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ABREVIATURES

Llista de les abreviatures més utilitzades a la tesi

ADCC: antibody-dependent cell-mediated cytotoxicity
ADN: acid desoxiribonucleic

ARN: acid ribonucleic

ARNv: ARN viral

CRISPR-Cas9: clustered regularly interspaced short palindromic repeats (CRISPR) i
CRISPR-associated protein 9 (Cas9)

CTLs: cytotoxic T lymphocytes
dNTPs: deoxynucleotide triphosphates
FasL: Fas ligand

FcyRIll: Fc y receptor Il

FDC: follicular dendritic cell

FRC: fibroblastic reticular cell

GALT: gut-associated lymphoid tissue
HCMV: human cytomegalovirus

HCV: hepatitis C virus

HDACI: histone deacetylase inhibitor
HLA: human leukocyte antigen

IC: immune checkpoint

ICB: immune checkpoint blockade
lelLC1s: intraepithelial ILCs

IFN: interfero

Ig: immunoglobulina

IL: interleucina

ILCs: innate lymphoid cells



KIR: killer Ig-like receptors

KLRG1: killer cell lectin-like receptor subfamily G member 1
LAIR-1: leukocyte-associated Ig-like receptor 1

LRA: latency reversal agent

LTR: long terminal repeat

NK: natural killer

OLS: organ limfoide secundari

PBMCs: peripheral blood mononuclear cells

PVV: persones vivint amb VIH

SHIV: simian-human immunodeficiency virus

SIDA: sindrome d'immunodeficiéncia adquirida

SIV: simian immunodeficiency virus

Tth: T follicular helper cell

TGF-B: transforming growth factor

TIGIT: T cell immunoreceptor with Ig and ITIM domains
TLR: toll-like receptor

TNF: tumor necrosis factor

TRAIL: TNF-related apoptosis-inducing ligand

VIH: virus de la immunodeficiéncia humana
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1. Biologia del VIH

El Virus de la Immunodeficiencia Humana (VIH) pertany a la familia Retroviridae,
especificament al génere dels Lentivirus. Sense tractament, la infeccié cronica condueix al
desenvolupament de la malaltia coneguda com a Sindrome d’Immunodeficiéncia Adquirida
(SIDA).

1.1. Taxonomia

Els retrovirus son virus d’ARN amb envolta que repliquen el seu material genétic a través
d’un intermediari d’ADN gracies a I'enzim viral transcriptasa inversa. Aquest ADN gendomic
viral s’integra al genoma de la cél-lula infectada i el VIH utilitza la maquinaria cel-lular

d’expressio génica per a replicar-se’.

Existeixen dos espécies viriques de VIH, el VIH-1 i VIH-2. Mentre que el VIH-1 és el més
abundant a nivell mundial, la infeccié per VIH-2 es redueix a I'’Africa occidental. Tot i que
comparteixen el mateix cicle viral i mode de transmissio, es diferencien en I'expressio de
proteines accessories virals, i en qué la patogenicitat del VIH-2 és menor?. En aquesta tesi,
quan es faci mencio al VIH, s’assumira que es fa referéncia al VIH-1, donada la seva

rellevancia mundial.

El VIH-1 es subdivideix en quatre grups principals en base a la divergéncia en la seva
sequéncia: M, N, O i P. Hi destaca el grup M, que es subdivideix en 10 clades, sent el clade
C el principal causant de les infeccions (preval a I’Africa Subsahariana i I'india), mentre que

el VIH-1 de clade B és el més estudiat, ja que preval als paisos del mén occidental®.
1.2. Genoma i estructura del VIH-1

El genoma del VIH-1 conté els seglients gens' que configuren els virions madurs (FIG 1):

e gag (antigen especific de grup): codifica p24 (capsida viral); p6 i p7 (nucleocapsida); i
p17 (matriu).

e pol: codifica els enzims virals, que son la transcriptasa inversa (transcriu I’ARN viral a
ADN de doble cadena), integrasa (integra ’ADN viral al genoma de la cél-lula) i proteasa

(escissiona les proteines virals per convertir-les en funcionals)
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env (envolta): codifica la gp160, que és la precursora de la gp120 i gp41 presents en els
virions madurs. Es tracta de les espicules que permeten al VIH reconéixer cél-lules diana

i fusionar les seves membranes.

tat, rev, nef, vif, vpr, vpu: cada gen codifica per a una proteina accessoria viral que rep
el mateix nom. Les seves funcions son variades, ja que ajuden a la correcta produccié
de virions, eviten la superinfeccié de cél-lules infectades i contraresten la resposta

antiviral innata de la cél-lula hoste.

pol
PR/RT/IN

SU (surface, gp120)
TM (transmembrane, gp41)

membrane —\
000e,
T e

PR (protease, p12) ———————®» MA (matrix, p17)

0
RT (reverse transcriptase, 4 ' # &—————— CA(capsid, p24)
p66, p51) ——————————NC (nucleocapsid, p7)

; .
IN (integrase, p32) |‘..’ 2 § BP (budding protein, p6)
Q. &

RNA
Vpr % & g

FIG 1. Genoma i estructura dels virions de VIH-1. (A) Representacid esquematica de I'organitzacio
genomica del genoma del VIH-1 i els marcs oberts de lectura per les diferents proteines estructurals,
reguladores i accessories. L’ARN lineal diméric d’aproximadament 9 kb es troba flanquejat per les 5’-i 3’-LTR
(de P'angles, long terminal repeats) que contenen el promotor viral i les seqliéncies necessaries per a la
retrotranscripcio, integracio i expressié génica. Els LTR contenen elements reguladors en cis, les regions U3,
R, i U5, seguides del senyal d’empaquetament Psi (w). El gag codifica les proteines estructurals de matriu
(MA), capsida (CA) i nucleocapsida (NC), formant el nucli viral. El pol codifica els enzims virals proteasa (PR),
transcriptasa inversa (RT) i la integrasa (IN). Seguit del gen pol es troben els gens reguladors rev i tat i els
gens accessoris Vif, vpr i vpu. El gen env codifica per los glicoproteines de I'envolta viral gp120 de superficie
i gp41 transmembrana. Finalment, seguit de /’env es troba el gen accessori nef. (B) El virid6 madur presenta
una forma esférica i esta envoltat per una bicapa lipidica derivada de la cél-lula, que conté 7-35 trimers de la
glicoproteina d’envolta. La capa interna de la membrana ancora les proteines de la matriu, Vpr i proteasa. La
capsida es troba en el centre del virié i conté dues copies d’ARN genomic, la retrotranscriptasa i la integrasa.
L’ARN viral queda estabilitzat per les proteines de la nucleocapsida. Extreta de:
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1.3. Cicle de vida del VIH-1
La replicacié del VIH-1 (FIG 2) consta de varies etapes detallades a continuacio:
1) Unio del VIH-1 a la cél-lula hoste i entrada:

El reconeixement de les cél-lules diana es basa en la unidé dels trimers de la proteina de
I'envolta al receptor CD4% i els coreceptors d’entrada® CCR5 o CXCR4. Després que la gp120
s’uneixi al receptor CD4, ocorre un canvi conformacional en la gp41 transmembrana que

resulta en la fusié de membranes i I’entrada del virio al citoplasma’.
2) Complex de preintegracio:

Un cop dins d’'una cél-lula, I’ARN viral es retrotranscriu a ADN monocadena i finalment de
doble cadena gracies a la transcriptasa inversa empaquetada en el virio. L’ADN de doble
cadena viral forma un complex amb la proteina de matriu, la integrasa i la Vpr i es transporta

activament al nucli®.
3) Integracio:

L’ADN viral aconsegueix integrar-se en el genoma cel-lular gracies a la integrasa o també
pot romandre com cercles d’ADN®. Cal destacar que I’ADN viral no s’integra de forma
aleatoria, sind que s’ha demostrat que guarda preferéncia per llocs de la cromatina amb
transcripcid activa'®. La integrasa del VIH-1 pot seleccionar el lloc d’integracié a I'interactuar
amb la maquinaria cel-lular de splicing i de remodelat de la cromatina. S’ha demostrat que
interactua directament amb la proteina LEDGF/p75 (de I'anglés, cellular lens epithelium-
derived growth factor), que interactua amb varis factors de splicing i dirigeix la integracié del
VIH-1 cap a introns de gens transcripcionalment actius''. L’ADN viral integrat rep el nom de
provirus, i aquest es replica com a part normal del genoma cel-lular durant moltes rondes de
divisié mitotica.

4) Transcripcio:

Un provirus conté les seqiiencies LTR idéntiques en els extrems 5’ i 3’, pero el 5’-LTR inicia
la transcripcié 20 vegades més sovint que el 3’- LTR oclos per la ARN polimerasa Il (ARNPII)
allargadora'. Els principals factors de transcripcié que s’uneixen al promotor LTR estan
relacionats amb I'activacié cel-lular, com NF-kB, o AP-1'2 i, per tant, la transcripcié del VIH-

1 esta acoblada a I'activacio de les cél-lules del sistema immunitari.

Pero encara que les cél-lules infectades estiguin activades, inicialment tan sols existeix una

feble transcripcio del provirus pels factors de transcripcio de I'hoste (fase independent de
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Tat)'*. En abséncia de Tat, ’ARNPII es deté després de la transcripcio de tar, acumulant-se
a +50 nt, que correspon al lloc de pausa maijoritari en els gens cel-lulars™. En la transcripcio
independent de Tat, al voltant del 87% dels transcrits del VIH-1 acaben prematurament, a
causa de l'activitat de factors d'elongacié negatius'. Aixi i tot, alguns dels transcrits generats
si que aconsegueixen la longitud completa i resulten suficients per a expressar tat. La
proteina Tat (transactivador de la transcripcid) s'uneix a TAR, una forqueta d'ARN de 60 nt
present en el 5 de tots els ARNm virals naixents, i aixi es promou l'elongacié de la
transcripcié del VIH (fase dependent de Tat)'>. A més, es produeix un bucle de
retroalimentacio positiva quant a I'elongacio dels transcrits del VIH-1 i la produccio de Tat,

podent-se aconseguir el 99% de transcrits amb longitud completa™.
5) Assemblatge i alliberament de nous virions:

Quan s’assoleixen uns nivells minims de proteines virals produides dins la cél-lula hoste, les
proteines que conformen els virions sén transportades fins a la membrana plasmatica’®. Es
d’importancia que la proteina Gag primer és produida com monomers, perd quan
oligomeritzen i sofreixen modificacions post-traduccionals poden unir-se a la membrana
plasmatica per conformar virions immadurs. Seguidament, el complex ESCRT (de l'anglés,
Endosomal Sorting Complexes Required for Transport machinery) escissiona els virions per
alliberar-los de la membrana i, poc després, la proteasa viral s’activa i finalitza la maduracié

dels virions'".

1
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FIG 2. Representacio esquematica del cicle de replicacié del VIH-1. Els factors de restriccié de la cél-lula
hoste que juguen un paper en bloquejar el cicle de replicacié del VIH-1 s’indiquen en els requadres blaus.
Cada pas del cicle de replicaciéo comporta una oportunitat per detenir-lo amb els antiretrovirals que s’indiquen
en els requadres blancs. INSTI, integrase strand transfer inhibitor; LTR, long terminal repeat; NNRTI, non-
nucleoside reverse transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor. Extreta de: 18

2. Patogeénesi de la infeccié per VIH-1

La transmissio sexual del VIH-1 per via rectal o vaginal requereix que el virus atravessi les
mucoses de barrera. En primer lloc, el VIH-1 infecta els limfocits T CD4" intraepitelials que
es troben al teixit, i pot ser capturat per les cél-lules de Langerhans i les cél-lules dendritiques
presents a la lamina propia subjacent’. La infeccid local del virus fundador provoca la
produccio de citocines proinflamatories i quimiocines?®?' que recluten més limfocits T CD4*
diana i cél-lules dendritiques. A més, el VIH-1 és capag¢ de migrar als ganglis limfatics
regionals gracies al transport per part de les cél-lules dendritiques, on es produeix una

infeccio massiva dels limfocits T CD4*, culminant amb la disseminacio sistémica del virus™®.

