcomes[68, 72-75]. In this study, we observed that LA reprograms CD8* T cells to obtain
energy through the B-oxidation pathway. It has been well described that T cell function is
intimately linked to cellular metabolism[75]. A clear example of the implication of metabolism
on the activity of cytotoxic CD8" T cells is found in elite controller individuals. Several studies
demonstrate that these HIV-infected patients present different metabolic profiles of memory
CD8* T cells associated with control or progression of HIV-1 infection compared with ART-
treated patients[68, 72]. Tarancon-Diez determined that the spontaneous loss of control of HIV
infection observed in transient controllers was related with aerobic glycolytic metabolism,
deregulated mitochondrial function and increased immunological activation. In the same
line, Saez-Cirién observed that CD8"* T cells from EC had higher levels of fatty acid uptake and
relied on both glucose and fatty acid metabolism to respond efficiently to HIV-1 antigens,
despite CD8* T cells from non-controllers ART-treated patients had strict dependency on glucose
metabolism and limited capacity to control infection. Thus, our results are in line with the
hypothesis that reprograming CD8*T cells to rely on fatty acid metabolism might be a critical
step to promote an efficient cytotoxic response and to induce the clearance of the HIV

reactivated cells.

Interestingly, we also observed that LA treatment promoted the enhancement of the
proteasome activity. It has been previously described that an increase of the proteasomic
activity in CD8* T cells early during differentiation results in the acquisition of memory cell
characteristics, whereas reduction of proteasome activity confers attributes of terminal effector
lymphocytes[44]. Thus, cell energy metabolism may be pharmacologically manipulated during
animmune response to promote CD8* T memory to generate protective immunity. It is tempting
to speculate that in vivo administration of LA could induce the generation of memory cells after
viral gene expression and therefore might help to control viral persistence. Our work indicates
that compounds with the potential to regulate cell metabolism, like LA, hold promise as

immunotherapeutics and as modulators of CD8 T cell responses for in vivo therapies.

142



I1l. Resultats: TREBALL 3

In conclusion, this study highlights the ability of LA to reactivate HIV hidden in diverse cellular
reservoirs and preserves immune cytotoxicity, postulating as a new natural latency reversal
agent. The high availability of LA as a food additive, the reduced associated toxicity in vitro an in
vivo, the cost-efficacy and its effectiveness at reactivating latent HIV, makes LA a suitable

candidate to be tested in future clinical trials aimed to purge the viral reservoir.

143



I1l. Resultats: TREBALL 3
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Figure 3

A

PCA2 (23,12%)

Lauric Acid

PCA1(59,51%)
* kK 04_
0.31
<
©
® 0.2
o
[a
0.17
0.0-
S

CE 20:4

0.151

0.10

PC 28:0

0.05

0.00-

0.20

0.15 1

0.10 7

0.05 1

*okkk

0. 00— T T

LPC 20:0

0.0257

*k
0.020
0.015
0.010
0.005
0.000 — T T —
& N
b\
3
QD

146



: TREBALL 3

I1l. Resultats

Figure 4

NK

CD8T

4T

T T T T T 1
o o o =) =) =)
o ® © < ~
=

SII82 ¥N Ul 69d0 %
T T T T T 1
o o o o o o
=) @ © < «
-

S[182 1 8dDO U1 6943 %

@

T T T T
=3 =3 o o
@ © < «

1007

S[1I82 L ¥AD Ul 6940 %

-1.6 -1.3 -1.0

-1.9

-16 -1.3 -1.0

-1.9

-1.3 -1.0

-1.6

-1.9

log[Agonist], g/ml log[Agonist], g/m|

log[Agonist], g/ml

100 A

69d0 %

0Ty

0296-S9

V1oV

oTyd

0296-S9

V1oV

oTyd

0296-S9

V1oV

oTyd

0296-S9

V1oV

oty

0296-S9

V1oV

0Ty

0296-S9

V1oV

CcD8 NK B cells pDCs NKT

CD4

147



I1l. Resultats: TREBALL 3

Figure 5
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Figure S1
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Figure S2

A

1.4 0.0625 1.2 0.1
o) o~
@ 1.3 °
o T2 114
- (]
g 12 9 %)
o = ©
< 1.1 X5 1.07
- O
g © o
1.0 > =
e}
Q < 2 094
B ™ c
o 0.9 n
< a
-

Cell activation GO:

Immune system processes GO:
Vesicle mediated transport GO:
Leucocyte activation GO:

Secretion by cell GO:

positive regulation of response to stimulus GO:

regulation of cellular protein metabolic process GO:

regulation of protein metabolic process GO:

1.27 0.0625
—
@
= 1.1
© 2
v o
» n 1.0
o ©
(8] —_
E ()
£
O S 0.9 O\O
K]
08— —1—
o‘(\ \/v
6\
<
Q
0001775
0002376
0016192
0045321
0032940
0048584
0032268
0051246
T T T T T 1
0 2 4 6 8 10

-log,, (p-value)

150



Ill. Resultats: TREBALL 3

Figure Legend

Figure 1. HIV reactivation induced by Lauric acid in in vitro cell models. HIV reactivation was
measured as expression of GFP (cell line model) or p24 (primary cell model) after 22h in presence
of LA. (A) J-lat 10.6 cells were incubated with different concentrations of LA (20-100 pg/ml) for
22 hours, then GFP levels were quantified by flow cytometry. Background (considered as the
GFP levels in the basal condition) was subtracted in each condition. (B) In a HIV latency model
of primary cells, reactivation of HIV by LA was evaluated as the expression of the viral protein
p24. Cells were reactivated with 100ug/ml of LA or PMA and lonomycin, used as a positive
control, for 22h and the frequency of p24* cells was compared with the negative control (R10)
using a Mann-Whitney test. (C) J-lat 10.6 standard clone (in green) and a J-lat 10.6 clone
genetically engineered to express TLR-2 (in orange) were used to elucidate if TLR2 was
implicated in the signalling pathway. Pam2CSK4, a specific TLR1/2 agonist and PMA/lonomycin,
were used as positive controls, and GFP was measured in both cell lines after stimulation with
LA (20-100 pg/ml) for 22 hours. (D) J-lat 10.6 cells were stimulated with 60 pg/ml of LA (blue
bars) o not (black bars) in the presence of the NF-kB specific inhibitor Bay 11-7082 (1uM or
10uM) for 22h. Comparisons in B between R10 and reactivated conditions in terms of HIV-RNA
were performed using a Wilcoxon test. Comparisons in D between treated and untreated
conditions with the inhibitor were compared using a Mann-Withney test. *P<0,05, **P<0,001

and ****p<0,0001; ns no significant.

Figure 2. Lauric acid induces HIV reactivation in samples from HIV-suppressed individuals. CD4*
T cells were obtained by negative selection from blood samples of HIV-infected patients, and
HIV-RNA and p24 protein was evaluated after incubation with 100ug/ml of Lauric acid. (A) Cell
activation induced by different concentrations of LA (20-100ug/ml) was measured as expression
of CD69 marker in CD4* T cells, CD8" T cells and NK cells. (B) The half maximal effective
concentration (ECso) of LA was calculated in CD4* T cells from 3 suppressed HIV- infected patients
by extraction of HIV-RNA induced by 4 serial dilutions of the LA (from 100ug/ml to 12.5 ug/ml).
(C) HIV-RNA was quantified after viral reactivation with 100ug/ml of LA (n=15), the positive
control PMA (81nM) and lonomycin (1uM) (n=10) and the basal negative control (R10) (left) and
fold-change between basal condition and reactivated by LA was calculated (right). (D) RNA/FISH
flow protocol was performed in CD4* T cells from 5 patients and the percentage of HIV-RNA
expressing cells in different CD4* T cell subpopulations (Tem, Temstv, Tna, Tsem and Trp) was
calculated. (E) Intracellular detection of p24 viral protein was analysed by flow cytometry.

Representative gating for each condition is shown (left panel). (F) HIV-DNA in CD4* T cells was
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quantified after viral reactivation with LA (100ug/ml). ¥*P<0,05 **P<0,01 and ***P=0,001. Open
circles corresponded to values under the limit of detection. Comparisons between R10 and viral
reactivated conditions in terms of HIV-RNA were performed using a Wilcoxon test. Comparison
in D and E was performed using a one-side Wilcoxon test. For all experiment cells were incubated

with Q-VD-OPh for 2 hours before the addition of the fatty acid.

Figure 3. Lipidomic analysis of CD4* T cells from ART-treated suppressed HIV-infected patients
treated with Lauric acid. (A) Principal Component Analysis (PCA) showing the differential
expression of lipidic profile between the studied groups; treated with LA at 60ug/ml (blue, n=5)
and DMSO control (red, n=5). Box-plot graphs showing the levels of a representative
phophatidylcholines (PC, 28:0) (B) and representative Triglycerols (TG, 58:8), Diacylglycerols
(DG, 36:4), cholesteryl esters (CE, 20:4) and Lysophosphatidylcholines (LPC, 20:0) (C) in CD4* T
cells treated or not with 60ug/ml of LA.

Figure 4. Lauric acid promotes the activation of several immune cells present in lymphoid
tissue. Cells from paediatric tonsils were obtained through the mechanical digestion of small
pieces of tonsillar tissue. Isolated cells were then incubated with LA. (A) Cells obtained from
tonsils of 3 donors were incubated with different concentrations of LA (20-100 pg/ml) for 24
hours, and the expression of CD69 marker was then evaluated in CD4* T cells, CD8* T cells and
NK cells. The half maximal effective concentration (ECso) for each population is also shown. (B)
After digestion of fragment from 5 tonsils, cells were treated with Q-VD-OPh for at least 2 hours
and then incubated with 100ug/ml of LA or 3uM of the GS-9620 (positive control). After 22h,

cells were stained for the evaluation of the CD69 marker by flow cytometry.

Figure 5. Lauric acid does not impair the cytotoxic activity of CD8* T cells. Co-cultures of
reactivated CD4" T cells and CD8* T cells were performed to evaluate the impact of LA on the
killing of reactivated cells mediated by CD8* T cells. (A) Scheme of the experimental setting.
PBMCs from ART-treated patients were obtained by Ficoll-Hypaque gradient. CD4* and CD8* T
cells were isolated by negative selection and incubated with 10uM QVD-OPh for at least 2h. CD4*
T cells were incubated over-night with100pg/ml of LA and CD8* T were left in the incubator.
Next day, CD4* T were washed to eliminate LA of the supernatant and CD8* T were incubated
with 100ug/ml of LA during 4h and then co-cultured with CD4* T cells at a ratio 2:1 (CD4:CDS8).
After 22h cells were intracellularly stained for the viral p24 protein. (B) The quantification of p24
was performed as an indirect measure of the killing of reactivated cells mediated by CD8* T cells.
(C) Principal Component Analysis (PCA) showing the differential expression of the analyzed

metabolites between the studied groups; treated with LA at 60ug/ml (blue, n=5) and control
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(red, n=5). Box-plot graphs showing the levels of fumaric and citric acid (D), granzyme B and T-
bet (E) and Proteasome subunits (F) in CD8" T cells treated with 60ug/ml of LA. Comparisons
between conditions were performed using the non-parametric Wilcoxon test. *P<0,05 and

**P<0,01; and one-tailed non-parametric Wilcoxon test.

Figure S1. Impact of lauric acid in the viability of different cell types. Toxicity of serial diluted
concentrations of LA (from 20ug/ml to 100ug/ml) was evaluated in cell lines Jlat 10.6 and Jlat
10.6-TRL2 (A), in primary cells obtained from blood of suppressed ART-treated HIV-infected
individuals (B) and in cells obtained from tonsils of healthy donors (D). Both in panels B and C,
CD4* T, CD8* T and NK cells were evaluated. (C). Levels of mean fluorescence intensity (MFI) of
CD69 marker in CD4* T cell population trough different concentrations of LA (from 20ug/ml to
100ug/ml).