Fins al 90% de les persones amb infeccié aguda pel VIH-1 manifesten simptomatologia
inespecifica similar a la mononucleosi dins de les quatre setmanes posterios a la infeccio,
poc abans d’assolir el pic de virémia?2. Al voltant d’'un mes després del pic viral, la resposta
antiviral aconsegueix resoldre la simptomatologia aguda i estabilitzar els nivells de limfocits
T CD4*%. La pressio immunitaria fa que el VIH-1 assoleixi uns nivells de replicacié estables
gue poden durar anys sense TAR?* (FIG 3). Durant aquesta fase cronica, la infeccié sovint
passa desapercebuda, ja que moltes persones només presenten fatiga i limfadenopatia
generalitzada®. Sense la TAR, el recompte de limfocits T CD4* en sang disminueix de
manera sostinguda, i eventualment la infeccié pel VIH-1 progressa a SIDA (FIG 3), I'estadi
més avangat de la malaltia. En aquesta etapa, es desenvolupen patologies definidores de la
SIDA, com ara candidiasi generalitzada, neoplasies com el sarcoma de Kaposi, i infeccions

oportunistes inusuals a nivell pulmonar i disseminades?.
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FIG 3. Curs natural de la infeccié per VIH. La fase aguda inicial dura entre 6 i 12 setmanes i pot cursar amb
simptomes semblants als de la grip, i s’assoleix el pic de viréemia i la vall en el recompte de limfocits T CD4".
A continuacio, té lloc la fase cronica asimptomatica, que pot durar 8-10 anys, i la carrega viral plasmatica
s’estabilitza. Finalment apareix la SIDA, que s’associa a un increment de la replicacié viral i una davallada en
el recompte de limfocits T CD4* per sota de 200/mm?. El temps en aparéixer la SIDA és molt variable entre
individus, des de 2 fins a 15 anys passada la seroconversid. Extreta de: 2°

3. Resposta immunologica en front a la infeccié per VIH

3.1. Immunitat innata

En linici de la infeccid en les mucoses exposades al virus (genital o intestinal), les cél-lules
infectades detecten la preséncia del VIH a través dels receptors de reconeixement de
patogens (PRRs), com varis Toll-like receptors (TLRs)*28, RIG-I-like receptors?®, proteines
induides per interferons (IFIs)*® i la sintasa de GMP-AMP ciclic®', que poden detectar el
genoma del VIH i productes derivats de la transcripcio reversa, aixi com la capsida viral. A
més, les cél-lules de I'entorn també detecten i alerten de I'entrada del VIH: els TLR2 i TLR4
en les céllules de la mucosa epitelial detecten la gp120 i desencadena una resposta
proinflamatoria i quimiotactica®. D’altra banda, els TLR7 i TLR8 endosomals poden detectar
I’ARN genomic del VIH en les cél-lules dendritiques i activar-les?®. Aquest estat d’alerta

provoca el reclutament i activacié de cel-lules antivirals de la immunitat innata, primerament

10
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macrofags i cél-lules dendritiques, que son les responsables d’activar i reclutar les cél-lules
NK gracies a tot un seguit de mediadors proinflammatoris i quimiocines. En sang, podem
destacar que 'augment en la viremia plasmatica en la infecci6é aguda s’associa a I'increment
dels nivells plasmatics d’IFN-q, IL-15, CXCL10, TNF-a, MCP-1, IL-6, IL-8, IL18, i IFN-y, i, més

endavant, també s’observa la generacié de la citocina immunoreguladora IL-10%.

Abans de la seroconversio, la resposta VIH-especifica per part de limfocits T CD8" és
menyspreable, mentre que les poblacions de cél-lules NK s’expandeixen significativament
en I'etapa aguda de la infeccio (FIG 4) i el seu nivell d’activitat es correlaciona directament
amb la carrega viral®. En 'activacié persistent de les cél-lules NK en la infeccié cronica hi
juga un paper clau ’ARN monocadena ric en uridina derivat de la long terminal repeat
ssRNA40 del VIH. Aquest actua a través dels TLR7/8 expressats en monocits i cél-lules
dendritiques plasmacitoides que, per contacte directe, estimulen les cél-lules NK34. S’ha
constatat la gran importancia de les cél-lules dendritiques plasmacitoides, ja que en pacients
préviament tractats que interrompen el tractament, la pérdua sobtada de funcionalitat

d’aquesta poblacio és predictora del rebot viral®®.

3.2. Immunitat adaptativa

Després dels primers esforgcos de la resposta innata per a combatre I'establiment de la
infeccid per VIH, s’origina la resposta adaptativa contra el VIH. Per un costat, té lloc la
resposta humoral, protagonitzada pels limfocits B generadors d’anticossos especifics contra
el VIH. Cal destacar que, a mesura que la infeccié per VIH es cronifica, I'afinitat i funcio
d’aquests anticossos varia: en la fase aguda s’originen anticossos no neutralitzants®, que
poden facilitar respostes efectores com la fagocitosi per macrdfags o la citotoxicitat
dependent d’anticossos (de I'anglés, ADCC) per part de les cél-lules NK. Mesos més tard,
quan la infeccié esdevé cronica, es poden detectar anticossos neutralitzants®, i al cap d’anys
és quan apareixen els anticossos millorats ampliament neutralitzants®**%*. D’altra banda,
també es genera una resposta cel-lular adaptativa contra el VIH, caracteritzat principalment
pels limfocits T CD4" i T CD8*. Tot i que els limfocits T CD4* s’esgoten rapidament en la fase
aguda, la resposta innata controla parcialment la infeccio i es poden recuperar certs nivells
de T CD4* (FIG 3). Entre les funcions d’aquests, hi trobem la produccié de citocines
indispensables per a la correcta resposta antiviral, com la IL-17, IFN-y i IL-2*°. A més, també
es produeix una expansio clonal dels limfocits T CD8* citotdxics capagos d’eliminar les
cél-lules infectades*' (FIG 4). Malauradament, I'exposicié antigénica continuada esgota

funcionalment als CTLs***® i, a part, no poden arribar a tots els reservoris anatomics on el
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VIH pot replicar (p. ex. els centres germinals dels ganglis limfatics*). A més, I'elevada
produccio de quimiocines produides per la defensa antiviral innata promou el reclutament
de limfocits T CD4* a aquests teixits*>#¢, en especial I'intesti, i el VIH troba una font continua
de cél-lules diana on replicar i persistir. En conseqtiéncia, la infeccié per VIH no tractada es
cronifica i les persones amb VIH poden perdurar 8-10 anys asimptomatiques, amb
recomptes de limfocits T CD4* que disminueixen progressivament perd una carrega viral en
plasma relativament constant. Finalment, s’arriba a la fase final de SIDA i aquests valors
s’inverteixen, com a la fase aguda, pero el sistema immunoldgic ja no és capacg de fer front
a la infeccio (FIG 3).
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FIG 4. Aparicié de les diferents respostes immunologiques innates i adaptatives després de la
transmissio del VIH-1. La primera resposta immunologica detectable sisttmicament és I'increment dels
nivells de proteines de fase reactiva en plasma, que s’observen quan la replicacié viral és encara practicament
restringida als teixits mucosos i als ganglis limfatics de drenatge. (fase d’eclipsi). Quan el virus es detecta en
plasma (To), també s’observa un increment dinamic dels nivells de citocines en plasma. En uns dies, mentre
la viremia plasmatica es troba encara en augment potencial, es detecten els primers immunocomplexos
d’anticossos units a virus. L’expansio de les primeres respostes de limfocits T CD8* VIH-especifiques s’inicia
abans del pic de virémia, seguit de la deteccié dels primers anticossos IgM no neutralitzants contra la
glicoproteina (gp) 41 lliure. L’escapament viral complet de les primeres respostes de limfocits T CD8* pot
ocorrer rapidament, dins dels 10 primers dies de I’expansié dels limfocits T. En aquest moment, ja existeixen
reservoris virals, els quals possiblement s’han establert pocs dies després de la infeccid. Els primers
anticossos neutralitzants del VIH-1 apareixen al voltant de 80 dies després de la infeccio, quan la carrega viral
encara es troba en declivi abans d’assolir el punt d’equilibri viral. Els virus amb mutacions d’escapament
d’aquests anticossos poden aparéeixer una setmana després. Extreta de: 2!
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4. Situacio6 actual de la pandémia de VIH

El VIH és un dels virus més estesos a nivell mundial: al tancament de I'any 2023 es va estimar
que 39,9 milions de persones vivien amb el VIH en tot el mén, amb 1,3 milions de noves
infeccions i 630.000 morts relacionades amb la SIDA*". D’entre totes les persones infectades,
es calcula que 30,7 milions van tenir accés a la TAR*". Actualment, el VIH/SIDA es pot tractar
i controlar efectivament amb la terapia antiretroviral combinada (TAR), que actua sobre
diferents etapes del cicle de replicacié del VIH. Tot i aixi, la TAR és incapag d’eliminar el VIH
integrat de forma latent en les cél-lules T CD4* d’'una persona infectada i, per tant, la infeccio

per VIH roman incurable?.

5. Control de lareplicaci6 del VIH amb la TAR

Els objectius de la TAR sén aconseguir la maxima i més duradora supressio de la carrega
viral en plasma, restablir i preservar la funcié immunoldgica, reduir la morbiditat associada a
la replicacio del VIH, augmentar la supervivéncia i prevenir la transmissié del VIH. La TAR

s’ha d'iniciar sempre tan aviat com sigui possible*.

A I'actualitat, el “Documento de consenso de GeSIDA/Plan Nacional sobre el SIDA respecto
al tratamiento antirretroviral en adultos infectados por VIH"#° recomana que la TAR
consisteixi en una combinacio de dos a tres farmacs basats en un inhibidor de la integrasa
(INI) de segona generacio (dolutegravir o bictegravir). Com a pauta doble, la unica
recomanada com a TAR d’inici consisteix en dolutegravir més lamivudina. Altres pautes
eficaces perd no preferents es basen en I'is d’inhibidors de la proteasa potenciats o els
inhibidors de la transcriptasa inversa no analoga dels nucleosids (ITINN). Amb aquestes
combinacions s’aconsegueix una carrega viral indetectable (limit de deteccié <50

copies/mL) a les 48 setmanes de tractament en el 85% dels casos*.

Des de I'aparicio de la terapia antiretroviral combinada a mitjans de 1990, el tractament ha
sigut constantment refinat i s’ha aconseguit augmentar la poténcia, reduir els efectes
secundaris i les resisténcies als antiretrovirals i facilitar 'adheréncia reduint la ingesta diaria
de pastilles, ja que inclus existeixen combinacions d’antiretrovirals injectables de llarga vida,

que es poden aplicar setmanalment o mensualment®.

13



I. INTRODUCCIO

6. Meés enlla de la TAR: necessitat d’avencos preventius i curatius

6.1. Desigualtat mundial en I’accés a la TAR

En la ultima década s’ha constatat una progressié constant en I'abordatge de la pandémia
de VIH a nivell mundial, ja que a finals de desembre de 2023, 30,7 milions [27-31,9 milions]
de persones van poder accedir a la TAR, davant als 7,7 milions [6,7-8 milions] de I'any 2010%’.
Si bé a I'any 2023 es va assolir un 77% [61-89 %] de persones vivint amb VIH amb accés a
la TAR a nivell mundial*’, I'accés és molt desigual als paisos amb baixos ingressos
economics, malgrat els esforcos per abaratir la TAR combinada principal (tenofovir +
lamivudina + dolutegravir) produint-lo com a medicament generic®. Un dels casos més
extrems és Madagascar, on de les 70.000 persones que es calcula que viuen amb VIH,
només el 18% va rebre la TAR al 2022%,

6.2. Comorbiditats malgrat la TAR

Malgrat I'eficacia de la TAR en frenar drasticament la progressié de la infeccio per VIH cap
a SIDA i, finalment, la mort, existeixen certes comorbiditats en els pacients tractats amb la
TAR i amb carrega viral suprimida, principalment arran de I'existéncia d’una activacié
immunologica continua a baix nivell perd que pot augmentar el risc de patir malalties no
infeccioses®. S’ha constatat que algunes persones amb TAR efectiva presenten alguns
marcadors d’activacio immunologica, inflamacié i coagulacio sanguinia que poden romandre
elevats i conduir a morbiditats no associades a la SIDA, com les malalties cardiovasculars®.
A més, la seva esperanca de vida es pot veure reduida i poden mostrar prematurament
malalties associades amb I'edat avangada®. D’altra banda, si bé els controladors d’elit poden
assolir una carrega viral indetectable sense la presa de la TAR, presenten una major
activacié elevada de céllules T CD4* i CD8", aixi com major translocacid bacteriana

intestinal, pel que pot contribuir a I'existéncia de comorbiditats®.