Figure S2. Metabolomic analysis of CD8"* T cells from ART-treated suppressed patients treated
with Lauric acid. Box-plot graphs showing the levels of acetyl-CoA thioesterase and hydrocyl Co-
A deshydrogenase (A), glucose-6-P (B) in CD8* T cells treated with 60pg/ml of LA. (C) Gene
Ontology Biological Processes of differentially expressed gene sets are shown in order of
significance as —logio (P value). Comparisons between conditions were performed using one-

tailed non-parametric Wilcoxon.
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SUPPLEMENTARY TABLES

Supplementary table 1. Differentially cellular lipid levels comparing CD4* T cells treated or no
with LA acid. Box-plot graphs showing the levels of a representative Phophatidylcholines (PC)
(A) and representative Triglycerols (TG), Diacylglycerols (DG), cholesteryl esters (CE) and
Lysophosphatidylcholines (LPC) (B) in CD4* T cells treated or not with 60ug/ml of LA.

Compound p FC (abs) Regulation
CE 20:4 1,51E-02 2,22 up
CE 22:6 4,94E-02 1,75 up
DG 36:4 4,73E-03 2,39 up
LPC 16:0 4,11E-02 2,41 up

LPC16:0e 1,50E-02 1,83 up

LPC16:1e 1,34E-02 1,67 up
LPC 18:0 5,23E-04 2,61 up
LPC 20:0 3,63E-03 3,60 up
PC 24:0 0,00E+00 16,00 up
PC 26:0 0,00E+00 16,00 up
PC 28:0 0,00E+00 16,00 up
PC 30:0 1,75E-04 2,96 up
PC32:2 6,85E-05 2,34 up
PC32:3 2,37E-03 2,43 up
PC34:2 1,05E-02 1,17 up
PC34:3 2,96E-02 2,11 up
PC34:4 8,21E-05 5,32 up
PC34:5 1,51E-02 1,67 up
PC35:1 4,38E-02 1,26 down
PC35:3 6,20E-03 1,82 up
PC35:4 4,75E-03 1,36 up
PC 36:3 1,18E-03 1,16 up
PC 36:5 1,99E-02 1,28 up
PC 36:6 1,54E-03 7,97 up
PC 38:6 7,29E-04 1,70 up
SM 43:2 1,37E-03 1,65 down
TG 42:0 1,91E-02 1,41 up
TG 44:0 2,22E-03 1,53 up
TG 44:1 1,09E-02 1,41 up
TG 46:1 1,12E-03 1,68 up
TG 46:2 1,40E-02 1,45 up
TG 48:1 5,60E-03 1,27 up
TG 48:2 3,28E-03 1,42 up
TG 48:3 2,99E-03 2,48 up
TG 50:1 3,91E-02 1,24 up
TG 50:2 1,84E-02 1,28 up
TG 50:3 1,36E-02 1,69 up
TG 50:4 4,65E-03 9,13 up
TG 52:3 3,31E-02 1,34 up
TG 52:4 1,02E-03 2,78 up
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TG 52:5
TG 52:6
TG 54:4
TG 54:5
TG 54:6
TG 56:5
TG 56:6
TG 56:7
TG 58:4
TG 58:8
TG 60:4

5,53E-04
1,81E-02
2,67E-02
1,24E-02
2,83E-03
1,03E-03
5,02E-04
2,64E-04
4,65E-02
5,46E-05
2,39E-02

7,38
7,23
1,79
2,29
7,29
5,74
7,57
8,13
1,46
11,19
1,31

up
up
up
up
up
up
up
up
up
up
up
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Supplementary table 2. Differentially cellular metabolite levels comparing CD8*T cells treated

or no with LA.

Compound p FC (abs) Regulation
Glycine (uUM) 1,23E-02 2,380 up
Fumaric acid (uM) 4,52E-02 1,098 up
Glutamine (uM) 1,07E-02 1,809 down
Aspartic acid (uM) 2,36E-02 1,923 down
Hypotaurine (ISTD) 3,49E-02 1,260 up

Citric acid (uM) 2,09E-02 1,475 up
myo-Inositol (ISTD) 7,15E-04 1,390 down
d-Sucrose (ISTD) 3,51E-02 1,577 down

Sum ADP, AMP, ATP (ISTD) 2,82E-02 1,255 down
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Supplementary table 3. Differentially cellular protein levels comparing CD8*T cells treated or

no with LA.

Compound

Voltage-dependent anion-selective channel
protein 1

Tropomyosin alpha-3 chain

Rho GDP-dissociation inhibitor 1

ATP synthase subunit d, mitochondrial
Tubulin alpha-1A chain

Myosin-9 OS=Homo sapiens

Calpain small subunit 1

X-ray repair cross-complementing protein 5
Actin-related protein 3

Talin-1

Protein disulfide-isomerase A3

Fermitin family homolog 3

X-ray repair cross-complementing protein 6
Moesin

Nucleosome assembly protein 1-like 4
Ras-related protein Rab-1A
Deoxynucleoside triphosphate
triphosphohydrolase SAMHD1

Neuroblast differentiation-associated protein
AHNAK

Endoplasmic reticulum chaperone BiP
Na(+)/H(+) exchange regulatory cofactor NHE-
RF1

Transforming protein RhoA

T-cell surface glycoprotein CD3 epsilon chain
60S acidic ribosomal protein P2
Tyrosine-protein phosphatase non-receptor
type 6

SUN domain-containing protein 2

Testin

F-actin-capping protein subunit alpha-2
40S ribosomal protein S5 (Fragment)

NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 5

Platelet basic protein

ATPS5MF-PTCD1 readthrough
Tyrosine-protein kinase ZAP-70
Actin-related protein 2

Proteasome subunit beta type-10

High mobility group protein B2

60S ribosomal protein L14

Swiss-Prot ID
P21796

AOAO87WWUS8
P52565
075947
Q71U36
P35579
P04632
P13010
P61158
Q9Y490
P30101
Q86UX7
P12956
P26038
Q99733
P62820
Q9Y373

Q09666

P11021
014745

P61586
E9PSHS8
P05387
P29350

Q9UH99
QoUGI8
P47755
MOROFO
AOA087X1G1

P02775
CoJT5

P43403
P61160
P40306
P26583
E7EPB3

p
3,00E-02

3,33E-02
8,28E-03
1,88E-02
2,93E-02
2,49E-02
7,57E-04
4,84E-02
2,24E-02
1,26E-02
1,48E-02
2,02E-04
2,28E-02
4,30E-02
1,36E-02
4,23E-02
4,00E-02

1,43E-02

1,90E-03
4,68E-02

3,30E-02
3,88E-02
2,69E-02
3,98E-02

1,64E-03
6,26E-03
3,47E-02
4,90E-02
5,67E-03

6,00E-03
1,13E-02
5,00E-02
4,44E-03
2,05E-02
3,26E-02
3,54E-02

FC (abs)
1,0354

1,0649
1,0744
1,0785
1,0943
1,0559
1,0913
1,0502
1,0531
1,0899
1,0517
1,1301
1,0452
1,0787
1,0510
1,0578
1,0277

1,0522

1,0721
1,0583

1,2410
1,0522
1,1289
1,0214

1,1278
1,0662
1,0854
1,0438
1,1116

1,2066
1,1428
1,0568
1,0733
1,0690
1,1073
1,0913

Regulation

up

up
down

up
down
down
down
down
down
down

up
down
down
down
down
down

down

down

up
down

down

down
up

down

down

down
up
up
up

down
down
down
down
up
down
down
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Cytochrome b-c1 complex subunit 1, P31930 3,31E-02 1,0407 up
mitochondrial

HLA class | histocompatibility antigen, A alpha AOA140T933 2,64E-02 1,2172 up
chain (Fragment)

26S proteasome regulatory subunit 6B P43686 2,34E-02 1,1165 up
40S ribosomal protein S13 P62277 7,14E-03 1,0463 down
Calpain-1 catalytic subunit P07384 1,96E-02 1,0725 down
Vinculin P18206 4,58E-02 1,0555 down
Small nuclear ribonucleoprotein Sm D3 P62318 3,73E-02 1,0473 down
Elongation factor 1-alpha 1 P68104 1,60E-03 1,0524 down
Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, MOR248 3,38E-03 1,4104 down
mitochondrial (Fragment)

Actin-related protein 2/3 complex subunit 5- Q9BPX5 4,21E-02 1,1088 up
like protein

Prelamin-A/C P02545 2,11E-02 1,0270 up
Tyrosine-protein kinase Lck P06239 1,27E-02 1,1392 down
Elongation factor 1-beta P24534 4,74E-02 1,0555 up
Platelet factor 4 P02776 2,06E-03 1,2518 down
Ferritin light chain P02792 7,07E-03 1,2455 down
Protein phosphatase 1 regulatory subunit 7 C9J177 2,96E-02 1,1240 down
(Fragment)

T-cell surface glycoprotein CD3 gamma chain P09693 6,96E-03 1,1810 down
Rab GDP dissociation inhibitor alpha P31150 2,74E-02 1,0597 down
Nuclear transport factor 2 P61970 1,76E-02 1,0909 down
Unconventional myosin-Ig BOI1T2 2,70E-02 1,0648 down
40S ribosomal protein S29 P62273 4,50E-02 1,1306 up
Coatomer subunit epsilon 014579 4,06E-02 1,0980 up
Syntaxin-binding protein 2 MOROM7 7,23E-03 1,1296 down
40S ribosomal protein S18 P62269 2,77E-03 1,2707 down
Erythrocyte band 7 integral membrane P27105 7,87E-03 1,1948 down
protein

Integrin alpha-Illb P08514 4,94E-04 1,1217 down
Caspase 1, apoptosis-related cysteine G3V169 3,72E-03 1,1464 down

peptidase (Interleukin 1, beta, convertase),
isoform CRA_c

Perforin-1 P14222 3,38E-03 1,1999 down
Clathrin heavy chain 1 Q00610 2,64E-02 1,0443 down
Golgi-associated plant pathogenesis-related Q9H4G4 4,93E-02 1,1105 down
protein 1]

Protein CDV3 homolog (Fragment) HOY8K3 4,97E-02 1,0395 down
CD44 antigen HOYD13 2,89E-02 1,1333 down
Crk-like protein P46109 4,87E-02 1,1034 down
Integrin beta-3 P05106 2,73E-03 1,1876 down
Biogenesis of lysosome-related organelles Q6QNY1 2,36E-02 1,2661 down
complex 1 subunit 2