6.3. Resisténcia antiviral ala TAR

Un altre dels motius que incentiven la cerca d’una cura definitiva de la infeccié per VIH és
que el virus pot adquirir resisténcia a tots els antiretrovirals coneguts. Certs factors
socioeconomics influencien que les resisténcies als antiretrovirals emergeixin en major
freqiéncia en els paisos subdesenvolupats, com I'Us inicial d’antiretrovirals menys tolerats,
interrupcions en el subministrament dels medicaments, i monitoreig insuficient de I’eficacia

del tractament®. A més, cal tenir present que la majoria dels estudis se centren en el VIH-1
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subtipus B, que és el més frequient en els paisos occidentals perd només representa el 10%
de les infeccions mundials®. En els paisos del primer mon, en canvi, les resisténcies deriven

més freqlentment de problemes en I’adheréencia al tractament.

Tenint en compte que el VIH pot adquirir resistencies a tots els antivirals, en major o menor
mesura, resulta imprescindible millorar I'adheréncia al tractament, realitzar un monitoreig
periodic de la carrega viral del pacient, i dur a terme un estudi rutinari a nivell poblacional
de les mutacions circulants en el virus que puguin provocar resisténcia als antiretrovirals.
Cal destacar que I'inhibidor de la capsida lenacapavir injectat cada 6 mesos ha demostrat
suprimir la carrega viral en pacients amb VIH multiresistent®® i, a més, aquest any 2024 s’ha
demostrat que el lenacapavir pres com a profilaxis pre-exposicidé (PrEP) ofereix prevencid

total de la infeccié en comparacio a la PrEP actual d’ingesta diaria (emtricitabine i tenofovir).

6.4. Reservoris cel-lulars del VIH

El principal factor que impossibilita la cura del VIH és I'existéncia d’un reservori cel-lular del
VIH latent que persisteix malgrat I'ds prolongat de la TAR. La descripcié més acurada
defineix a una poblacié de cél-lules que ha de contenir VIH integrat competent per a la
replicacio, que pugui ser reactivat a través de [I'estimulacio limfocitaria, que sigui
demostrable en tots els individus infectats i que persisteixi indefinidament fins i tot en les
persones tractades amb una TAR optima. Unicament els limfocits T CD4* de memoria en
repos compleixen tots aquests requisits'?. En comparacié amb els limfocits T CD4* activats
productors de virus, que tenen una vida mitja d’~1 dia®, els limfocits T CD4"* latentment
infectats compten amb una vida mitja de 44 mesos en persones tractades amb TAR®, i
poden proliferar homeostaticament amb la IL-7 i/o IL-15 sense reactivar el provirus integrat®,
aixi com expandir-se clonalment pel reconeixement antigenic®. Tot i que s'ha confirmat
aquesta vida mitjana del reservori viral de 44 mesos durant els primers 7 anys de TAR, el
declivi del reservori viral no es manté indefinidament. Les persones que han rebut TAR
durant periodes molt prolongats (>20 anys) continuen presentant virus competents per a la
replicacid, tot i estar en forma latent®. Aixd concorda amb el fet que, malgrat la laténcia
persistent sostinguda per la TAR al llarg dels anys, el reservori cel-lular del VIH latent pot
provocar un rebot viral tan rapidament com dues setmanes després d'interrompre el

tractament®*.

Realment pero, la infeccio directa i integracio proviral del VIH-1 en els limfocits T CD4* de
memoria en repos és infreqiient®, ja que expressen nivells insuficients del coreceptor CCR5

i sobreexpressen SAMHD1 (de I'anglés, SAM domain and HD domain-containing protein
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1)%, un factor de restricci6 amb activitat dNTPasa que redueix la quantitat de dNTPs
disponible per a la retrotranscripcié del VIH i impedeix la integracié dels provirus®. Per
contra, els limfocits T CD4" activats representen la principal diana del VIH, perd normalment
son eliminats per I'apoptosi induida després que els limfocits T activats deixin de trobar-se
'antigen cognat, els efectes citopatics desencadenats pel VIH o la funcio efectora de
limfocits citotoxics®®. Els estudis inicials de Shan et al. van determinar que la laténcia
concretament s’establiria quan s’infecten els limfocits T CD4* activats a comptar des de 6-
12 dies enrere®. Una fraccio minoritaria d’aquesta poblacié realitza una transicié de cél-lules
efectores a de memoria en repos (EMT), i les seves caracteristiques afavoreixen que el VIH
estableixi la laténcia directament sense produir virions que la farien susceptible a la mort:
alta expressio de CCRS, suficients dNTPs i expressio génica viral reduida, ja que factors de
transcripcié d’activacio cel-lular com NF-kB i NFAT, estan segrestats al citoplasma®®. El fet
que la petita poblacio de T CD4* EMT sigui la més permissiva amb la laténcia explicaria la
baixa freqléncia de cel-lules latentment infectades in vivo (~1 per cada 10° T CD4*)%,
Tanmateix, altres estudis si que han observat que la infeccid latent es pot establir a partir de
la infeccio directa de tant limfocits T CD4" activats com en repos®. Aleshores, el VIH-1
establiria la laténcia en els limfocits T CD4* de memoria en repos tant de forma directa com

transitant préviament per cél-lules T CD4* activades (FIG 5).
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FIG 5. Procés de formacid inicial del reservori latent del VIH-1. (A) El VIH infecta principalment els limfocits
T CD4*. Quan entra a la cel-lula, ’ARN viral primer es retrotranscriu a ADN viral, i és integrat al genoma dels
limfocits T CD4*. Alguns limfocits T CD4* amb ADN viral integrat poden derivar a un estat de repos i el VIH-1
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es torna latent. (B) El VIH-1 infecta directament els limfocits T CD4* que retornen a un estat de memoria
quiescent en fase GO, i aixi el VIH-1 entra en latencia. (C) El VIH-1 estableix la laténcia infectant directament
limfocits T CD4* de memoria en repos (cél-lules Trm). Extreta de: 7°

Per ultim, el pes de cada subpoblacioé de limfocits T CD4* en contenir provirus latents és
diferent (FIG 6). Els limfocits T CD4" de memoria central sén la subpoblaciéo majoritaria,
mentre que els limfocits T CD4* naive i els T CD4* diferenciats terminalment sén els menys
representats®’. No obstant, aproximadament el 90% dels provirus integrats contenen
mutacions deletéries que els tornen defectius per a la replicacié”. Aixi, no s’han trobat
diferéncies significatives en el reservori de provirus amb el genoma intacte entre les
diferents subpoblacions de limfocits T CD4* de memoria’. En canvi, els limfocits T CD4*
efectors de memoria son els més facilment induibles per a produir virus competents per a la
replicacio després de varies rondes d’activacio, perd quan es normalitza a la freqliéncia
poblacional en sang, la contribucié al reservori viral induible és similar entre les

subpoblacions de memaoria’.
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FIG 6. Reservori viral latent total en els subgrups de limfocits T CD4*. Es mostra la contribucié de cada
subgrup de limfocits T CD4* al reservori de VIH-1 latent total juntament al fenotip de marcadors de superficie.
Extreta de: 73
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6.4.1. Identificacio de cél-lules latentment infectades

L’existencia d’un marcador de superficie que s’expressi exclusivament en cél-lules
latentment infectades seria una gran fita en la lluita contra el VIH, ja que possibilitaria el
disseny de terapies cel-lulars de citotoxicitat dirigida exclusivament contra aquestes cél-lules,
aixi com I'administracio selectiva d’agents reversors/promotors de la laténcia i antiretrovirals.
A més, també permetria I'aillament enriquit de cél-lules latentment infectades procedents de

la sang per a I'’estudi experimental de la laténcia del VIH.

Els primers resultats prometedors sobre un biomarcador indicador de cél-lules latentment
infectades va ser presentat per Descours et al., que van proposar el CD32a (receptor de
baixa afinitat per a la Fc de la IgG, FcyRlla) com a biomarcador de limfocits T CD4* portadors
de virus competents per a la replicacié en individus amb TAR supressiva (<50 copies/mL)™.
Van calcular, mitjangant una analisi gVOA (de 'anglés, quantitative viral outgrowth assay),
que les unitats infeccioses per milié de cél-lules en els limfocits T CD4" totales era d’entre
2,2i 5,7, perd de 2.158 a 16.422 en els limfocits T CD4*CD32a", un enriquiment de fins a

3000 vegades en cél-lules latentment infectades™.

La poblacié minoritaria T CD4*CD32a" només representava el 0,012% del total de limfocits
T CD4* en sang, pero contenia una mitja de 0,56 genomes d’ADN viral per cél-lula, el que es
traduiria en una aportacié d’entre el 26,8 i el 86,3% del total d’ADN viral™*. També cal
destacar que en un altre estudi es va descobrir que la poblacido T CD4* en teixit limfatic que
expressa CD32a sén les T CD4* helper fol-liculars (de I'anglés, Tfh), que mostren els majors
nivells de replicacio viral tant en persones virémiques com sota tractament amb TAR". S’ha
descobert que els limfocits T CD4* s’uneixen a immunocomplexos d’agregats d’lIgG a través
del CD32a i s’'incrementa la seva activacio i proliferacio’®. Traslladat a la infeccié cronica per
VIH, els immunocomplexos d’anticossos anti-VIH poden activar cronicament les cél-lules T
CD4", entre elles les cél-lules latentment infectades, i provocar la reactivacié dels provirus’.
A més, s’ha descobert que sén més resistents a la mort per ADCC mediada per les cél-lules

NK degut a la unié suboptima dels anticossos anti-VIH"".

Si bé el CD32a va ser un biomarcador prometedor, diversos grups independents van obtenir
resultats contradictoris a I'intentar reproduir els resultats del grup de Descours®'. Per
exemple, Osuna et al. van recriminar que la isoforma de CD32 que marcava a les céel-lules T
CD4*CD32" seria en realitat la CD32b, un marcador de limfocits B. Van revelar artefactes
produits durant I'aillament cel-lular per citometria de flux, que consistiria de doblets de

limfocits T i B, on els limfocits T adquiririen el CD32b per trogocitosi’®. A més, s’ha criticat
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que la similitud dels dominis extracel-lulars de CD32a i CD32b impossibilita la correcta
separacio per citometria de flux, degut a la falta d’anticossos comercials que els
distingeixin. Un altre estudi va arribar a la conclusioé que, més que considerar-se el CD32a
un marcador de cél-lules latentment infectades, es tractaria d’'un biomarcador que indica
cél-lules que transcriuen activament el VIH inclus en persones amb carrega viral suprimida
per la TAR®. Tot i aquest seguit d’estudis rebatent la descoberta inicial del CD32a com a
biomarcador del reservori cel-lular latent, al 2020 es va publicar un altre estudi que defensa
les observacions de Descours et al., ja que, primer, van trobar una correlacié entre el CD32
i la quantitat d’ADN viral integrat en sang periférica, i segon, van optimitzar l'aillament de
cél-lules T CD4*CD32* realment pures, aconseguint enriquir I’ADN viral integrat en 292
vegades, perd no I’ARN viral, pel que es tractaria de cél-lules latentment infectades®2. A més,

els provirus de les cél-lules T CD4*CD32* van poder ser reactivats ex vivo®.