ATP synthase-coupling factor 6, mitochondrial P18859 3,55E-02 1,0659 up
GIMAP1-GIMAPS readthrough AOA087WTJ2 1,09E-02 1,1488 down

158



Ill. Resultats: TREBALL 3

C-C motif chemokine 5

Transcription factor A, mitochondrial
Tetraspanin

Cytochrome b-c1 complex subunit 2,
mitochondrial

Replication protein A 70 kDa DNA-binding
subunit

Protein RCC2

Phostensin

Tropomodulin-3

ATPase inhibitor, mitochondrial

Fibrinogen gamma chain

Translation machinery-associated protein 7
Haloacid dehalogenase-like hydrolase
domain-containing protein 2

Acetyl-CoA acetyltransferase, mitochondrial
PC4 and SFRS1-interacting protein
5'(3')-deoxyribonucleotidase, cytosolic type
PEST proteolytic signal-containing nuclear
protein

CDA48 antigen

Electron transfer flavoprotein subunit beta
Protein FAM98B

Heterogeneous nuclear ribonucleoprotein U-
like protein 1 (Fragment)

Fibrinogen beta chain

Prefoldin subunit 4

ATP-dependent RNA helicase DDX3X
Protein arginine N-methyltransferase 1
Casein kinase Il subunit beta
Peptidyl-prolyl cis-trans isomerase G
(Fragment)

Thrombospondin-1

Proliferating cell nuclear antigen

Amyloid beta A4 precursor protein-binding
family B member 1-interacting protein
Drl-associated corepressor

Rho guanine nucleotide exchange factor 1
Integrin-linked protein kinase

Beta-parvin

Ubiquitin-like domain-containing CTD
phosphatase 1

Zinc finger Ran-binding domain-containing
protein 2

Ubiquitin-like-conjugating enzyme ATG3
Splicing factor U2AF 65 kDa subunit

Ran GTPase-activating protein 1

P13501
Q00059
AOA2R8Y478
H3BRG4

P27694

Q9oP258
Q6NYC8
QSNYL9
Qoul2
C9JEUS
Q9Y256
Q9HOR4

P24752

075475

J3KRC4
Q8wWw12

P09326
P38117
Q5200
MOR3F1

P02675
Q9NQP4
AOA2R8Y5G6
E9PKG1
P67870
CoJT64

P07996
P12004
Q7Z5R6

E9PQX9
Q92888
Q13418
AOA087WZB5
Q8WVY7

095218

F8WDIO

P26368
P46060

4,05E-04
9,34E-03
1,23E-02
9,37E-03

4,06E-03

1,19E-02
4,53E-02
2,69E-02
4,62E-02
3,68E-02
8,37E-03
4,03E-02

1,04E-02
4,62E-02
1,17E-02
3,96E-04

2,87E-02
2,40E-03
3,18E-02
7,74E-03

9,85E-03
2,47E-02
2,91E-02
4,98E-02
3,73E-02
1,77E-02

4,44E-02
2,39E-02
5,17E-03

1,15E-02
4,38E-02
4,92E-02
1,35E-02
2,92E-02

3,85E-02
3,22E-02

3,95E-02
1,04E-02

1,4533
1,0643
1,1233
1,0466

1,0651

1,0568
1,0685
1,0473
1,0611
1,1616
1,0763
1,0981

1,0423
1,0557
1,2491
1,0732

1,0817
1,0519
1,0710
1,0652

1,2135
1,1719
1,1071
1,1003
1,0955
1,2852

1,2083
1,1175
1,0470

1,1046
1,0283
1,1523
1,1482
1,1155

1,0350
1,1945

1,0731
1,0639

down
up

down

down

down

down

down
up
up

down

down

up

up
down

up

up

down
up
up

down

down
up
up

down

down
up

down

down
up

up
down
down
down

up
up
up
up

down
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Phosphoribosyl pyrophosphate synthase-
associated protein 2 (Fragment)

Eukaryotic translation initiation factor 3
subunit E

Eukaryotic translation initiation factor 4E type
2 (Fragment)

Succinate dehydrogenase [ubiquinone]
flavoprotein subunit, mitochondrial
Nucleolysin TIAR

NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex assembly factor 2

Antigen peptide transporter 2

RNA-binding protein FUS

Thioredoxin domain-containing protein 12
26S proteasome non-ATPase regulatory
subunit 4

Heat shock protein beta-1

Integrin beta-1

Hypoxia up-regulated protein 1
Muscleblind-like protein 1 (Fragment)
Cytosolic purine 5'-nucleotidase (Fragment)
Exportin-1

Echinoderm microtubule-associated protein-
like 4

Succinate--CoA ligase [ADP-forming] subunit
beta, mitochondrial

Gamma-glutamyl hydrolase
Calcium-regulated heat-stable protein 1
(Fragment)

Intercellular adhesion molecule 3
Aminopeptidase

F-BAR and double SH3 domains protein 1
Ribonuclease T2

Fibrinogen alpha chain

NADH-cytochrome b5 reductase 3
RNA-binding protein EWS

Cullin-3

Dermcidin

Platelet glycoprotein 4 0S=Homo sapiens
Dehydrogenase/reductase SDR family
member 7

TIP41-like protein

Clathrin interactor 1

Platelet endothelial cell adhesion molecule
Protein 4.1

Serine/threonine-protein kinase 38

Platelet glycoprotein VI (Fragment)

E7EPA1

P60228

C9JEL3

P31040

Q01085
Q8N183

X5CMH5
P35637
095881
P55036

P04792
P05556
AOA087X054
H7CATS
Q5JUVe
014980
Q9HC35

AOA2R8YDQS

Q92820
H3BTK3

P32942
E9PLK3
ES5RGB1
D6REQ6
P02671
P0O0387
AOAODSSFL3
Q13618
P81605
E9PLT1
Q9Y394

075663
Q14677
P16284
AOA2R8Y6D0
Q15208
K7EIW7

4,26E-02

6,50E-03

2,02E-02

1,22E-02

2,94E-02
1,57E-02

6,74E-03
4,57E-02
1,21E-02
4,20E-02

1,83E-02
1,83E-03
1,56E-02
7,48E-04
1,78E-02
2,71E-02
4,26E-02

1,73E-02

4,15E-02
3,41E-02

2,16E-02
4,15E-02
4,28E-03
3,21E-02
4,14E-02
1,30E-02
2,41E-02
4,36E-02
3,13E-02
1,98E-03
1,25E-02

4,10E-02
4,18E-02
2,31E-02
3,65E-02
2,94E-03
1,05E-02

1,5737

1,0551

1,1792

1,0625

1,0613
1,2791

1,1517
1,1139
1,1014
1,1864

1,2079
1,1280
1,1165
1,0593
1,1169
1,0650
1,0658

1,0712

1,1175
1,1121

1,1099
1,0535
1,3047
1,0793
1,2284
1,0864
1,0168
1,0709
1,2231
1,1218
1,1317

1,0418
1,0497
1,0733
1,0955
1,1527
1,1802

down

up

down

up

down
up

down

down
up
up

down

down
up
up
up
up

down

up

up
up

down
down
down
up
down
down
down
down
up
down

up

up
down
down
down
down
down
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Glutathione S-transferase Mu 2 ESPHN7 3,77E-02 1,1006 down
Vacuolar protein sorting-associated protein Q5TGMO 3,27E-02 1,1630 up
VTA1 homolog

Drebrin (Fragment) D6ROW4 5,26E-03 1,1344 down
Ras GTPase-activating protein 3 Ql4644 1,12E-02 1,1082 down
Src substrate cortactin Q14247 1,36E-03 1,1228 down
Signal transducer and activator of AOA2R8Y693 1,39E-02 1,1440 up
transcription 4

Leucine-rich repeat-containing protein 59 Q96AG4 3,26E-02 1,0817 up
OS=Homo sapiens

Glycoprotein |b (Platelet), alpha polypeptide AOA0C4DGZ8 = 4,10E-03 1,2297 down
Golgi apparatus protein 1 H3BM42 2,52E-04 1,3999 down
1-acyl-sn-glycerol-3-phosphate Q9NUQ2 4,66E-03 1,1389 down
acyltransferase epsilon

E3 ubiquitin-protein ligase RNF213 AOAOAOMTR7 = 1,78E-03 1,1259 down
Vesicle-associated membrane protein- Q9POLO 3,64E-02 1,0870 up
associated protein A

Tyrosine-protein phosphatase non-receptor P35236 1,99E-02 1,0935 down
type 7

T cell receptor alpha constant P01848 4,12E-03 1,0817 down
Transcriptional repressor CTCF AOA2R8Y595 4,28E-02 1,0762 down
Regulator of nonsense transcripts 1 Q92900 3,04E-02 1,1087 down
NADH dehydrogenase [ubiquinone] 1 beta 095169 2,88E-02 1,0846 up
subcomplex subunit 8, mitochondrial

Src kinase-associated phosphoprotein 2 075563 3,77E-02 1,0660 up
Reticulocalbin-1 Q15293 1,49E-02 1,1692 up
Protein NipSnap homolog 3A Q9UFNO 3,34E-02 1,2149 down
Deoxyribonuclease-2-alpha 000115 3,63E-03 1,1174 up
DNA repair protein XRCC1 (Fragment) M0QZ96 1,23E-02 1,1016 down
4F2 cell-surface antigen heavy chain F5GZS6 6,13E-03 1,1394 up
MOB kinase activator 1B Q7L914 1,77E-02 1,1078 down
Glucocorticoid modulatory element-binding Q9Y692 2,24E-02 1,1849 down
protein 1

Enolase-phosphatase E1 Q9UHY7 2,68E-02 1,2254 up
Opioid growth factor receptor 0S=Homo AOAOAOMRNS5  1,83E-02 1,0774 up
sapiens

Wilms tumor protein (Fragment) HOYED9 2,97E-04 1,0758 up
RalA-binding protein 1 Q15311 1,63E-02 1,4733 down
Leukocyte surface antigen CD53 P19397 6,46E-03 1,1423 down
Interferon-induced GTP-binding protein Mx2 P20592 2,75E-02 1,0563 down
Unconventional myosin-IXb (Fragment) MOR300 2,86E-02 1,2581 down
Anaphase-promoting complex subunit 7 Q9UJX3 3,72E-02 1,3975 up
Tripeptidyl-peptidase 2 A0A494C1B8 4,61E-02 1,0590 down
RNA 3'-terminal phosphate cyclase 000442 2,15E-02 1,1022 up
Zinc finger protein 76 (Fragment) E7EX64 9,29E-03 1,0942 up
PH and SEC7 domain-containing protein 4 Q8NDX1 3,94E-02 1,2212 up
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Pre-B-cell leukemia transcription factor- Q96AQ6
interacting protein 1

HMG box transcription factor BBX C9JA69
Disintegrin and metalloproteinase domain- 014672
containing protein 10

Serine/threonine-protein kinase D2 Q9BZL6
Dedicator of cytokinesis protein 10 Q96BY6
Vacuolar protein sorting-associated protein Q9H269
16 homolog

Myotubularin-related protein 5 095248
A-kinase anchor protein 13 (Fragment) AOA087WY36
Platelet-derived growth factor receptor beta P09619
Microtubule-actin cross-linking factor 1, Q9UPN3
isoforms 1/2/3/5

Myosin light chain kinase, smooth muscle Q15746
Utrophin P46939

3,61E-02

1,43E-02
4,96E-03

3,93E-02
1,96E-02
7,47E-03

4,27E-02
9,71E-03
3,06E-02
4,96E-02

2,16E-02
4,73E-02

1,2280

1,2777
1,1903

1,3745
1,1970
1,1139

1,2478
1,5144
1,0953
1,3563

1,2436
1,5335

up

down
down

down
down

up

down

down
up
up

down

down
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Supplementary table 4. Clinical data of patients included in the study.

Patient
ID

O 0o NOYULL A WN -

H DA D D DD DWW WWWWWWWWNDNDNDNNDNDNDNNDNRRRRRRRRR R
O U, WN P O OOONOULE WNPREPOOVOOWNOULRE WE O OOLWNOOU™SWNEO

Time since
HIV diagnosis
(months)
94
107
123
109
348
126
389
109
118
348
40
275
114
402
126
45
37
38
49
31
42
55
168
152
154
91
94
351
294
67
331
61
36
70
82
50
73
116
339
55
75
139
137
276
49

CDA4 Cell Count
(cells/pl)

1940
200
890
920
370
510
880
580
720
960
1,16
520
705
200
510
780
1,12
840
830
810
1150
970
540
770
1180
770
1940
420
250
650
930
1300
750
1100
1070
800
590
850
740
1310
940
500
1030
1200

%CD4

41,24
13
32,8
30,1
22,1
24,8
30,1
39,2
25
27,8
45,8
29,5
28,5
13,9
33,6
52
35,7
27,3
34,7
37,05

24
40,9
30
41,24
15,2
20
28
29,7
38,4
41,9
43,5
36,61
30
25
35,5
28,3
39

27
24
38,3
41

Viral Load
(copies/ml)

49
49
49
49
49
49
68
49
20
20
49
49
49
49
49
49
50
49
50
<20
<20
<20
<20
49
49
49
49
49
49
49
<20
49
20
49
49
49
49
49
49
49
49
49
49
49
49

Time on
HAART (<50)
(months)

65
31
37
89
87
66
77
94
11
73
36
78
88
85
40
27
33
34
42
22
37
45
54
55
76
88
65
64
45
58
71
37
29
47
63
43
64
65
79
53
65
130
119
61
47

HAART regimen

3TC,ABV, EFV
ATV, RTV, 3TC,ABV
BIC,FTC, TAF
3TC,ABV,DTG
COB,DRV
3TC,ABV,DTG
COB,DRV
ATV,COB,FTC,TDF
EFV,FTC,TDF
EFV,FTC,TDF
EFV,FTC,TDF
ETV,FTC,TAF
FTC,RPV,TDF
3TC,ABV,DTG
3TC,ABV,DTG
3TC,COB,DRV
FTC,RPV,TDF
COB,EGV,FTC, TDF
FTC,RPV,TDF
ABC/3TC+DTG
ABC/3TC+RPV
ABC/3TC+DTG
TDF/FTC+EVG/c
COB,FTC, TAF,EVG
FTC,RPV,TDF
3TC,ABV, RPV
3TC,ABV, EFV
MRV, COB,DRV
MRV,DRV,RTV,DTG
RPV,FTC,TDF
TDF/FTC/EFV
TDF+FTC+EVG/c
3TC,ABV,DTG
FTC,TDF, COB,DRV
3TC,ABV, EFV
TDF+FTC+EVG/c
RPV,FTC,TDF
BIC,FTC, TAF
TDF/FTC/EFV
RTG, FTC,TAF
RPV,FTC,TAF
RPV,FTC,TDF
TDF/FTC/EFV
COB,DRV,DTG
3TC,ABV,RPV
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Discussio

La ineficacia de les terapies antiretrovirals actuals per eliminar el VIH de I'organisme
posa de manifest la necessitat de desenvolupar noves estratégies terapéutiques amb
I'objectiu d’eliminar els reservoris virals. El desenvolupament de tals estratéegies
requereix d’'una major comprensié dels mecanismes de persisténcia viral, tant en els
reservoris anatomics com cel-lulars, aixi com coneixer quin és el fenotip d’aquelles
cel-lules en les que el virus pot romandre tot i la preséncia de terapia antiretroviral. La
posada a punt de la técnica del RNA/FISH flow ha facilitat, per una banda, I’estudi del
fenotip d’aquelles cél-lules que constitueixen el reservori transcripcionalment actiu i,
per I'altra, ha permés analitzar amb profunditat quin efecte tenen diversos LRA en les
diferents cél-lules que constitueixen el reservori del VIH.

La limitada capacitat dels LRAs que actualment han estat testats en assajos clinics posa
de relleu la urgent necessitat de crear noves molécules o trobar nous compostos que
tinguin una menor toxicitat cel-lular associada i que promoguin una disminucié del
reservori viral. En aquest punt es discutira I’Us de I’acid lauric com a candidat a agent
reversor de la laténcia.

1. RNA/FISH flow: una eina per a la identificacié del reservori transcripcionalment
actiu en pacients VIH*.

La preséncia de reservoris virals és la principal causa de que, a dia d’avui, encara no
existeix cap cura per a la infeccio del VIH. Per aquest motiu, I'estudi i caracteritzacié del
reservori del VIH té una importancia vital doncs discernir quines cél-lules actuen com a
reservori i quines son les seves caracteristiques diferencials permetra dissenyar
estratégies més dirigides a eliminar aquests reservoris.

Fins al moment diverses tecniques han tingut com a objectiu final establir una mesura
del reservori viral, ja sigui del reservori latent o transcripcionalment actiu. Pel que fa al
primer cas, la proporcié de cel-lules latentment infectades capaces de produir virus
competents és molt baixa. La técnica de referéncia que permet la mesura d’aquest tipus
de reservori, el qVOA, estima que la fraccié de cél-lules latentment infectades és d’una
cél-lula per cada milié de cél-lules T CD4+ en repos (“resting”) en individus que es troben
en terapia antiretroviral [326]. Val a dir que I'estudi d’aquest reservori latent és d’una
dificultat molt elevada degut a la baixa freqiiencia de cél-lules que el constitueixen i que
la técnica del gVOA és un metode car i laborids i que requereix d’un gran nimero de
cel-lules. Una aproximacid alternativa per a la mesura del reservori viral és la deteccié
dels acids nucleics per mitja de metodes basats en la PCR. La quantificacié de ’ADN viral
s’usa actualment en els assajos clinics com a marcador per determinar I'eficacia de la
terapia[327-329]. La quantificacié de I’ADN total correlaciona positivament amb la
guantificacid per qVOA i la quantificacié de I’ADN integrat[330, 331]. Aquest tipus de
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guantificacid s’ha usat per estudiar quines cél-lules constitueixen el reservori viral, entre
les que s’ha identificat les central memory, transitional memory, effector memory, stem
cell memory, i les cel-lules T CD4+ fol-liculars com els subsets que suporten la
persisténcia viral[89, 94, 99, 134]. Aquest métode de quantificacid de 'ADN basat en la
PCR com a eina per I'estudi de la composicio del reservori presenta certes limitacions
doncs requereix de l'aillament previ de les cel-lules d’interes el que dificulta la
identificacié de subpoblacions cel-lulars que tinguin una freqiiencia molt baixa en el total
de cel-lules infectades; i presenta la desavantatge de que gran part de I’ADN viral que es
detecta és defectiu de manera que mai arribara a generar particules virals replicatives,
proporcionant una mesura poc acurada de la mida del reservori competent.

Per fer front a les limitacions que presenten les técniques que s’han usat fins al moment
per mesurar i, sobretot, caracteritzar el reservori actiu, en la present tesi s’ha validat
una nova técnica anomenada RNA/FISH flow que permet la deteccid intracel-lular de
molecules d’ARN del VIH per citometria de flux gracies a la combinacié de la hibridacié
in situ per fluorescencia (FISH) i la tincid amb anticossos marcats amb diferents
fluorocroms. Un dels grans avantatges d’aquesta tecnica, respecte la quantificacio
basada en la PCR i el qVOA, és que permet analitzar cada cel-lula a nivell individual,
podent determinar la preséncia de molécules d’ARN en cél-lules amb diferents fenotips
de forma simultania.

Utilitzant aquesta nova técnica (Treball 1) que permet la mesura del reservori
transcripcionalment competent, es va caracteritzar les cel-lules que expressen ARN del
VIH en un context d’infeccié ex vivo en cél-lules mononuclears de sang periférica
(PBMCs), en cel-lules primaries de pacients infectats per VIH, tant tractats amb TAR com
no tractats, i en un context de reactivacié viral ex vivo en cél-lules T CD4*. Es va
determinar com les cells infectades ex vivo presentaven un augment en |’expressié tant
d’ARN viral com de proteina p24 sobretot en les subpoblacions de memoria (Tem i Tem)
gue es correlacionava amb la downregulacié de la molécula de superficie CD4. A més,
també es va avaluar amb aquesta técnica I’expressié de la molécula CD32, definida per
primer cop per Descours et al. com a marcador de cél-lules latentment infectades[332].
El nostre treball va determinar, per primera vegada, que I'augment de I'expressié de
CD32 estava associat amb I'augment de la infeccié productiva i es produia coetaniament
a 'augment d’expressio de la molecula d’activacié HLA-DR. Es va observar que aquelles
cél-lules que expressaven tant ARN viral com la proteina viral p24, tenien nivells més
elevats de CD32 que no pas aquelles que només expressaven ARN, posant de manifest
gue probablement aquest marcador estava associat més aviat al reservori
transcripcionalment actiu que al latent. Treballs posteriors, amb resultats en
consonancia amb els obtinguts en el treball 1, han demostrat que CD32 no és un
biomarcador valid per a la identificacié de la poblacié de cel-lules T CD4* latentment
infectades[74, 333, 334].
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Paral-lelament es va estudiar I'expressié d’ARN en cel-lules primaries obtingudes de
pacients infectats pel VIH. En aquest cas I'estudi s’iniciava amb una mostra d’uns 15
milions PBMCs de cada un dels pacients, on es combinava el marcatge de I’ARN
intracel-lular amb un marcatge de superficie que permetés identificar les diferents
subpoblacions. En el nostre estudi només vam ser capacos de detectar transcrits d’ARN
en la fracciéd CD4". Per una banda, aquest resultat esta en consonancia amb un treball
publicat per Yukl et al, [134], en que es determina que la major proporcié d’ARN viral en
pacients tractats es troba en aquesta fraccié de cel-lules CD4*, i amb el fet de que la
major acumulacié d’ARN unspliced es localitza en les cel-lules que no dowrengulen CD4,
i la sonda utilitzada en el present treball esta dissenyada per reconeixer la seqlieéncia
Gag-Pol del genoma consens HXB2. Per altra banda, la downregulacié de la molécula
CD4 esta més associada a la produccid de proteina viral i, en conseqiiéncia, a més mort
per efecte citopatic que en combinacié amb el protocol de la técnica que comporta
molts processos de rentat i dos dies d’experimental, podria explicar la limitacié de
detectar transcrits virals en aquesta fraccié CD4.