Una altra proposta de biomarcador ha sigut el CD30, que pertany a la superfamilia de
receptors de TNF, i es troba expressat en célllules de tumors Hodgkin i altres limfomes
agressius, a més de la infeccid pel virus d’Epstein-Barr, perd no en limfocits de persones
sanes®, De funci6 incerta, suposadament estaria implicat en la activacio, proliferacio i mort
cel-lular®. Es van comparar les cél-lules T CD4*CD30* contra les CD30~ en tres cohorts de
pacients: persones infectades amb carrega viral suprimida, viréemics i controladors sense
TAR (carrega viral plasmatica <5600 copies/mL). La freqiéncia mitjana d’expressié de CD30
va ser de 3,97%, 1,05% i 0,03%, respectivament. Malgrat la raresa d’aquestes cél-lules en
sang, se’ls va atribuir el 21%, 28% i 51,4% de I’ARN viral associat a cel-lules, respectivament.
En el cas de I’ADN viral, la major contribucio va ser en els pacients amb TAR, on de mitjana
el 18,3% de limfocits T CD4* amb ADN viral integrat expressaven CD30, i hi destaquen dos
pacients amb més del 50% d’ADN viral integrat en la fraccié CD30*. En els virémics i
controladors, va ser d’'un 2,2% i 0,05%, respectivament. En I'estudi de mostres d’ileum i recte
de persones amb la carrega viral suprimida, es va detectar un 88% de col-localitzacié de
I’ARN viral amb 'ARNm de CD30, major que I'observat en individus viremics (32,5%, P=
0,008)84. Un apunt interessant d’aquest estudi va ser que una persona infectada per VIH amb
carrega viral suprimida va estar rebent infusions repetides de brentuximab vedotina per
atacar les cel-lules CD30* de limfoma, i no se |li va detectar VIH associat a les cél-lules en
sang. Es va concloure que el CD30 podria considerar-se un marcador de cél-lules infectades

residuals que transcriuen activament el VIH inclis sota la TAR supressora®.

Per ultim, també s’han establert associacions entre I'expressié augmentada del punt de

control immunologic KLRG1 i la preséncia d’ADN proviral clonal intacte integrat en les
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cél-lules T CD4*%. En concordanca, en el TREBALL 1 es demostra que I'Gs d’un anticos anti-

KLRG1 té la capacitat de reactivar les cél-lules latentment infectades.

6.5. Reservoris anatomics principals del VIH

Un reservori anatomic es considera un teixit que conté cél-lules latentment infectades® (FIG
7), i hi destaca que en pacients amb carrega viral indetectable en sang, sovint hi segueix
havent cél-lules produint continuament nous virions en els reservoris anatdomics®’. A més, es
poden distingir els santuaris anatomics, que son estructures anatomiques no accessibles per
als limfocits citotoxics ni pels antiretrovirals (a concentracions terapéutiques)®’. Els ganglis
limfatics, sistema nervios central, tracte genital masculi, teixit adipds i retina son els millors

documentats®e.

FIG 7. Reservoris anatomics principals del VIH-1. Els reservoris de VIH-1 persisteixen en els teixits profunds,
i la sang és la font principal de disseminacio. La mida dels cercles indica I'abundancia de cada reservori.
Extreta de: &
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Es calcula que hi ha 5-10x10° limfocits T en sang periférica, els quals només representarien
el 2% del total present al cos huma, ja que s’estima que en teixits com la pell, pulmons,
intestins i teixit limfatic, s’acumulen 10 vegades més limfocits T. Malgrat ser doncs la sang
el reservori anatomic del VIH més reduit, és el més estudiat gracies a la facilitat en la presa
de mostres®. Per aquest motiu, en aquesta tesi doctoral s’ha estudiat un dels reservoris

anatdmics principals, el teixit limfatic.

6.5.1. Centres germinals en els Organs Limfoides Secundaris (OLS)

En els ganglis limfatics, els limfocits T CD4*CTLA4" serien la principal diana per a la infeccio
en la zona T, mentre que els limfocits T CD4* helper fol-liculars en el fol-licle B conformarien
el compartiment principal on replica el VIH®'. En la infeccio per VIH, les cél-lules dendritiques
folliculars (de I'anglés, FDC), que resideixen en els centres germinals, presenten particules
de VIH en la seva superficie per activar selectivament als limfocits B. Malauradament, com
els limfocits T CD4" de l'area paracortical migren als centres germinals en resposta a
I'activacio dels limfocits B, amb el temps s’infecten®. Tot i que els limfocits T CD8* poden
eliminar cél-lules infectades en la zona T, compten amb un accés molt restringit a la zona B™
(FIG 8). Per a entrar-hi, han de modificar el seu fenotip a CCR7°“CXCR5"", i si bé s’ha
observat la preséncia de limfocits T CD8" fol-liculars tant en pacients virémics com sota TAR,
presenten una pobra secrecio de citocines, segurament condicionada per l'alta expressio
dels punts de control immunologic PD-1 i TIGIT®'. Per tant, els fol-licles B serien santuaris
que faciliten la persisténcia del VIH-1, per estar protegits de la citolisi dels limfocits citotoxics,
sumat a la biodisponibilitat limitada de la TAR'>#:9, També cal destacar que si la infeccio per
VIH no es tractada amb rapidesa en la fase aguda, s’ha demostrat que els ganglis limfatics
poden perdre la xarxa de cél-lules fibroblastiques reticulars i patir la deposicié de col-lagen®,
que pot alterar els limfocits citotoxics * i la funcié inductora de respostes immunologiques,

empitjorant la patologia per VIH i derivar a SIDA.
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FIG 8. Els fol-licles B dels ganglis limfatics com a sanctuaris per a la replicacié del VIH-1. El fluid limfatic
aferent entra al cortex del gangli limfatic, i el fluid limfatic eferent surt per I'hil-lus a través dels vasos limfatics.
El gangli limfatic esta format tant per cél-lules limfocitaries com miel-loides, i s’organitzen en una xarxa
limforeticular entrellagada que organitza aquestes cél-lules immunitaries, promovent I'activacio i I'expansio
clonal. El cortex del gangli limfatic es divideix en un cortex extern, que conté fol-licles limfoides primaris i
secundaris, i un cortex intern. Els fol-licles primaris es componen principalment de cél-lules B i no contenen
un centre germinal, mentre que els fol-licles secundaris, que es formen després de I'activacié immunitaria, es
componen d'una capa de cél-lules B que envolta un centre germinal central format per centroblasts i cél-lules
dendritiques fol-liculars (FDC). Les cel-lules T helper fol-liculars (Tfh) es poden trobar a la zona extrafol-licular
(zona de cél-lules T) i als fol-licles de cel-lules B. Les cél-lules Tfh sén un subset Unic de cél-lules T CD4* dins
dels teixits limfoides secundaris que interaccionen amb les cél-lules B a la zona B:T. Es caracteritzen per una
alta expressid del receptor de quimiocina CXCR5, que permet a les cél-lules Tfh migrar al lloc d'activacio de
cél-lules B mediada per cél-lules T en els teixits limfoides secundaris. Les FDC poden presentar virions de VIH
infecciosos durant periodes prolongats, la qual cosa condueix a la infeccié de les Tfh dins del centre germinal.
També és possible que les cél-lules T CD4* estiguin infectades fora del fol-licle i es diferenciin en Tth dins dels
fol-licles. Les cel-lules Tth infectades es localitzen principalment dins dels fol-licles de céllules B i centres
germinals perqué els CTL no poden entrar en aquestes zones a menys que expressin CXCR5. Si els CTL
expressen CXCRS5, poden entrar al fol-licle, perd s'ha demostrat que no sén capagos de matar les cél-lules Tth
infectades pel VIH. No obstant aix0, les Tfh infectades que surten del fol-licle poden ser assassinades per CTL
especifics contra el VIH. Extreta de: %
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6.5.2. Teixit Limfatic Associat a I'Intesti (GALT)

La mucosa gastrointestinal es considera una de les fonts principals de la replicacié del VIH
ja que hi abunden limfocits T CD4*CCR5* activats®®8. Durant la infeccié primaria per VIH,
s’ha observat la rapida deplecio dels limfocits T CD4* en el subcompartiment efector (lamina
propria) en comparacio amb la sang i, a més, la pérdua roman irreversible inclus després de
5 anys de TAR sostinguda®. En un model d’NHP (de I'anglés, non-human primate) es va
estimar que el GALT contenia el 62,3% de cél-lules ARNv* abans d’iniciar la TAR, i el 98%
després d’iniciar-la, convertint-se en el major santuari per a mantenir la laténcia del VIH*
(FIG 9).

After
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FIG 9. Representacio grafica de la proporcié de cél-lules ARNv* en cada o6rgan dels macacos rhesus (A)
abans i (B) després de la presa de TAR. Extreta de:

En humans també s’ha pogut confirmar que la replicacio viral persisteix en el colon malgrat
la TAR'™ i els limfocits T CD4* rectals tenen la major freqiiéncia d’ADN viral integrat
comparat amb la sang (4,26 vegades més) i els ganglis limfatics (2,32 vegades més)''. A
més, cal destacar que la infeccio per VIH provoca canvis significatius en ’lhomeostasi de la
mucosa intestinal, per exemple, altera I'’expressid d’E-cadherina en I’epiteli intestinal’® i
augmenta la deposicié de col-lagen'®, el que dificultaria I'accié dels limfocits citotoxics

contra les ceél-lules infectades.

6.5.3. Models de cultiu de teixit ex vivo per a I’estudi de la infeccié per
VIH

La dificultat per estudiar les cél-lules immunitaries en teixit en relacié amb el VIH es demostra
ala TAULA 1, on queda reflectit que les cél-lules en sang sén les més estudiades, i amb les
NK és precisament on la diferéncia és més notable. L’estudi amb mostres de sang té els

avantatges de la facilitat d’obtencié de mostres i la possibilitat d’analitzar cohorts clarament

23



I. INTRODUCCIO

definides de pacients. A més, I'aillament de les cél-lules d’interés, principalment les PBMCs,
es pot realitzar amb kits comercials. En canvi, I'obtencié de mostres de teixit sanes depén
en gran mesura de reseccions de tumors, bidpsies invasives, o post-mortem. Aixd implica
que 'obtencio de les mostres no pot ser definida per cohorts, sind per la disponibilitat segons
les malalties condicionants a sotmetre’s a una operacié quirdrgica, per exemple. Tot i aixi,
s6n mostres molt valuoses perqué poden permetre I'estudi dels reservoris anatdmics en

humans i establir models sobre I'adquisicié del virus emprant explants de teixit, entre

d’altres.
Ceél-lules immunitaries Sang Teixit n° de vegades més estudiat
Total 15.299 9.581 1,6
Limfocits T CD4* 5.714 2.348 2,4
Limfocits T CD8* 1.696 455 3,7
Macrofags 605 375 1,6
Cél-lules dendritiques 505 302 1,7
Ceéllules NK 279 (1,82 %) 58 (0,61 %) 4,8

TAULA 1. Recompte d’articles cientifics publicats fins al 2023 que tracten sobre cél-lules immunitaries
en el context de la infeccié per VIH en sang vs. teixits. Per a la quantificacio d’articles en sang es va seguir
la seglent estratégia de cerca en el repositori PubMed®: Human[Title/Abstract] AND HIV[Title] AND (blood
OR circulation OR circulating OR periphery OR peripheral OR PBMCs) AND Journal Article[Publication Type]
NOT Review[Publication Type]. En el cas d’articles relacionats amb teixits, I’entrada de cerca va ser la segiient:
Human([Title/Abstract] AND HIV[Title] AND (tissue OR mucosa OR resident OR residency OR anatomic
reservoirs OR sanctuaries OR gut OR rectal OR intestine OR Gl tract OR GALT OR vaginal OR cervix OR
genital OR fluid OR brain OR central nervous system OR lymph node OR lymphatics OR tonsil OR spleen OR
liver OR adipose OR fat OR bone marrow) AND Journal Article[Publication Type] NOT Review[Publication

Typel].