En el Treball 1 es va identificar quines eren les subpoblacions de cel-lules T CD4* que
suportaven la replicacidé viral en pacients VIH*. Tant en pacients amb carrega viral
detectable, com en aquells que estaven amb virémia suprimida per la TAR, es va
observar que la major part de la replicacid tant activa (viremics) com residual (avirémics)
estava suportada per les cel-lules de memoria amb un fenotip efector (Tem). En
consonancia amb aquests resultats, altres estudis han determinat que les Tem son les
gue suporten la transcripcio viral tant en sang periféerica con en mostres de ili i recte en
pacients tractats amb TAR[134]. En un treball publicat per Baxter et al.[335], on feien
servir la mateixa técnica pero per mesurar el reservori competent per a la traduccid, és
a dir, que quantificaven només aquelles cél-lules que expressaven simultaniament ARN
i p24, van identificar que en pacients viremics la major part de la replicacié era suportada
per cel-lules amb un fenotip Tcm/Ttm. Aquesta discrepancia amb el nostre estudi es
podria explicar per I'Us diferencial de marcadors de superficie en la identificacié de les
subpoblacions de cél-lules T CD4*. En el nostre cas es van fer servir els marcadors
CD45R0 i CCR7 per separar les subpoblacions (Tna, CCR7* CD45R0O"; Tcm, CCR7* CD45R0O%;
Tem, CCR7- CD45R0O*; Trp, CCR7- CD45R0O’); mentre que l'altre estudi va usar els
marcadors CD27 i CD45RA (Tna, CD45RA*CD27*; Tem, CD45RACD277; Tcem/Twm,
CD45RACD27*; Ttp, CDA5RA*CD277). En el nostre estudi les cél-lules amb un fenotip Ttm
guedaven incloses en la subpoblacié anomenada Tem, mentre que en el seu treball
guedava agrupada amb les Tcm. Aquesta diferéncia en la identificacié de les
subpoblacions i on queden agrupades les Trm, una poblacié que s’ha descrit que esta
enriquida en ADN viral[336], pot explicar la discrepancia entre ambdds estudis. Una altra
diferéncia és que en el seu estudi no poden avaluar Unicament la fraccié del reservori
transcripcionalment actiu, doncs el nivell elevat de background detectat en aquell canal
els impedeix la seva quantificacid[335, 337]. En el nostre treball, per tal de realitzar una
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guantificacié el més acurada possible, vam incloure en cada un dels batch experimentals
una mostra d’'un donant sa. Aquesta mostra marcava quin era el background en la
detecciéo d’ARN viral, que directament se sostreia de la senyal obtinguda en aquell
mateix canal en les mostres dels pacients. D’aquesta manera, obteniem un valor d’ARN
gue es trobava per sobre del background (al que vam anomenar Normalized HIV-RNA) i
gue podiem considerar real i, per tant valid.

La mesura de la transcripciéo d’ARN viral és una eina molt util per avaluar 'efecte dels
LRA en noves aproximacions terapeutiques. S’ha vist en diversos assajos clinics que els
LRAs no tenen cap efecte o aquest és molt modest en la reduccié del reservori viral el
gue podria fer pensar que els LRAs no tenen un impacte igualitari en totes les
subpoblacions. Aquest fet es discutira amb més profunditat en el seglient apartat doncs
esta intrinsecament lligat als resultats obtinguts en el Treball 2. En aquest primer treball
es va voler avaluar si amb la técnica del RNA/FISH flow es podia detectar la reactivacio
del virus es cél-lules T CD4"* front a una estimul exogen, en aquest cas Romidepsin i PMA
en combinacié amb lonomicina. Es va determinar que la mediana del reservori induible,
definit com cel-lules capaces d’expressar ARN i proteina p24 en resposta a un estimul
activador (PMA i lonomicina), era de 6 cél-lules per cada milié de cells T CD4*. Aquests
valors estan en consonancia amb els descrit per Baxter et al. on determinen una
reactivacio de 3.56 cél-lules per cada milié de cells T CD4*[335]. Cal destacar que aquests
valors estan per sobre de la freqliencia detectada per la técnica del gVOA pero aixo és
degut, probablement, a que no estem detectant exclusivament el reservori competent.
En el cas de Romidepsina es va detectar reactivacio i augment de transcrits virals en tots
els pacients pero només produccid de proteina p24 en un dels 5 pacients testats, posant
de manifest la variabilitat de resposta entre individus i la limitacié de certs compostos
per induir la produccié de particules virals.

Al comparar els valors quantitatius de reservori obtinguts per métodes convencionals
d’acids nucleics virals (qPCR), tant ADN com ARN, i el percentatge de cel-lules positives
mesurades mitjancant la técnica del RNA/FISH flow, es va observar una correlacio
positiva i significativa entre els dos métodes; tanmateix, el nou meétode va quantificar
valors unes 3 vegades, en el cas de I’ARN, i unes 2 vegades, en el cas de ’ADN, més
baixos que els nivells de molecules d’acids nucleics per milié de cél-lules T CD4*
qguantificades per gPCR. Aquestes diferencies podrien explicar-se perquée cada técnica
quantifica quelcom lleugerament diferent: el RNA/FISH flow permet la quantificacié de
cel-lules que expressen un nombre no quantificable de molécules d’ARN viral, mentre
gue els metodes convencionals quantifiquen molécules d’ARN totals i no permeten
coneixer quantes cel-lules son les que alberguen aquestes molecules d’acid nucleic.
Aqguest fet fa que la comparacio sigui esbiaixada, ja que la deteccié d’esdeveniments
positius mitjancant la técnica del RNA/FISH flow requereix, molt probablement, de la
presencia de diverses molecules d’ARN viral, tal i com s’ha observat a través de la
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microscopia. En aquest sentit, alguns estudis anteriors han demostrat que les cél-lules
infectades productivament pel VIH contenien al voltant de 300 copies d’ARN viral per
cel-lula[338, 339]. Una altre fet que podria explicar la diferéncia entre ambdds tecniques
és la menor sensibilitat del métode del RNA/FISH flow en comparacié amb els métodes
basats en la quantificacio per PCR.

Una de les limitacions de la técnica es que no permet la mesura del reservori viral
replicatiu competent, doncs el RNA/FISH flow només permet quantificar la freqliéncia
de cél-lules que expressen transcrits virals i, en el context de reactivacio, aquelles
cel-lules que poden transcriure I’ARN viral i generar proteines virals en front a un estimul
exogen. Recentment, s’"han descrit noves técniques basades en PCR, el IPDA[199] i el
Q4PCR[201], que permeten la discriminacid entre els virus defectius i aquells que sén
intactes i, per tant, susceptibles a produir virus competents. Aquestes tecniques, tot i
gue donen una informacié de gran importancia a I’"hora d’avaluar les caracteristiques
del reservori, al basar-se en el principi de la PCR, no permeten la identificacid fenotipica
de quines cel-lules contenen els virus intactes. L’Unica tecnica que a dia d’avui permet la
guantificacié del reservori competent és el gVOA i els seus derivats. Tant el gVOA com
el RNA/FISH flow tenen la limitacié que no poden detectar tots els provirus intactes, a
causa de la naturalesa estocastica de la reactivacié i dels estimuls utilitzats. A més,
mentre que el qVOA detecta virus competents en la replicacié (definits per la capacitat
del virus produit per establir una infeccido que es propaga in vitro), el RNA/FISH flow
detecta cél-lules que contenen virus capagos de produir ARN del VIH i proteina viral p24
(virus competents en transcripcié i traduccio viral). El fet de que no totes les cel-lules
gue transcriuen el virus i produeixen proteines virals generaran noves particules virals
infeccioses, fa que la mida del reservori competent quedi lleugerament sobreestimada.
En canvi, el qVOA tendeix a subestimar el reservori competent ja que el virus pot ser
alliberat, perd pot no establir una infeccié in vitro i seguir sent indetectable. Aquestes
diferéncies poden explicar la falta de correlacié observada entre aquests dos assajos i la
mida més gran del reservori induible quan es quantificada mitjancant la técnica del
RNA/FISH flow en comparacié amb el qVOA, resultats que en sintonia amb els obtinguts
per Baxter et al[335]. A més el qVOA requereix d’un elevat nombre de cél-lules de
partida i és un assaig molt costds i laboriés. En aquesta tessitura doncs, I'assaig del
RNA/FISH flow es postula com una técnica complementaria a les comentades en les
linies superiors per a la caracteritzacié del reservori actiu doncs és un metode rapid (2
dies), estandard (kit comercial) i requereix d’'un nimero relativament baix de cél-lules
(5-15x10° cel-lules); aixi com una técnica valida a per al screening i avaluacié de LRA en
les diferents poblacions cel-lulars.

En resum, la validacié d’aquesta técnica per a la deteccié de molecules d’ARN de VIH
permet la caracteritzacié de subpoblacions cel-lulars especifiques que suporten la
transcripcié viral en individus infectats per VIH-1 i ha identificat les Tem com el ninxol
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principal de transcripcid in vivo. A més, la identificacié del conegut com a reservori
transcripcionalment actiu proporciona informacié molt valuosa sobre quins sén els
compartiments cel-lulars i anatomics especifics responsables de la virémia residual i
sobre els mecanismes de patogénesis viral, la persisténcia del VIH i la reactivacié viral. A
la vegada, aquest nou métode es postula com una nova eina per a la avaluacidé de
I’eficacia dels LRA en les diferents subpoblacions de cél-lules T CD4+.

2. RNA/FISH flow: una eina per avaluar la capacitat dels agents reversors de la
laténcia (LRA) per reactivar el VIH.

Un dels principals reptes per aconseguir erradicar el VIH del cos és I’eliminacié del
reservori latentment infectat. L'estratégia de Shock and Kill té com a objectiu primer
reactivar el virus amb I’accié dels anomenats agents reversors de laténcia (LRAs) per, en
ultima instancia, fer que aquestes cél-lules que han reactivat el virus esdevinguin
susceptibles a la resposta immune o bé a la mort cel-lular per efecte citopatic[293, 325,
340]. Diverses molécules s’han postulat com a LRAs [307] i algunes han estat testades
en assajos clinics, on s’ha demostrat que produien un augment de ['activitat
transcripcional del virus perd que en cap cas han demostrat tenir un clar impacte en la
mida del reservori viral[296, 300, 301, 341, 342]. Aix0 pot suggerir que els LRAs
individualment potser no sén suficient potents per reactivar totes les cel-lules
latentment infectades o per induir nivells suficientment alts d’antigens virals per
promoure la mort d’aquestes cel-lules. Diversos estudis han mostrat com les
combinacions solen ser més eficients a I'hora de reactivar el virus que els LRAs
individualment, tant en linies cel-lulars com en cultius ex vivo de cel-lules de pacients
amb virémia suprimida per la terapia antiretroviral[304, 305, 343]. Per tal d’entendre i
coneixer quins son els efectes i les limitacions que presenten els LRAs, en el Treball 2
s’ha avaluat, usant la tecnica del RNA/FISH flow, la capacitat que tenen 3 families de
LRAs i les seves combinacions d’induir la reactivacié viral ex vivo en mostres de pacients
VIH* per tal d’identificar possibles sineérgies entre compostos i determinar la resposta de
cada subpoblacié de cells T CD4*a aquests LRAs. S’han testat compostos de 3 families
de reactivadors: agonistes de PKC (Ingenol i Bryostatin-1), HDACi (Romidepsin i
Panobinostat) i un inhibidor del bromodomini (JQ-1). Tot i que la técnica del RNA/FISH
flow no permet la quantificacié del reservori competent per la replicacié, si que permet
la deteccié de cel-lules amb capacitat de produir elongated ARN i en algun casos de
produir la proteina p24, després de |'estimulacié amb un LRA, podent detectar aixi el
reservori competent per a la transcripcié i la traduccid.

El primer pas va ser testar cada un dels farmacs en una linia cel-lular latentment
infectada (JIat 10.6) en la que la reactivacié es va mesurar com a nivells de GFP. Els
resultats mostren que al incubar amb un sol compost, Romidepsin van induir la maxima
reactivacio, seguit de Ingenol i Panobinostat i que al combinar aquests HDACi amb
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Ingenol els nivells de reactivacié augmentaven toti no que arribava a produir-se sinérgia.
En canvi la Bryostatin-1 no va resultar tenir cap efecte sobre la linia cel-lular testada tot
i que en estudis anteriors s’havia determinat la seva capacitat per reactivar el virus.
Aguest fet esta en consonancia amb un treball publicat per Spina et al., en que es
mostrava com diferents models cel-lulars podien tenir respostes molt diverses front al
mateix estimul[344].

Els resultats obtinguts en cel-lules T CD4+ aillades en fresc mostren que, a nivell
individual, Ingenol i Romidepsin indueixen la major freqliencia de cells HIV-RNA* (de la
mateixa manera que s’ha vist en la linia cel-lular) i que la combinacié de Romidepsin i
Ingenol és la més efectiva doncs es capag de promoure la transcripcié del VIH en totes
les mostres testades en freqliencies per sobre del control positiu, PMA i lonomycin. Jiang
et al. [345], mostra com Ingenol és capag de reactivar el virus a nivells per sobre de
Vorinostat i PMA; resultats molt similars als obtinguts per Pandelo et al.[346] i Pardons
et al.[347]. Cal destacar que tots tres estudis s’han realitzat usant cel-lules primaries de
pacients i que els resultats obtinguts estan en consonancia amb els nostres. En la
mateixa linia, Wei et al.[299] i Mann et al.[348], demostren com Romidepsin indueix un
augment de la transcripcio del VIH per sobre de Vorinostat i Panobinostat,
respectivament. Contrariament al treball publicat per Bullen et al.[349], on mostraven
la major capacitat de Bryostatin-1 per induir la transcripcié viral en comparacié amb
altres HDACI, en el nostre cas Bryostatin-1 va promoure una modesta reactivacio. Cal
destacar pero, que en aquest estudi els autors quantificaven la reactivacié per qPCR i
aquest fet podria justificar les discrepancies obtingudes, doncs podria ser que el
Bryostatin-1 promogués una reactivacié que tingués impacte en un nombre limitat de
cél-lules, que seria el que nosaltres estariem detectant amb el RNA/FISH flow. El mateix
estudi de Jiang et al., comentat en linies superiors, també descriu un efecte sinergic al
combinar l'inhibidor del bromodomini JQ1 i Ingenol, en canvi en el nostre estudi hem
observat un efecte inhibitori en el 56% del casos. A més mostra uns nivells de reactivacid
similar al estudiar Ingenol i JQ1, mentre que en el nostre estudi JQ1 només va promoure
la transcripcid viral en poc més del 50% dels pacients analitzats mentre Ingenol ho va fer
en tots els casos. Aquestes discrepancies entre els estudi podrien explicar-se per la
utilitzacié de diferents molecules d’Ingenol en els assajos de reactivacid, els diferents
meétodes o tecnologies usats per quantificar la reactivacié viral i, finalment, les
discrepancies observades quan s’avalua la reactivacié en linies cel-lulars o en models de
cel-lules primaries.

A continuacid, es va calcular la proporcié del reservori que era reactivable, és a dir, quina
proporcié de les cel-lules que contenien ADN viral eren capaces de produir transcrits
viral en resposta al LRAs més potent per a cada cas. Es va veure que, expressat com a
mitjana, que el 16.28% de les cel-lules infectades es reactiven en resposta al estimul. Es
va observar que la resposta als LRAs és diferent en cada pacient doncs la proporcié de
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reactivacio era variable i comprenia un rang d’entre el 3 i el 31%. Tot aix0 es va
identificar la combinacié de Romidepsin i Ingenol com la responsable de promoure
major reactivacioé en la majoria de pacients. Aquest resultat concorda amb el treball
presentat per Battivelli et al.[350], en el que conclouen que els LRAs reactiven un 5% de
totes les cel-lules latentment infectades; de la mateixa manera, Cillo et al.[351], i Banga
et al.[352] confirmen aquests resultats. L'estudi de Banga et al. determina que només
una petita fraccié de les cél-lules que es reactiven (al voltant del 2,6%), son capaces de
produir virions; mentre que Cillo et al. descriuen que un 7,5% de les cel-lules produeixen
ARN unspliced perd només un 1,5% d’aquestes produeix noves particules virals. Aquest
percentatge de reactivacid tant baix podria explicar-se per I’elevada quantitat de virus
defectius que alberguen les cél-lules infectades i que en canvi no sén detectats pels
metodes de quantificacié per PCR convencional (a excepcié del IPDA i el Q4PCR). Aixi
doncs, els individus tractats en fase cronica presenten al voltant d’un 90-98% de virus
defectius, deixant només un percentatge molt baix de virus que seran susceptibles a
produir transcrits d’ARN sencers[162, 210, 336]. A més, el fet de que entre el 60-80%
dels virus presentin delecions en la regié gag-pol[199], fa que la nostra técnica no els
pugui detectar, doncs la sonda esta dissenyada per hibridar en aquesta regid.
Recentment, alguns estudis han descrit que alguns provirus defectius, tot i no generar
particules virals infeccioses, també tenen la capacitat de expressar ARN viral i produir
proteines virals que poden ser detectats pel assajos de quantificacié habituals[350, 353,
354]. A més s’especula que aquests virus defectius podrien generar algunes formes
virus-like particles (VLP) que podrien promoure respostes immunitaries i proporcionar
un mecanisme de activacié immunitaria persistent, presenten aixi un obstacle més per
a I'erradicacio del VIH.

A continuacié vam avaluar I’efecte dels diferents LRAs en cada una de les subpoblacions
de cél-lules T CD4+. Es considera necessari posar de relleu la importancia d’aquest estudi
ja que sobrepassa la limitacié del nombre de cél-lules a I’hora de determinar el reservori
transcripcionalment actiu que presentaven els treballs realitzats fins al moment[355].
D’aquesta manera la técnica del RNA/FISH flow permet la simultania deteccié de
transcrits virals i proteina viral p24 sense la necessitat d’aillar préviament les poblacions
d’interes. A trets generals, s’ha observat com els LRAs tenen un impacte diferent en
funcié de la subpoblacié d’estudi. Aixi doncs, es va veure com Romidepsin reactivava
totes les subpoblacions de memoria (Tcwm, Trm i Tem), mentre que Panobinostat era capag
de reactivar amb exit les Tcm. S’ha demostrat que aquests dos compostos difereixen en
la seva capacitat d’inhibir I’activitat cel-lular del les HDAC, de manera que les diferéncies
en la proporciéo HDAC de classe | o Il aixi com en els nivell d’acetilacié de les histones
induit pels LRA entre subpoblacions podria estar relacionada amb la capacitat de
reactivacid associada a cada compost[299, 347]. Paral-lelament, es va observar un
reactivacid molt baixa i limitada a algunes subpoblacions per part JQ1 i Bryostatin;
mentre que Ingenol va resultar ser molt eficient reactivant Tna, Tscm, Tem | Trm perd no
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tant Tem on només va detectar reactivacié en el 45% dels pacients. En relacié a aquests
resultats, un parell d’estudis recents del grup del Dr. Nicolas Chomont han descrit que
la major part de cel-lules que inicien la transcripcié en resposta a Ingenol tenen un
fenotip Tem, Ttv i Tem[335, 347]. Pel que fa a les cél-lules amb un fenotip naive (Tna),
aquestes no se solen tenir molt en compte, en gran part dels estudis de reservori
realitzats fins al moment, doncs contribueixen minimament al pool de ceél-lules
infectades i presenten una activitat transcripcional més baixa que les subpoblacions de
memoria[356]. No obstant, en el nostre treball hem observat com aquestes cél-lules
tenen la capacitat de respondre a una gran varietat d’estimuls tot i que els nivells de
reactivacio induit sigui baix en comparacié amb altres subpoblacions. En concordanca
amb aquest resultat, Zerbato et al. [357] i Venanzi et al.[358], han descrit a la Tna com a
reservori important de virus competents tant per la transcripcié com per a la replicacio.
Un altra subpoblacid d’interés per la seva llarga vida i la seva implicacié com a reservori
viral es la constituida per les Tscm. Aquestes cel-lules han demostrat ser molt reticents a
la reactivacié per part de la majoria de LRAs testats, només la combinacié de
Panobinostat i Bryostatin-1 i, en menor mesura, Ingenol han demostrat promoure un
augment de la transcripcio viral en aquesta poblacio.

Pel que fa a les combinacions de LRAs es va veure que la Romidepsin i Ingenol era la més
potent, sent capag¢ de induir una freqliencia de cel-lules positives per a la transcripcio
viral per sobre del control positiu, PMA i lonomicina, i els nivells de proteina viral p24
més elevats, en el cas de cel-lules T CD4+. Aquesta combinacio ha estat plantejada per
primer cop en aquest treball i, posteriorment ratificada per Pardons et al.[347]. Aquest
efecte sinérgic entre ambdds compostos podria explicar-se per mecanismes d’actuacio
diferents doncs s’ha vist que la combinacié d’aquests LRAs no promou un augment en
el nombre de molecules d’ARN, doncs la MFI (de I'anglés Mean Fluoresce Intensity) no
augmenta, sind que té impacte sobre un nombre de cél-lules més elevat que sén capaces
de transcriure ARN viral. Complementariament, la combinacié de Romidepsin i Ingenol
va demostrar tenir un efecte sinergic a nivell de Tcw, Tem | Trv, en termes de transcripcid
viral, i la capacitat d’induir un augment en la produccioé de proteina en les Tcm que no va
ser observat en la resta de subpoblacions.

Pel que fa a I’avaluacid de les sinérgies entre compostos es va observar un clar efecte
antagonista quan es combinava Panobinostat amb Ingenol (efecte observat en el 89%
del pacients en la poblacié de cél-lules T CD4*). Aquest efecte també es va observar en
un estudi presentat per Larragoite et al.[359], on demostraven que la combinacié
d’aquests dos compostos, en un model ex vivo de cél-lules resting T CD4* de pacients
aviremics, inhibia la reactivacié del VIH. Els autors suggereixen que Panobinostat
promou la inhibicié de la chaperone heat shock protein 90 (Hsp90), que esta directament
implicada en la reactivacio induida per Ingenol, i que pot reduir I'activacié de la via de
NF-kB induida per l'agonista de PKC. Aquesta interaccié podria explicar 'efecte
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antagonic observat al combinar aquests dos compostos. Contrariament, altres estudis
han demostrat que aquesta combinacid tenia un efecte sumatori al combinar-los, tant
el linies cel-lulars com en cel-lules primaries [347]. Aquests resultats contradictoris
podrien ser resultats de diferéncies en la cinética d’exposicio dels LRAs, diferéncies en
les concentracions usades en els diferents estudis, aixi com diferéncies en els pacients
dels que s’ha obtingut la mostra.