En el model emprat en el TREBALL 2, es duu a terme la infeccio per VIH en explants de
teixit huma, que es disseciona en petits blocs (8 mm?) i es cultiva sobre esponges de gelatina
de col-lagen per a oferir un suport estructural per a la supervivéncia, renovant-se el medi de
cultiu freqlientment'®. En el cas del teixit limfoide amigdali, la replicacié ex vivo del VIH pot
desenvolupar-se en format de blocs de teixit (histocultiu limfoide huma, HLH) o de cél-lules
disperses (cultiu d’agregat limfoide huma, HLAC)'% i ha facilitat I'estudi de parametres clau
de la patogenicitat del VIH'"%"%_En el cas de teixits mucosos barrera com el cervicovaginal
i el rectosigmoid, els explants han permés identificar factors determinants en I’entrada del

VIH'® aixi com agents microbicides que impedeixen I'adquisicié de la infeccio'™.
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En el TREBALL 2 s’ha utilitzat aquest model amb reseccions d’amigdales humanes, un teixit
limfatic secundari. Aquest métode permet estudiar I’evolucié de la infeccio inicial per VIH en
les cél-lules residents en teixit, observant-se pics d’infeccié ex vivo després d’una setmana
aproximadament''"", Els avantatges d’aquest enfocament inclouen la preservacio de les
diferents poblacions cel-lulars i la microestructura del teixit, a diferéncia de les cél-lules
cultivades en suspensio. No obstant aix0, els explants de teixit pateixen una degradacio
continua i només permeten I'estudi durant un periode d’1 a 2 setmanes. Malgrat aquesta
limitacio, per a I'estudi del comportament de les cél-lules NK a P'inici de la infeccié per VIH
pot ser suficient. Per exemple, en models murins d’infeccié cutania, s’ha observat que les
céllules NK de memoria residents a la pell s’expandeixen amb un pic de 7 dies postinfeccio
i després es contrauen i mantenen''?. Una altra limitacié és que, tot i que aquest model
permet I'estudi de les cél-lules NK residents al teixit, aquest es troba aillat, i no es pot
coneixer si existeix un reclutament de noves cél-lules NK efectores. Tot i aixi, en models
tumorals murins, s’han identificat dues categories de ceéllules NK residents: les que
resideixen al teixit i controlen inicialment I'aparicié dels tumors gracies a la produccio local
d’lL-15, necessaria en la conversio a CD49a*CD103"; i les que s’infiltren en el tumor des de
la sang i no depenen de la IL-15 sind del factor de transcripcio Nfil3''3. Per tant, el model
d’infeccié per VIH-1 en explants d’amigdales humanes podria proporcionar informacio
valuosa sobre el comportament de les cel-lules NK ja presents en el teixit limfatic durant la
infeccio inicial per VIH, essent aquestes les primeres cel-lules NK en combatre I'establiment
del VIH.
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7. Estrategies de curacio

S’han definit dues formes possibles de curacié del VIH: funcional i esterilitzant. En una
curaci6 funcional, existeix una supressio viral permanent, perd no completa, que prevé la
immunodeficiéncia i la transmissio en I'abséncia de terapia. En canvi, en la cura esterilitzant,

es busca erradicar completament totes les formes de virus competents per a la replicacio.

Actualment, només existeixen 7 persones al mén que s’haurien curat totalment de la infeccié
per VIH-1. La majoria coincideixen en que van rebre un transplantament hematopoétic amb
cél-lules mare d’'un donant amb la delecido homozigodtica de 32 parells de bases en I'al-lel
CCR5"5, Com que en el transplantament s’eliminen les cél-lules hematopoétiques del
pacient i es reemplacen amb les del donant, que no expressen CCR5, el VIH no pot infectar
les cél-lules trasplantades i decau amb el temps. Per exemple, en el “Pacient de Berlin” es
va observar una reduccio de 3,5 logs en el seu reservori latent, i des del 2008 va reduir la
virémia fins a nivells indetectables sense necessitat de la TAR''®. Recentment, pero, també
s’ha documentat la curacié d’una persona amb VIH-1 que va rebre un transplantament
hematopoétic de cél-lules mare sense la mutacio protectora de CCR5", i d’una altra persona

en que les cél-lules donants només contenien una delecié heterozigotica per CCR5'8,

Existeixen també algunes persones conegudes com a controladores d’elit excepcionals, que
no progressen en la malaltia perqué son capaces de suprimir la viremia fins a nivells
indetectables sense necessitat de TAR durant més de 25 anys''®. En alguns casos molt
especifics, fins i tot podrien haver aconseguit una curacié funcional espontania’. D’altra
banda, les persones controladores post-tractament poden mantenir la carrega viral
suprimida si el tractament s’inicia de manera precog després de la infeccio''?2, En aquests

casos, la resposta mediada per les céllules NK podria tenir un paper determinant??3124,

L’obstacle principal per assolir una cura son el reservoris cel-lulars, en els quals el VIH-1
roman latent per un llarg periode d’anys, i promouen la reaparicié de la virémia tan aviat com
2 setmanes després de suspendre el tractament antiretroviral en la majoria de persones’.
A continuacio es detallen diverses estrategies enfocades a reduir i eliminar el reservori latent

del VIH-1 en la poblacio general de persones vivint amb VIH.

7.1. Anticossos neutralitzants d’ampli espectre (bnAbs)

Els anticossos neutralitzants d'ampli espectre (bnAbs, de l'anglés broadly neutralizing
antibodies) han demostrat la capacitat de reduir el reservori viral'®, i poden afavorir la

induccio de respostes T CD8* especifiques contra el VIH a través dels immunocomplexos'#.
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Els resultats més prometedors provenen del fet que la combinacié de multiples bnAbs pot
suprimir de manera prolongada la replicacio viral en abséncia de TAR'?". A més, en models
NHP, s'ha aconseguit induir una produccié sostinguda de bnAbs'%, la qual cosa ha motivat
el desenvolupament de vacunes dirigides a promoure aquesta produccié sostinguda per

aconseguir una remissié prolongada del VIH'#-"31,

7.2. Edicié genica per CRISPR-Cas9

L’edicio genica per CRISPR-Cas9 (de l'anglés, clustered regularly interspaced short
palindromic repeats (CRISPR)-associated system 9 (Cas9) proteins) ha sigut estudiada per
inactivar permanentment els provirus integrats per l'escissid d’'un fragment[10] o la
generacio de grans mutacions deletéries'?. L’endonucleasa Cas9 indueix trencaments de
doble cadena (DSB) en seqiiéncies especifiques de I’ADN proviral, i la reparacio de les DSB
per la maquinaria cel-lular tendent a I’error non-homologous end joining (NHEJ) condueix a
mutacions d’insercions i delecions (InDel) en el provirus i suprimeix la replicacio del VIH',
Malauradament, el provirus pot tornar-se resistent a I'accié de CRISPR-Cas9, ja que es
poden generar mutacions que impedeixin I'atac de la Cas9 al prevenir la unié de I’ARN guia
del sistema CRISPR/Cas9™*. Perd Wang et al. van identificar combinacions d’ARN guia
dirigides a sequéncies essencials altament conservades de I'LTR i Gag que van hipermutar
el provirus generant InDels extenses, assolint-se el bloqueig sostingut de la replicacio viral

in vitro sense observar mutacions d’escapament viral'%.

7.3. Block and Lock

Consisteix en silenciar permanentment als provirus del VIH integrats en les cél-lules
latentment per a generar una laténcia profunda que bloquegi la reactivacio viral. En aquest
cas, s’empren agents promotors de la laténcia, que poden actuar sobre diferents punts de
la reactivacio de la transcripcio dels provirus latents (FIG 10). Per una banda, existeixen
farmacs dirigits a bloquejar 'activacio cel-lular i la transcripcié general, perd poden tenir
efectes generalitzats en la transcripcié cel-lular'*. En canvi, els inhibidors del trans-activador
de la transcripcid (Tat) serien més prometedors, ja que la Tat és essencial per a la
transcripcié exponencial del provirus un cop s’ha comengat a transcriure a nivell basal per
la maquinaria transcripcional propia de la cél-lula i, per tant, seria un mecanisme dirigit
especificament al VIH'¥". De totes maneres, seria necessari que els inhibidors de la Tat fossin
capacos de penetrar als santuaris de la persisténcia del VIH, teixits com l'intesti, els ganglis

limfatics i el cervell.
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FIG 10. Dianes potencials per a I’estratégia de block-and-lock. La transcripcié del VIH es pot bloquejar en
diferents etapes. Els factors de I’hoste, com els components del complex de preinicid de la transcripcid, poden
convertir-se en dianes per a bloquejar I'inici de la transcripcio viral. D’altra banda, la Tat o altres components
involucrats en la interaccié amb Tat-transactivation response element RNA (TAR)-positive elongation factor b
(P-TEFb) es poden atacar per bloquejar I’elongacio de la transcripcié. Per ultim, amb la modulacié dels factors
epigenétics es pot bloquejar la transcripcid. Abreviacié: TSS, transcription start site. Extreta de: 8

7.4. Shock and kill

D’altra banda, I'estratégia “shock and kill” consisteix en purgar a les cél-lules latentment
infectades per tal que produeixin virions i les cél-lules infectades puguin ser eliminades
naturalment per I'apoptosi induida, efectes citopatics del VIH-1 o el reconeixement dels
limfocits citotoxics'. Paral-lelament, s’administra la TAR per a bloquejar la infeccié d’altres
cél-lules sanes. Tot i aixi, seria necessari potenciar la fase d’eliminacié de les cél-lules
reactivades, ja que el VIH-1 posseeix mecanismes per a inhabilitar I'accié del sistema
immunologic sobre les cél-lules infectades'. A I'apartat 9.5. Estratégies dirigides a potenciar
I’eficacia de les cel-lules NK, aixi com al TREBALL 1, es descriuen estratégies per millorar

I’eliminacio de les cél-lules reactivades per part de les NK.
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7.4.1. Reversio de la laténcia

En el primer pas de I'estratégia de “shock and kill”, es busca reactivar els provirus integrats
en les cel-lules latentment infectades mitjancant els agents de reversio de la laténcia (LRAs,

de I'anglés, latency reversal agents) (FIG 11).
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FIG 11. Classes d’agents de reversié de la laténcia. Els LRA poden actuar sobre diferents vies cel-lulars,
resultant en la transcripcio del VIH i/o la produccié de virions. Extreta de: 4°

Varis LRA han demostrat la seva eficacia modesta in vitro'™''*3, i alguns s’han assajat in
vivo™+146 demostrant I'augment en la transcripcié del VIH latent, perod I'administracié en
solitari no aconsegueix disminuir el reservori viral. Per tal de mitigar els possibles efectes
toxics dels LRA i, alhora, augmentar la reactivacié dels provirus, s’han dut a terme assajos
preclinics amb combinacions sinérgiques d’LRA, que actuen en diferents punts de la
cascada de senyalitzacié que promou la reactivacié dels provirus integrats en laténcia’'*.
En una estrategia “shock and kill’, es van estudiar nanoparticules lipidiques (LNP) amb
'agonista de PKC briostatina-2 i 'HDACI butirat de sodi per a potenciar el seu efecte en

limfocits T CD4* de ratolins humanitzats. Les cél-lules latents reactivades van representar
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I'1,51% i el 2,99% tractades amb LNP amb briostatina-2 o butirat de sodi, respectivament,
perd quan els dos LRA es combinaven en una Unica nanoparticula, es va assolir el 33,2% de

cél-lules reactivades'.