També es va avaluar la expressiéo de dos marcadors de cel-lules transcripcionalment
actives, com son la molécula CD32 [74, 219] i el, recentment caracteritzat pel nostre
grup, CD20 (data not shown)[75]. Es va veure que les cel-lules que expressaven transcrits
virals (VIH-ARN*) tenien nivells més elevats d’aquest dos marcadors, comparat amb la
fraccio de cel-lules VIH-ARN".

Cal destacar que una de les limitacions del present estudi és la incapacitat de detectar
cel-lules positives per a |‘expressié de p24 en la gran majoria de subpoblacions. Tot i que
en la poblacio total de cel-lules T CD4* si que ha estat possible I'estudi i els resultats
estan en la mateixa linia que els obtinguts per Baxter et al.[335], i Pardons, et al.[347],
a nivell de subpoblacions només ha estat possible analitzar la produccio de p24 en la
subpoblacié de cel-lules Tcm. Aquest resultat es podria explicar pel baix recompte
absolut de cél-lules VIH-ARN* observat en subpoblacions amb freqliencies més baixes.

En els ultims temps, I'avaluacid dels provirus que contenen genomes competents per la
replicacid ha generat un gran interes. Un estudi publicat al 2017 per Hiener et al.[336],
va determinar que els virus intactes es distribueixen de forma desigual en les diferents
subpoblacions de cél-lules T CD4*, sent les Tem i les Trv les que contindrien els nivells
més elevats, seguides de les Tna i les Tcm. Alternativament, la técnica del QVOA suggereix
que son les Tem les que alberguen la major fraccié dels virus competents per la
replicacio[360]. Aquest fet explicaria en part la diferent resposta als LRAs en cada un de
les subpoblacions estudiades en el nostre treball i concordaria amb el fet de que les
cél-lules que més virus intactes tenen, major freqliiéncia de cel-lules que estan
transcrivint el virus podem detectar. Contrariament, en un estudi publicat recentment
pel grup del Dr. Robert Siliciano, impulsors de la técnica del IPDA, han determinat que
les diferents subpoblacions de memoria presenten una inducibilitat dels provirus
similar. Determinen que la proporcié de genomes intactes es similar entre les 3
poblacions de memoria (Tem, Ttm i Tem) i que no varia després de diverses rondes
d’estimulacié. Val a dir que aquest estudi només té en compte les cel-lules resting que
han estat préviament sortejades, excloent especificament del analisi les cells activades
in vivo i aquelles que expressen el marcador CD25, sent aquestes cél-lules les
constitueixen el reservori transcripcionalment actiu, focus del nostre estudi.

La diversitat en la resposta en les diferents subpoblacions als diferents LRAs podria
explicar-se, en part, per la expressio diferencial de certes molécules o factors que estan
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implicats en la laténcia i la reactivacié com pot ser I'acetilacié de les histones H3/H4, els
nivells de pNF-kB i pCDK9 o I’expressio de certs miARNs com miR125b i miR155[347]. Un
altre fet a tenir en compte és que els compartiments cel-lulars que actuen com a
reservori del VIH presenten diferent capacitat proliferativa, homing potential, i perfils
de produccié de citoquines[356, 361, 362]. Un estudi preliminar publicat recentment
per Kazmierrski et al.[363], en el que s’avaluen els canvis produits en resposta a dos LRAs
a nivell de transcriptomica i de modulacid de la expressié de gens cel-lulars implicats en
la immunitat innata de cada cel-lula, mostra que gran part d’aquest canvis sén
dependents de subpoblacié. Paral-lelament, també s’ha vit que les subpoblacions de
memoria més diferenciades Ttv i Tem presenten menys restriccid transcripcional i una
major resposta proliferativa davant de certs estimuls[364]. També es important tenir en
compte la inducibilitat relativa, és a dir, la capacitat dels gens virals d’un provirus intacte
per transcriure’s en resposta a un estimul donant lloc a virions replicatius, i la distribucié
dels provirus intactes en cada subpoblacié. Aixi doncs, els gens implicats en |'activacié
de cel-lules T, migracid i regulacid de I’activitat transcripcional es troben més expressats
en les cél-lules T CD4* de memoria que no pas en la naive[364].

En conclusid, la manca de compostos que promoguin una reactivacié amplia i que tingui
efecte sobre totes les subpoblacions, especialment les que son de vida llarga, qliestiona
indirectament I'efecte que aquests LRAs poden tenir in vivo a llarg termini. Aixi, els
resultats obtinguts en aquest treball poden ajudar a entendre el fracas dels LRAs, que
actualment estan en el mercat per al tractament d’altres malalties, i posa de manifest la
importancia de considerar el reservori del VIH com a grups heterogenis de cél-lules
latentment infectades que responen de manera diferent als LRA. A més, es proporciona
una nova eina que pot ajudar en la identificacié i validacié de nous compostos
reactivadors i es proposa I'Us de combinacions de LRAs amb diferents mecanisme
d’accié que tinguin un impacte més ampli i potent en les diferents subpoblacions que
constitueixen el reservori viral. Superar totes aquestes limitacions i aprofundir en la
caracteritzacio del reservori ens apropa una mica més a assolir I’objectiu d’eliminar la
persistencia viral.

3. Acid lauric, un acid gras natural, com a nou agent reversor de la laténcia.

Com ja s’ha comentat en l'apartat anterior, una de les limitacions que presenta
I’estratégia de Shock and Kill és que els compostos que actualment s’han testat, tant in
vitro com in vivo, presenten una toxicitat cel-lular associada elevada, una afectacié
negativa de I'activitat de les cel-lules citotoxiques, tals com CD8" i NK, i una limitada
capacitat per reactivar el virus i disminuir el reservori viral. Tot aquest fets denoten la
importancia de trobar nous compostos que superin totes aquestes limitacions. En la
present tesi doctoral s’ha proposat, per primera vegada, I’ts de I’acid lauric com a agent
reversor de la laténcia del VIH iimmunomodulador de la resposta citotoxica. L'acid lauric
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és un acid gras constituit per una cadena de 12 atoms de carbonis que es pot trobar de
forma natural en diversos productes tals com I'oli d’origen animal i vegetal aixi com Ia
llet materna[365-367]. A més, se li han atribuit importants capacitats antibacterianes,
front a bacteries gram positives, i antivirals, front el virus del herpes simplex o el de
I’estomatitis vesicular, entre d’altres, fet que marca un precedent per ser avaluat com
compost amb capacitat de potenciar la resposta immunitaria front el virus del VIH[368,
369]. Cal destacar també que I'acid lauric presenta certs beneficis en termes de salut,
relacionats amb el sistema cardiovascular[370-372], la pérdua de pes[373], la
diabetis[374] i la malaltia de I’Alzheimer[375, 376]. Probablement aquest efecte
beneficids de I'acid lauric esta vinculat amb la seva capacitat de reduir el teixit adipds i
promoure un perfil de lipids més favorable definit per un increment de les lipoproteines
d’alta densitat (HDL) [377, 378]. A més, un altre tret distintiu de I'acid lauric és que el
seu Us esta aprovat per les autoritats europees com a suplement alimentari i que s’ha
vist que in vivo no presenta toxicitat a nivells equivalents a 9,000 mg per kg de pes[379].

En aquest tercer treball, s’ha avaluat la capacitat de I'acid lauric reactivar el VIH
mitjancant I'Us de diverses tecnologies (detecci6 d’ARN per gPCR, la técnica del
RNA/FISH flow, analisis metabolomics) i models (linies cel-lulars, models de laténcia i
cel-lues primaries). En el context de models de laténcia, tant en les linies cel-lulars (J-lat)
com el model amb cél-lules primaries, es va observar un increment de la reactivacio al
tractar les cel-lules amb acid lauric. A més, en el model de laténcia de cel-lules primaries,
I’acid gras va ser capa¢ de promoure una produccido de proteina viral p24 a nivells
comprables als del control positiu, PMA i lonomicina. Hi ha altres compostos, com
I'Ingenol o el Givinostat que han demostrat promoure un nivell de produccié de proteina
similar o més alt que el control positiu[347, 352]. Aquest fet podria suggerir que I'acid
lauric estaria promovent la transcripcio de formes de I'’ARN multispliced que es
consideren més properes a la formacié de proteina, que no pas les formes unspliced.

Per tal d’elucidar quin mecanisme podria estar implicat en la reactivacid viral induida
per I'acid lauric, es va estudiar, primer de tot, si es produia per accié dels anomenats
Toll-like Receptors (TLR). Es va usar la una linia cel-lular (J-lat) modificada per a expressar
el receptor TLR-2 ja que en la literatura s’ha descrit que I’acid lauric és capa¢ d’induir
I"activacié d’alguns factors de transcripcié, com NF-kB, a través del TLR-2 i TLR-4[380-
382] i a més les cél-lules T CD4* de memoria I’expressen de manera constitutiva[383].
No obstant, en la nostra linia cel-lular modificada, tot i que es va observar un augment
de la reactivacio, aquesta va ser més modesta que |'observada en la linia cel-lular wild
type, suggerint una limitada capacitat de reactivacié per via TLR-2. Paral-lelament, altres
resultats obtinguts en la linia cel-lular van demostrar que la reactivacié del VIH depenia
parcialment de I'activacié del factor NF-kB, doncs la seva inhibicié disminuia de forma
clara la reactivacid viral. En els analisis de lipidomica realitzats en cél-lules T CD4* de
pacients infectats pel VIH es va observar un augment significatiu en la produccié de
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fosfatidilcolines i diacilglicerols (producte de la hidrolisi de les fosfatidilcolines) en
resposta al tractament d’acid lauric. Aquests resultats podrien indicar, per una banda,
gue aquesta hidrolisi de la fosfatidilcolina estaria induint I’activacié de la transcripcié
viral via NF-kB [384] i, per altra banda, I'augment de diacilglicerols ha estat relacionat
amb I’activacié dels enzims PKC (de I’angles, protein Kinase C), el que podria suggerir
una reactivacio per una via similar a la d’Ingenol, un conegut agonista de PKC i també
agent reversor de la laténcia. En aquesta linia també s’ha especulat que la reactivacié
viral per I’acid lauric podria estar relacionada amb la senyalitzacié a través de MAVS (de
I’anglés, mitochondrial antiviral signaling protein) en la que la generacié d’espécies
reactives d’oxigen (ROS) serien les responsables de promoure la transcripcio viral via
MAVS, tal i com succeeix amb altres compostos com Ingenol i Acitrecin[385, 386].

A més, I'augment de la transcripcid viral es va observar que era, majoritariament,
suportat per les cél-lules T CD4* amb un fenotip efector. Aquesta troballa esta en
consonancia amb els resultats obtinguts en els treballs 1i 2 de la present tesi, doncs es
defineix que les cel-lules amb fenotip més efector sdn les que suporten en major mesura
la transcripcid residual i sén les que presenten major susceptibilitat a la reactivacié
exogena [219, 355]. Aquesta caracteritzacio de les cél-lules que suporten la transcripcio
viral va ser possible gracies a I'Gs de la técnica del RNA/FISH flow, analitzada en
profunditat al treball 1. També es va observar que I’acid lauric no només era capac de
produir transcrits virals sind que també era capac d’induir I’expressid de proteina p24
en mostres de pacients infectats i amb la carrega viral suprimida gracies al tractament.
Molts dels LRAs descrits fins al moment sén capacos de promoure un augment en la
transcripcid viral, perd només una petita part d’aquests és capac de produir proteines
virlas[355, 387]. Aixi doncs, aquestes trets caracteristics de I’acid lauric fan que es postuli
com un potent agent reversor de la laténcia ja que no només indueix al transcripcié viral,
sind que també promou la formacid de proteina sense comprometre la viabilitat
cel-lular.

Com s’ha comentat al llarg del treball, una de les limitacions que presenten els LRAs és
gue solen afectar a la capacitat citotoxica de les cél-lules del sistema immunitari i afecten
negativament a la viabilitat cel-lular in vitro[311]. En aquest sentit, ens vam centrar en
avaluar quin era |'efecte que tenia I’acid lauric sobre la poblacié de cél-lules T CD8*. A
través d’experiments funcionals i de citometria de flux es va determinar que I’acid lauric
no promovia una activacio global de les cél-lules T CD8%, sind que només ho feia sobre
la poblacié de cel-lules diana, les CD4"; i, a més, no tenia cap efecte sobre la seva
capacitat citotoxica. Aquest fet denota una gran importancia doncs se sap que els
pacients VIH*, tot i estar virologicament suprimits i a excepcié dels controladors d’elit,
presenten un perfil funcional de cel-lules T CD8" alterat. L'ambient inflamatori, la
continua estimulacié antigenica i la persistent activacid d’aquestes cel-lules fa que
acabin desenvolupant processos d’esgotament cel-lulariimmunosenescéncia[388, 389].
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En relacié amb el metabolisme, s’ha descrit que els acids grassos juguen un paper
important en la infecciéd per VIH. En un estudi presentat per Kulkarni et al., es va
demostrar que un enzim implicat en la sintesi d’acids grassos (FASN) era necessari en les
etapes finals de la replicacid viral[390], suggerint que la regulacié del metabolisme
d’acids grassos pot ser clau per al desenvolupament de noves estratégies antivirals. En
una linia similar, un estudi presentat per Angela et al., determina que la regulacid en la
sintesi d’acids grassos i el consum cel-lular és crucial per a I’activacié de les cél-lules T
CDA4+, indispensable per a que es produeixi la reactivacio viral[391]. Una exemple molt
representatiu de la implicacié del metabolisme en I’activitat citotoxica de les cél-lules T
CD8* s’observa en els controladors d’elit. Diversos estudis han demostrat que aquests
pacients presenten perfils metabolics diferents, associats al control o progressié del VIH,
als dels pacients que estan en tractament[392, 393]. En un estudi de Tarancon-Diez et
al.[392], es determina com la perdua del control de la infeccid esta relacionada amb un
preferent metabolisme de la glucosa per a I'obtencié d’energia, una desregulacié de
I'activitat mitocondrial i un augment de I'activacié immunologica. Saez-Ciridn, en una
linia similar[393], descriu com les cel-lules T CD8* dels controladors d’elit presenten un
major consum d’acids grassos i fan Us tant del metabolisme de la glucosa com d’acids
grassos per a |'obtencié d’energia; mentre que els CD8" dels pacients en tractament
antiretroviral son estrictament dependents del metabolisme de |a glucosa. En el nostre
estudi s’ha observat que I’acid lauric és capag de reprogramar el metabolisme de les
cel-lules T CD8"* per obtenir energia a través del procés de la B-oxidacid. A més, en relacio
a "analisi proteomic, es va observar com |'acid lauric va promoure un augment en la
activitat del protosoma. S’ha descrit que I'augment de |'activitat protosomica resulta en
I"adquisicié d’un fenotip de memoria mentre que la disminucié ho esta amb I'obtencid
d’atributs tipics de cel-lules més efectores[394]. Aquest fet posa de manifest que el
metabolisme cel-lular podria ser regulat farmacologicament per tal de promoure una
millora en la immunitat i permet especular que I'administracié in vivo de I'acid lauric
podria induir la generacié de cel-lules T CD8* de memoria, a la vegada que reactiva els
virus en cel-lules T CD4+, fet que podria ajudar a millorar el control de la persisténcia
viral.

A mode de conclusié, aquest treball posa de manifest I'habilitat de I'acid lauric de
reactivar el VIH del reservori cel-lular sense afectar la capacitat citotoxica de les cel-lules
T CD8*, postulant-se com un nou agent reversor de la laténcia d’origen natural. La
disponibilitat i aprovacioé de I'acid lauric com a additiu alimentari, la reduida toxicitat in
vitro i in vivo, el baix cost i la seva eficacia per reactivar el VIH fan que I'acid lauric sigui
un molt bon candidat per ser testat en futurs assajos clinics amb I'objectiu d’eliminar els
reservori viral.
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Conclusions

1. La técnica del RNA/FISH flow es determina com un métode valid per a la
deteccié de transcrits d’ARN del VIH i de proteina viral després de la
reactivacio ex vivo de PBMCs de pacients infectats gracies a la utilitzacié d’un
conjunt de sondes d’alta sensibilitat dirigides a la regidé gag-pol de la
sequliéncia de I’ARN viral.

2. Aquets nou assaig permet la deteccid de cel-lules que estan transcrivint el
virus de manera activa en mostres primaries de pacients infectats, tant els
gue presenten carrega viral detectable com en aquells que es troben
indetectables gracies al tractament antiretroviral.

3. Existeix una forta correlacié entre els nivells d’ARN del VIH detectats amb la
tecnica del RNA/FISH flow i els diferents marcadores de progressio de la
malaltia (carrega viral plasmatica, recompte absolut de cél-lules T CD4* i ratio
CD4/CDS8), aixi com amb els nivells d’ARN intracel-lular mesurats per les
técniques de PCR convencionals (qPCR).

4. Aquesta nova metodologia ha permes la caracteritzacié de les diferents
subpoblacions cel-lulars que suporten la transcripcié viral en mostres de
pacients VIH* i hem descrit les cél-lules T CD4* efectores de memoria com el
principal ninxol de transcripcio activa, tant en la infeccid tractada com sense
tractar.

5. La técnica del RNA/FISH es postula com una nova eina per a I’avaluacié de
I’eficacia dels agents reversors de la laténcia (LRAs) per revertir I'estat latent
del VIH en les diferents subpoblacions cel-lulars.

6. Elsagentsreversorsde lalaténcia (LRAs) indueixen una resposta heterogénia
en les diferents subpoblacions de cel-lules T CD4* de pacients infectats pel
VIH.

7. Entre un 3-30% del reservori viral total pot ser reactivat per LRAs i
transcriure HIV-RNA, pero només un 5-10% d’aquestes cel-lules poden
produeixen p24.

8. La combinacié sinergica Romidepsina i Ingenol indueix una elevada

freqiiéncia de cél-lules VIH-ARN* en totes les subpoblacions de cél-lules T
CD4*. Amés, indueix un clar augment en la proporcié de cells que produeixen
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10.

11.

12.

13.

la proteina viral p24 tant en CD4 totals com en la subpoblacié de cel-lules
centrals de memoria (Tcwm).

La combinacié de Panobinostat i Ingenol té un efecte antagonic a nivell de
transcripcié viral en el 89% de les mostres testades.

L’acid lauric, un acid gras natural, és capac de reactivar el virus del VIH i
induir la produccié d’ARN viral i proteina tant en models de laténcia com en
cel-lules primaries de pacients VIH+ sense comprometre la viabilitat cel-lular.

La funcionalitat de les cel-lules T CD8* no es veu afectada per la preséncia
d’acid lauric.

L’acid lauric promou una reprogramacié del metabolisme cel-lular, doncs
indueix un augment de la producciod de diacilgricerols en cél-lules T CD4* que
podrien facilitar la produccio de proteina viral en el context de la reactivacio,
i fomenta I’Us de la B-oxidacio per a I'obtencié d’energia cel-lular en el cas de
les cel-lules T CD8+.

Els resultats obtinguts in vitro postulen I’acid lauric com un prometedor

compostos per a ser testat en assajos clinics que tinguin com a objectiu
I’eliminacié dels reservoris virals del VIH.
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Linies de futur

En base als resultats obtinguts en els treballs que composen la present tesi doctoral, s’ha
determinat que la técnica del RNA/FISH flow és una eina valida per a la avaluacié de
compostos reversors de la laténcia i que I'acid lauric es postula com un candidat
prometedor per ésser testat en assajos clinics.

Seguint aquesta linia, el laboratori ha aconseguit finangament public gracies a la
concessié d’un projecte FIS atorgat pel Instituto de Salud Carlos Il (ISCIII) aguest mateix
any per dur a terme un assaig clinic pilot amb I’acid lauric. La proposta té com a objectiu
principal avaluar 'efecte de la suplementacié dietetica de I’acid lauric en la reactivacid
del VIH en cel-lules T CD4* en pacients infectats per VIH i que estiguin en tractament
antiretroviral. Els objectiu plantejats son determinar la tolerancia i seguretat de I'acid
lauric en pacients VIH* (tot i que no s’esperen efectes adversos); determinar la
concentracié plasmatica del compost per determinar-ne la biodisponibilitat; avaluar
I’efecte de I"acid lauric en la mida de reservori tant a nivell cel-lular com tissular, en
aquest cas es quantificara el reservori tant en CD4* obtinguts de sang com en mostres
d’intesti i caracteritzar la resposta immunologica induida per la ingesta de I'acid lauric.

Aixi doncs, I'assaig clinic es planteja com un estudi pilot, aleatoritzat i control amb
placebo i sera realitzat al departament de Malalties Infeccioses de I'Hospital Vall
d’Hebron. S’inclouran 45 pacients adults i amb infeccié per VIH que presenten una
carrega viral indetectable (com a minim durant 3 anys préviament a l'inici de I’estudi)
gue seran aleatoritzats 1:1:1 per rebre el suplement dietétic amb 4g d’acid lauric (grup
experimental 1), 20g d’acid lauric (grup experimental 2) o bé placebo (grup control),
durant 24 setmanes. Es fara un seguiment posterior a la interrupcio de la suplementacio
alimentaria durant 24 setmanes més i en cap cas es dura a terme la interrupcié del
tractament antiretroviral.

Visit number 1 2 3 4 5 6 7
Week 0 1 (day) 1 8 24 36 48
Treatment phase

Follow-up phase

Inclusion/exclusion criteria X

Informed consent X

Routine Biochemistry X X X X
Unspliced HIV-RNA X X X X X X X
Proviral HIV-DNA and intact provirus X X X X
Immunological assays X X X X X
Plasma HIV-RNA X X X X X
CDA4 T cell counts X X X X
Intestinal biopsies X X
Lauric acid concentrations X X X
Side effects X X X X

Compliance X X X X

Taula 4. Esquema general del monitoratge del tractament i del seguiment.
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