Altres estrategies es dirigeixen a matar directament a les cél-lules que poden estar
enriquides amb provirus del VIH. En aquest sentit, la inhibicid pro-apoptotica selectiva de
Bcl-2 va eliminar ex vivo els limfocits T CD4* de PVV que contenien provirus intactes del VIH

i, en ratolins humanitzats, va endarrerir ’'aparicié del rebot viral'*,

Per ultim, el bloqueig simultani de varis punts de control immunoldgic ha demostrat bona
eficacia per revertir la laténcia de les cél-lules infectades'’. En el TREBALL 1 s’ha descobert
que el bloqueig de KLRG1, un punt de control immunologic, pot derivar en la reactivacio de
cél-lules latentment infectades, i concorda amb el fet que I'expressié de KLRG1 en la

superficie de les T CD4" identifica notablement la preséncia d’ADN viral intacte integrat®.

7.4.2. Afavoriment de I’eliminacio de cél-lules reactivades

Tot i que s’aconseguis la reactivacio completa de les cél-lules infectades latentment, caldria
comptar amb l'eliminacié eficag d’aquestes per a realment curar la infeccié per VIH.
Malauradament, el sistema immunoldgic n’és incapag, ja que la infeccié cronica per VIH
provoca una activacio continua de les principals cél-lules citotoxiques (T CD8" i NK) i
contrauen un esgotament funcional'-'%4. Les estratégies per a potenciar I'eliminacié de
cél-lules infectades per part de les NK sén multiples, perd es poden englobar en dues
categories: la infusié de noves célllules NK potenciades ex vivo'®®'® i 'administracio de
farmacs dirigits a potenciar les cél-lules NK ja presents en les persones amb infeccié per
VIH""1%8 A |a seccio 9. Alteracions funcionals, es detallen varis mecanismes que inhibeixen
la funcié de les cél-lules NK i com es poden revertir. A més, en el TREBALL 1 es descriu una

forma de millorar la resposta de les NK contra les cél-lules infectades per VIH.

7.5. Vacunes terapéutiques

Una ultima estratégia dirigida a curar la infeccié per VIH sén les vacunes terapeutiques, que
s’han centrat en induir respostes amb limfocits T CD8* especifics contra el VIH per a matar
selectivament a les cél-lules productores de virus, de forma que serien d’utilitat per a
culminar I'estratégia de shock and kill . L’objectiu de les vacunes terapéutiques seria
generar una resposta immunologica antiviral ferma i sostinguda en el temps capag¢ de
controlar per si sola, sense necessitat de la TAR, la carrega viral i I'aparicié de malalties

secundaries derivades de la infeccié per VIH.
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L’unic assaig clinic que ha aconseguit reduir el reservori viral en humans ha sigut el REDUC
(NCT02092116), que va reduir en un 40% el reservori dels participants gracies a la
immunitzacié amb la vacuna peptidica terapéutica Vacc-4x, G-CSF (de 'anglés, granulocyte-
colony stimulating factor) i seguit del tractament amb romidepsina, un HDACIi'®. Tot i aixi,
no va endarrerir el rebot viral després d’interrompre la TAR. En canvi, una combinacio de la
vacuna terapéutica Ad26/MVA amb I'agonista de TLR-7 GS-986 en macacos rhesus infectats
amb SIV i tractats amb TAR, a part d’aconseguir una disminucio de la carrega d’ADN viral
en sang i ganglis limfatics, va endarrerir I'aparicio del rebot viral després de la interrupcié de
la TAR™,

Moltes altres vacunes terapéutiques també han aconseguit generar respostes robustes de
T CD4* i CD8* especifiques contra el VIH (p. ex. AELIX-002, NCT03204617), perd no van
assolir cap dels objectius cabdals, reduir el reservori viral i/o endarrerir el rebot viral després
de la interrupcié de la TAR. Es pot trobar un recull d’aquests assajos clinics conclosos i
d’altres en marxa a les revisions bibliografiques: '%"'%2, Aixi, s’evidencia la necessitat de
desenvolupar una vacuna terapéutica combinada amb altres elements potenciadors. Un dels
assajos clinics més prometedors en marxa, 'HIVACAR (NCT03619278), esta estudiant
I’efectivitat d’'una vacuna terapéutica combinada amb anticossos ampliament neutralitzants i
I’'LRA romidepsina per assolir la remissid de la infeccié cronica per VIH en persones amb
TAR.

8. Cel-lules NK

8.1. Classificaci6 fenotipica i funcional

Les céllules NK son cél-lules granulars grans propies de la resposta immunitaria innata que
comprenen el 10-15% dels limfocits trobats a la sang periféerica. Principalment s’encarreguen
d’eliminar cél-lules alterades, ja sigui per una infeccid viral o transformacié tumoral, no
requereixen d’una sensibilitzacioé antigénica preévia, i poden perfilar la resposta immunitaria

adaptativa'.

La classificacié fenotipica general es basa en I'expressio en superficie del receptor CD56,
sumat a I'abséncia dels receptors de superficie CD3 i TCR, els quals son especifics de
limfocits T. Dins de les cél-lules NK CD3-CD56" hi trobem dues subpoblacions principals que
es diferencien pels nivells d’expressié alts de CD56 (CD56""") o mitjans (CD569™) i, a més,

exerceixen funcions clarament separades’®.
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En sang periférica, el 85-90% de cél-lules NK sén CD56%™ (CD16°") i sén potents
mediadors de citotoxicitat. La senyalitzacié a través del receptor CD16 (FcyRIIl)
desencadena la citotoxicitat cel-lular dependent d’anticossos units a les cél-lules diana, on
s’alliberen granuls que contenen mediadors citotoxics com la perforina i diverses

granzimes'®,

Per contra, la resta de cél-lules NK son CD56°9" (CD167°%), i seguit de la seva activacio,
exerceixen funcions reguladores per la secrecid predominant de citocines (IFN-y, TNF-q) i
quimiocines (CCL3, CCL4, CCL5)"™. Aquestes també poden provocar respostes
citotoxiques a traveés de I'apoptosi relacionada amb el lligand Fas (FasL) i el factor de necrosi

tumoral alfa (TNF-a)'®3.

D’altra banda, els seus patrons de receptors de quimiocines també difereix (FIG 12) i, per
tant, aixi ho fa el seu transit a diferents localitzacions. Les dues subpoblacions NK expressen
el receptor de quimiocina CXCR3, que guia a les NK cap als ganglis limfatics, tot i que les
CD56"s" 'expressen en major mesura. En canvi, receptors de quimiocines relacionats amb
la inflamacio de teixits (CXCR1 i CX3CR1) es troben altament expressats en les cél-lules NK
CD56%m CD16"19"165 Aquestes quimiocines s’associen a respostes inflamatories locals que
es poden originar per infeccions virals agudes, aixi com tumors solids. Per tant, els hi permet
migrar fins a les arees inflamades i aixi poder exercir les seves respostes antivirals i

antitumorals'©3,

[[] cosemem [[] nke2a*cosrkir- [H nkcza*coszkir* [l Nke2a-cps7 kiRt ] nke2a-cps7 nkezc-seLrxire ] Nke2a-cps7 NkG2c* SELF-KIR*

A CCR5 CCR7 CXCR1 CXCR2 CXCR3 CXCR4 CX3CR1
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FIG 12. Els efectes de la diferenciacié de les NK en I'expressié de receptors quimiotactics. Les
subpoblacions de cel-lules NK s’identifiquen per I'expressio de CD56, NKG2A, CD57, NKG2C i KIRs, i s’ordena
en base al seu estat de diferenciacié. L’expressié dels receptors de quimiocines es representa com (A) % de
cél-lules que expressen el receptor i (B) median fluorescent intensity (MFI) dels receptors de quimiocines en
la poblacio positiva. Extreta de: 16°
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Per ultim, la distribucié anatdmica de les dues subpoblacions també difereix. Podem trobar
els organs limfoides secundaris enriquits en cél-lules NK CD569" les quals poden
influenciar la resposta immunitaria adaptativa mitjancant la secrecio de factors solubles, en
aquest cas quimiocines i citocines. Aquestes cél-lules NK CD56"9" posseeixen uns llindar
d’activacio menor per a la secrecio de citocines, si bé s’ha demostrat que el reconeixement

de cél-lules diana provoca una major produccié de citocines i quimiocines en les NK
CD56dim164.

En els teixits, les cél-lules NK comparteixen espai amb les cél-lules limfoides innates (ILCs,
de I'anglés innate lymphoid cells), que resideixen localment sobretot en teixits de mucosa

i/o inflamats'®® (FIG 13).

60
1 cNK 1]
M Lc3
M ILC2
30 Il ILC1 l
g =
I L | [ ]
E,\i
£ 6
3
+
To)
<
o
(@]

IEL Colon
IEL lleum
IEL Jejunum
LP Colon
LP Jejunum

FIG 13. Distribucio espacial de les subpoblacions d’ILCs humanes. Freqliéncia dels limfocits quantificats
per citometria de flux en 9 teixits aillats de 44 organs de donants. Frequéncia mitja de céllules NK
convencionals (gris), ILC1 (vermell), ILC2 (blau), i ILC3 (verd) expressat com el percentatge total de CD45*Lin~
en cada teixit. Extreta de: '¢7

Les ILCs es classifiquen en tres subgrups en base al seu perfil transcripcional, la seva
estimulacié diferencial per citocines i les seves funcions exclusives. Les cél-lules NK
s’inclouen dins del subgrup d’ILC1s. Les ILCs en general es poden identificar per I'expressio
constitutiva de la cadena a del receptor de la IL-7 (CD127), i les diferents subpoblacions es
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defineixen d’acord amb I’'expressio de CRTH2, c-Kit (CD117) i CD56: les ILC1s son CRTH2~
CD117-CD56, les ILC2s son CRTH2'CD117*-CD56~ i les ILC3s sén CRTH2-CD117*
CD56"-"%® (FIG 14). Resulta interessant que les caracteristiques i funcions d’aquests tres
grups de limfocits de la immunitat innata es troben solapades amb les de les diferents
subpoblacions de limfocits T, on les cél-lules NK s’assemblarien a les T CD8*, les ILC1s a les
cél-lules Th1, les ILC2s ales Th2 i les ILC3s a les Th17.

Tant les cél-lules NK com la resta d’ILC1s es troben intimament relacionades en tant que les
dues es caracteritzen per la produccido d’IFN-y i TNF-a en resposta a citocines. A més,
requereixen la IL-15 per a la seva diferenciacid, homeostasi i funcionalitat. Els dos tipus
cel-lulars també expressen els factors de transcripcié T-box i HOBIT, pero es diferencien en
que les ILC1s necessiten el T-bet per a desenvolupar-se i les NK per madurar i, a més, les

NK també requereixen d’Eomes per a la seva diferenciacié i funcio final'®.

ILC group Name TFs Cytokines Functions Markers
4 7% Cytokine secretion ggjral;::g
ILC1 T-bet IFN-y, TNF-a Viral defense CD117ms
\ ‘ Anti-tumor CD56me
CD127p0s
y IL-4, IL-5, " z CRTH2ros
ILC2 GATA3 IL-9, IL-13, Arihewmnt CD117wosines
: : Airway inflammation
Amphiregulin CD56neg
CD127pos
Tissue remodeling CRTH2neg
RORyt IL-17, IL-22
ILC3 AHR GM-CSF Extracellular pathogens. cp117res
defense CD56ros/ineg
. Cytokine secretion :
CD56bright : CD56bright
NK cell Eomes IFN-y, TNF-a Vlrgl defense CD16ms
Anti-tumor
. Cytotoxicity
CD564m : CD564m
NK cell T-bet IFN-y, TNF-a Viral defense CD16s
Anti-tumor

FIG 14. Funcions principals de les subpoblacions d’ILCs. Taula sumari que recull els principals factors de
transcripcié que governen el seu desenvolupament, la produccid de citocines, les seves funcions i I'expressio

de marcadors en les diferents subpoblacions d’ILCs. Extreta de: '68

Dins de les ILC1s, recentment s’ha descrit una subpoblacié citotoxica en la mucosa intestinal
i de les amigdales molt similar a les cél-lules, les cél-lules intraepitelials de tipus ILC1s (de

I'anglés, intraepithelial-like ILC1s, ielLC1s)"°.
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Aquestes es defineixen per I’expressio de CD56, Eomes, T-bet, nivells variables de NKp44 i
CD103, i baixos nivells de CD94 i CD127. Els assajos funcionals in vitro demostren que
poden respondre a I'estimulaciéo amb IL-12 i IL-15 secretant IFN-y, i degranulen molécules
citolitiques quan s’exposen a cél-lules diana'”. Aixi doncs, la seva identitat com vertaderes
ILC1s i no pas céllules NK residents en teixit es troba en disputa perqué expressen

mediadors citolitics, T-bet i Eomes'®.

A més a més, s’ha descobert que les ILC3s poden adquirir caracteristiques propies de les
céllules NK quan també s’estimula la seva diferenciaciéo amb IL-12 i IL-15, ja que actuen
sobre I'expressio d’Eomes, el factor de transcripcio principal de la citotoxicitat. Aixd provoca
que les ILC3s es converteixin en cél-lules citotoxiques amb expressié de marcadors de

cél-lules NK com CD16, NKG2C, perforina i granzimes'”".

Donat aquests fets, cal destacar que la comunitat cientifica considera que el mapa precis de
les ILCs humanes en teixit encara es troba sota construccio. Principalment és degut a que
hi ha marcadors que no sén del tot exclusius de cada subpoblacio i que les ILCs sofreixen
el fenomen de la plasticitat i, per tant, poden interconvertir-se en diferents subpoblacions en
funcié dels estimuls de l'entorn (FIG 15). Resumidament, les ILC2s i ILC3s es
transdiferencien a ILC1s en resposta a la IL-1B i IL-12, mentre que la IL-1B i la IL-23 poden
derivar ales ILC1s i ILC2s en ILC3s. Les ILC2s també requereixen de TGF-3 a part de IL-13
i IL-23 per convertir-se en ILC3s i, a més, la IL-4 reverteix la transdiferenciacio de les ILC2s.
En el cas de la transicio d’ILC3s productores d’IL-22 a ILC1s productores d’IFN-y, s’ha trobat
decisiu el factor de transcripcié Aiolos'2 Per ultim, quan les cél-lules NK es troben en un
microambient ric en TGF-B, com en el cas dels tumors, es transdiferencien a cél-lules de
tipus ILC1s que han perdut la seva activitat citotoxica'®'"4. Es considera que la plasticitat de
les ILCs és un mecanisme de les ILCs residents en teixit per a adaptar-se dinamicament als

estimuls, com en el cas d’un estat inflamatori'’.
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FIG 15. Plasticitat de les cél-lules limfoides innates (ILCs). Les ILC2s i ILC3s es poden transdiferenciar a
ILC1s en resposta a la IL-1B i IL-12, mentre que la IL-18 i IL-23 poden convertir les ILC1s i ILC2s a ILC3s. La
transdiferenciacié d’ILC2s a ILC1s o ILC3s es pot revertir amb la IL-4. Les ILC2s també poden guanyar la
produccié d’IL-10 en resposta a IL-33 i acid retinoic. El TGF-f i la IL-12 poden induir un fenotip de tipus ILC1s
en las NKs. La subpoblacié d’ILC2s CD117- també requereix de TGF-f sumat a la IL-1B i IL-23 per a
diferenciar-se a ILC3s. Les linies solides indiquen les vies demostrades de transdiferenciacio, mentre que les
linies puntejades fan referéncia a vies menys ben definides. Extreta de: '7

8.1.0ntogeénia

Les ILCs majoritariament resideixen en teixits, mentre que en circulacié es troben els
precursors d’ILCs (pan-ILCPs), els quals sén CD127*CD117* i generen in situ les diferents
ILCs en resposta als senyals de I'ambient local'””. Els precursors sén cél-lules
CD34*CD45RA" que s’originen en la medul-la dssia i migren als teixits extramedul-lars on
tenen lloc els estadis més tardans del desenvolupament de les cél-lules NK. Concretament,
les amigdales, els ganglis limfatics i la melsa es consideren els OLS que principalment

acullen el desenvolupament i maduracié de les NK'”® (FIG 16).
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FIG 16. Les trajectories de desenvolupament de les cél-lules NK humanes i les ILCs es troben marcades
per la pérdua de potencials llinatges i canvis en el repertori de receptors de superficie. Aquest model
representa als progenitors CD34* sortint de la medul-la dssia per migrar als lloc periférics de diferenciacio,
com els teixits limfoides secundaris, on les NK i ILCs poden finalitzar la seva maduracié abans d’accedir a la
circulacio o establir la residéncia en els teixits. Extreta de: 7°

8.2. Mecanisme d’accio

Les funcions efectores de les cél-lules NK es troben controlades per una extensa familia de
receptors activadors i inhibidors (TAULA 2), on la integracié dinamica dels senyals que
transdueixen condueix a un balang final que determina I'activacié o inhibicié de la cél-lula
NK quan “escorcolla” una possible cél-lula alterada en busca de proves que aixi ho demostrin
[6]. Segons el model del reostat, un cop decideix si la céllula que esta escanejant esta

alterada, la cel-lula NK degranulara compostos citotoxics (FIG 17) i/o secretara citocines i
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quimiocines per alterar I’entorn i modular la resposta immunitaria. Aixi doncs, la decisio final

d’activar-se o no és complexa, com queda reflectit a la TAULA 2.

FIG 17. Etapes seqiiencials durant la citotoxicitat mediada per cél-lules NK. Les cél-lules NK es van marcar
amb actina YTS-GFP (verd) i els seus granuls litics amb Lysotracker Red (vermell). Es van coincubar amb les
cél-lules diana 721.221 marcades amb CellMask (groc) en preséncia de SYTOX Blue per a la deteccié de les
cél-lules mortes. Les cel-lules conjugades es van observar per microscopia confocal de disc giratori durant 90
minuts. Les microfotografies mostrades es van prendre cada 15 minuts aproximadament. (A) La cel-lula NK es
troba conjugada a la cél-lula diana, perod els granuls litics estan dispersats. (B) Els granuls convergeixen al
microtubule-organizing center (MTOC). (C) EI MTOC amb els granuls litics convergits es polaritzen a la sinapsi
immunologica. L’actina-F es reorganitza clarament de la A a la C. (D) S’observa més actina-F reorganitzada i
els granuls litics es troben ancorats a la membrana plasmatica. (E) La mort de la cél-lula diana s’inicia quan el
SYTOX Blue entra a la cél-lula. (F) La cel-lula diana sofreix I'apoptosi i la célllula NK es prepara per a
desancorar-se, fet que s’intueix per la inversio en el canvi de forma. Barra de mesura = 4 pm. Extreta de: &
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Familia de receptors Receptor Funcio Lligand(s)
Receptor del Fragment .
Activad I9G
Cristal-litzable (FCR) cb16 ctivadora 9
NKp30
. . Lii . teri
Receptor de Citotoxicitat NKpa4 Activadora igand propis de bacteris,

Natural (NCR) virus i cel-lules tumorals

NKp46
NKG2A Inhibidora HLA-E
NKG2C Activadora HLA-E
Lectina de Tipus C _ - - -
NKG2D Activadora 11\/IIC A, MIC-B, ULBP1-6, Rae
NKG2E Activadora HLA-E
2DS1-5, 3DS1 Activadora
Killer-Cell
Immunoglobulin-like 2DL1-3, 2DL5, 3DL1-3DL3 Inhibidora HLA de classe | i desconegut
Receptor (KIR)
2DL4 Activadora i inhibidora

TAULA 2. Classificacio dels receptors activadors i inhibidors de les cél-lules NK. Adaptada de: @'

Més enlla de I'equilibri entre senyals activadors i inhibidors transduits pel reconeixement de
lligands en les cél-lules diana, el procés d’ancoratge i perpetuacio de la degranulacié es
troba regulat en molts punts de control; s’han descrit fins a 48. Es comenga pel
reconeixement i ancoratge a la cel-lula diana, seguit pel procés de formacié de la sinapsi
immunologica per a lalliberament de granuls litics i es conclou amb la terminacio i
desancoratge de la cél-lula NK. Es pot trobar un recull altament detallat de tots els passos

que hi tenen lloc a la revisio feta per Mace et al.'®,

La forca dels senyals rebuts, aixi com la seva durada, té implicacions destacables en les
molécules efectores que les cél-lules NK podran produir, sent la degranulacié un procés
menys demandant d’estimulacié que la secrecié d’IFN-y (FIG 18). Apart d’alliberar granuls
citotoxics que contenen perforina i granzimes, les cel-lules NK poden matar a través dels
lligands de mort cel-lular, un mecanisme que sol predominar després que la cél-lula NK hagi

degranulat diverses vegades'®.
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FIG 18. Representaci6 esquematica dels llindars d’activacio i la cinética de les respostes mediades per
les cél-lules NK CD564™, (A) Els temps aproximats requerits per a la induccié de les diferents respostes
mediades per cel-lules NK, com sén la degranulacid (expressié en superficie de CD107a), secrecio de
quimiocines (MIP-1a i MIP-1B) i citocines (IFN-y i TNF-a), s’indiquen a I'escala de temps. (B) Forga relativa del
senyal requerit per a la induccio de les diferents respostes mediades per cél-lules NK. Extreta de:

8.2.1. Detecciot de cel-lules infectades per I’alteracio dels lligands de

cél-lules NK

Quan una cél-lula s’infecta pel VIH, sén diversos els mecanismes pels quals alerten a les
céllules NK que han sigut infectades. El més comu és I'increment en I’expressié en
superficie de lligands d’activacio de les cél-lules NK. Principalment s’ha observat la
sobreexpressio dels lligands de NKG2D ULBP-1, -2 i -3, a més del lligand per 'NKp44'83,
D’altra banda, algunes soques virals poden baixar I'expressio de 'HLA-C, i aixi s’evita la

inhibicio de cél-lules NK que expressen receptors KIR inhibidors'®,

En canvi, les cél-lules infectades que han perdut I'expressié de CD4 també poden evitar el
seu reconeixement baixant I'expressié de lligands d’activacié, com el MIC-B i el CD1128°,

lligands dels receptors d’activacio NKG2D y DNAM-1, respectivament.

Malauradament, també poden suposar mecanismes “trampa”. El lligand pel receptor NKp44
pot ser sobreexpressat en els limfocits T CD4* degut al contacte amb el péptid viral S3 de la
proteina gp41'8¢, perod sense la necessitat que siguin infectats. S’ha descrit que aixd provoca
la deplecié de les cel-lules T CD4*. De fet, s’ha descobert que en les persones anomenades
controladores d’elit, perqué poden controlar naturalment la infeccio, les NK no
sobreexpressen el receptor NKp44 quan s’activen'®, i aquest fet podria prevenir I’eliminacio

desmesurada de limfocits T CD4*.
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8.3. Ceéllules NK de tipus memoria

8.3.1. Cél-lules NK de memaéria en sang

Malgrat que les cél-lules NK son limfocits de la immunitat innata i que la seva vida mitja ronda
els 12 dies'®, hi ha varis estudis que suggeririen I'existéncia de cél-lules NK de tipus memoria
(de I'anglés, mI-NKs), identificades amb el fenotip CD56“™"NKG2A-NKG2C*CD57* en sang.
Les mI-NKs s’expandeixen durant una infeccié aguda i mostren caracteristiques com una
resposta recordatori de memoria i una vida mitja prolongada'®®, amb una capacitat citotoxica
i de secretar IFN-y potenciada a través de I’ADCC, tot i ser menys responsives a la IL-12 i
IL-18"%° (FIG 19). En el cas de tumors, s’ha demostrat que I’exposicid prévia de cél-lules NK
a céllules tumorals promou una millor eliminacié de noves cél-lules tumorals en comparacio
amb la inducci6 de cél-lules NK de memoria induida per IL-12 i IL-18"". El cas millor descrit
en infeccions virals és en I'expansido produida en resposta a la infeccio amb el
citomegalovirus huma (de I'anglés, HCMV)'®2, que podem destacar perqué la coinfeccié amb
HCMV en persones amb VIH és practicament universal'®. En la infeccié aguda per VIH, s’ha
demostrat que I’'activacio de les cél-lules NK i I'expansio de les mI-NKs ocorre molt poc temps
després de la transmissié del VIH, abans de I’activacié dels limfocits T, i aquesta expansio
no es veu alterada amb la TAR™®*. Recentment en humans, Jost, et al. van acabar d’identificar
el mecanisme especific de generaciéo de memoria en les cél-lules NK de sang per la infeccié
amb VIH. Es va demostrar que les cellules NK poden ser especifiques del VIH pel
reconeixement de péptids virals presentats per I'HLA-E en les céllules infectades i

reconegut per I'NKG2C'®,
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FIG 19. Caracteristiques fenotipiques, funcionals i moleculars de les cél-lules NK de memoria en front
a PHCMV. Caracteristiques dels receptors d’NK madures i adaptatives. També es mostra un resum de les
caracteristiques funcionals principals de les cél-lules NK adaptatives. Extreta de: %

8.3.2. Ceél-lules NK de memoria residents en teixit

Si bé les cél-lules NK en sang son les millor caracteritzades, les cél-lules NK poden tenir
fenotips i funcions especifiques de cada organ i teixit'® (FIG 20). Per exemple, en teixits
mucosos com l’intesti i les amigdales, les cél-lules NK pertanyen majoritariament a la
subpoblacié CD56™" i son productores de citocines, al contrari que en sang (FIG 21). En la
decidua, hi trobem una poblacié de cél-lules NK particular encarregada del remodelatge
vascular placentari, el creixement fetal i la memoria de I'embaras’’-'%, A més, mitjancant
nanotubuls injectors de granulisina, son capaces d’eliminar selectivament els bacteris

intracel-lulars (Listeria monocytogenes) dins dels trofoblasts sense matar la cél-lula en si

mateixa?®.
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FIG 20. Patrons especifics en la distribucié, maduracio i funcié de les cél-lules NK dels teixits. Extreta
de: 196
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FIG 21. Comparativa de les cél-lules NK residents en teixit amb les subpoblacions descrites a la
circulacio. Extreta de: 20!

Les cél-lules NK residents poden romandre en els teixits gracies als receptors de retencio
CD69, CD49a i CD103 (FIG 22). En el procés d'infiltracio a un teixit de desti, les cél-lules NK
primer sobreexpressen CD69, que interfereix amb el S1PR1 (de I'anglés, sphingosine-1-
phosphate receptor-1) i bloqueja efectivament la reentrada al torrent sanguini?®2203,
Seguidament, el microambient tissular influencia I'expressié de marcadors de residencia
addicionals, com el CD49a (uni6¢ al collagen IV)?* i el CD103 (uni6 a I'E-cadherina
intraepitelial)?°>2%, en resposta a la inflamacio local i les citocines produides per les cél-lules

de I'entorn7-20%9,
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FIG 22. Representacio de la distribucio espacial dels limfocits residents en teixit basada en I’expressio
de marcadors de residéncia. Creada amb Biorender.com
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En el cas de les amigdales, les cél-lules fibroblastiques reticulars produeixen un ambient ric
en IL-15%° que és clau per a I'expressido de CD49a%'° i afavorir el desenvolupament i
proliferacio de les cel-lules NK. D’altra banda, les cél-lules epitelials de 'intesti poden produir
IL-15 en homeodstasi per promoure la supervivéncia i maduracio de les cellules NK
residents?'. Per contra, la induccié de CD103 es induida per la citocina immunosupressora
TFG-B?'?, que es produeix per a regular la resposta inflamatoria quan una infeccié o tumor
esta acabant de resoldre’s?'3. Més enlla d’aquests tres marcadors clau per identificar
limfocits residents en teixit, també s’han descobert factors de transcripcié altament enriquits,

com el Runx22'42' Runx3?'® o Blimp-1'"? i, en especial, el Rgs-1%'°.

Cal destacar que la coexpressio d’aquests marcadors de residéncia, a part d’indicar la
localitzacio en el teixit, també poden relacionar-se amb funcions diferenciades. Per exemple,
les cél-lules NK CD16-CD49a* de diversos teixits sans sobresurten en la produccio d’'IFN-
y?', perdo no degranulen notdriament si no s’estimulen amb IL-152"8, En condicions
patologiques, com en tumors pulmonars, s’ha observat que les cél-lules NK CD16-CD49a*
intratumorals degranulen més que les CD49a72"%, A més, s’ha descobert que les cél-lules NK
CD16CD49a*KIR*NKG2C* de pulmé adquireixen funcions de memaoria contra el virus de la
grip i, a més, son independents de les célllules NK de tipus memoria classiques que
s’expandeixen en sang contra ’THCMV?®, Les respostes de memoria de les cél-lules NK
CD16°CD49a* també apareixen en resposta al virus Varicela Zoster (VZV)#' i als de
I'Hepatitis A i B??2. En aquests casos, les céllules NK residirien durant anys en el fetge i
poden mobilitzar-se fins al teixit infectat per rapidament fer front a aquests virus. Recentment
s’ha demostrar en models murins que, en infeccions virals i bacterianes cutanies, existeix un
reclutament de ceéllules NK convencionals de la sang i es diferencien a CD69"9"Tcfhion
gracies al factor de transcripcio Blimp-1'2. A més I'associacio entre el factor de transcripcio
Tcf i la memoria en les célllules NK també s’ha observat en cél-lules NK CD94*NKG2C*
CD56"9" en sang de PVV?23, Després d’una infeccié secundaria amb una mateix patogen, les
cél-lules NK residents rapidament guanyarien citotoxicitat i mostrarien una resposta
accelerada'?. Cal destacar que els autors també van demostrar que aquestes cél-lules NK
que estableixen residéncia en el teixit arran d’'una infeccié es diferencien de les cél-lules NK

residents que es desenvolupen normalment en el teixits''2.
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9. Alteracions funcionals

9.1. Esgotament funcional

Un dels principals inconvenients en I'us dels limfocits citotoxics propis de persones vivint
amb VIH és que freqlentment es troben alterats, esgotats funcionalment arran de la
inflamacio cronica provocada per la infeccié amb VIH. L’esgotament funcional consisteix en
la pérdua progressiva de la capacitat proliferativa i de produccié de citocines, a més de la
citotoxicitat en els célllules T CD8" i NK, i s’associa a una expressio incrementada de
receptors coinhibidors en superficie??*. L’expressio d’aquests receptors inhibidors sol
augmentar després de I'activacié cel-lular com a mecanisme limitant, pel que reben el nom
de punts de control immunoldgic. Quan finalitza una resposta immunologica, la seva
expressio decau, pero si I'exposicié a antigen es cronifica, poden persistir en la superficie

cel-lular??52%,

Per exemple, les cél-lules T CD8* exhaustes es poden detectar en persones amb la infeccid
cronica per VIH malgrat el tractament efectiu amb antiretrovirals. En comparacio amb els
limfocits T CD8* en persones sanes i controladors d’elit, les cél-lules T CD8* especifiques de
VIH en persones viréemiques mostren un fenotip d’alta expressié de PD-1 i TIGIT que no

decau amb I'administracié de la terapia antiretroviral'3,

En el cas de les céllules NK, s’ha demostrat que el PD-1 es troba preformat en els granuls
citotoxics de les cél-lules NK i, aleshores, es mobilitza rapidament a la membrana de les
cél-lules NK durant la degranulacio?. In vitro, I'estimulacio continuada de cél-lules NK
adaptatives a través del NKG2C i combinat amb IL-15, tot i generar una proliferacié i activacio
robusta, comporta una induccié simultania dels punts de control immunologic (ICs, de
I'anglés, immune checkpoints) LAG-3 i PD-1 i pérdua d’eficacia contra cél-lules tumorals'®2,
Concretament en la infeccié per VIH, s’ha observat que la infeccioé per VIH-1 pot provocar
un augment en I'expressio dels lligands d’inhibicio HLA-E?% i CD155%%, alhora que també

augmenta ICs com el TIGIT?®# i el PD-12%,

Aixi doncs, encara que s’aconseguis revertir I'estat de latencia de les cél-lules que contenen
provirus amb capacitat de replicar virus competents, calen estratégies per recapacitar als
limfocits citotoxics contra el VIH. Aquest enfocament es desenvolupa en la seccio 9.5.2.

Bloqueig dels punts de control immunologic (ICB).
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9.2. Ineficacia de les cél-lules NK per eliminar la infeccié per VIH

En el curs natural de la infeccio per VIH, les cél-lules NK inicialment controlen I’'expansio
viral, perd arriba un punt en qué les cél-lules NK s’esgoten funcionalment i la infeccio es
cronifica. EI VIH conté proteines accessories capaces de modificar la cél-lula infectada de tal
manera que passi desapercebuda per les cél-lules NK. A la FIG 23 es representen les
proteines virals que eviten o provoquen I'expressioé de lligands d’activacié i inhibicio de les

NK, respectivament.
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FIG 23. Canvis principals en I'expressio de receptors de cél-lules NK i els seus lligands per la infeccio
per VIH-1. El panell de I'esquerra representa els principals canvis produits en I'expressio dels receptors de
cél-lules NK per la infeccié cronica per VIH-1, mentre que el panell de la dreta mostra com les proteines virals,
aixi com proteines cel-lulars induides per la infeccid, poden afectar I'expressié de lligands d’activacio i inhibicié
de les céllules NK. Vermell fosc: expressié incrementada; vermell fosc translicid: expressié induida
contrarestada per les proteines del VIH-1 o factors cel-lulars induits pel VIH-1; blau translicid: expressio

disminuida; gris: expressio estable; *: anticos VIH-1 especific. Extreta de: 2

S’ha observat que les NK KIRs* poden exercir pressié immunologica sobre el VIH-1, i el virus
pot evadir-la a través de la seleccido de polimorfismes especifics dels KIRs inhibidors en
persones amb infeccié cronica amb VIH*2, Aquest fet milloraria la unié de cél-lules NK amb

KIRs inhibidors i reduiria el seu efecte antiviral.
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Existeixen varis haplotips de receptors KIR i lligands HLA que s’han associat amb diversos
desenllacos de la infeccio per VIH, relacionant-se amb: la resisténcia a contraure la infeccié
(homozigosi de KIR3DS 12% i homozigosi de KIR3DL1 combinada amb HLA-B*572%), alentir
la progressio a SIDA (KIR3DS 1:HLA-B Bw4-801%5%%®) o accelerar-la (HLA-B*46%"). A més, el
mismatch al-logénic en la combinacié KIR/HLA entre la persona infectada donant i la parella

sexual recipient també protegeix de contraure el VIH?%,

En els teixits limfoides secundaris s’ha observat que, durant el primer any de la infeccio, les
cél-lules NK no estan alterades, de fet, tenen menor expressié de receptors inhibidors, estan
més activades, i expressen alts nivells del lligand de mort TRAIL?%, Tot i aixi, s’ha trobat que
hi ha poca infiltracio de cél-lules NK KIRs*, fet associat a una expressié reduida de

CX3CR12%, i aix0 podria permetre que el VIH repliqui profusament en els teixits limfoides.

En macacos rhesus (Macaca mulatta), la infeccid incrementa significativament I'expressio
del marcador de homing a intesti a4B7 i redueix I'expressié de CCR7, que dirigeix a les
cél-lules NK cap als ganglis limfatics?*°. En aquests, no hi apareix una major infiltracié de
cél-lules NK pero si que s’ha descrit en macacos que augmenta la freqiiéncia de cél-lules NK
CD16" citotoxiques®'. En canvi, en humans, les cél-lules NK rapidament expressen
marcadors de reclutament (CCR7) cap als ganglis limfatics per combatre I’expansio de la
infeccio, perd no per dirigir-se cap a l'intesti (a4B7)%*?, un altre dels principals llocs

d’establiment del VIH.

En el colon huma s’hi ha descrit que tant les cél-lules NK intraepitelials com de la lamina
propria es redueixen en la infeccié cronica per VIH, mentre que els controladors espontanis
mantenen les freqliéncies de cél-lules NK en intesti i s’expandeixen en els individus tractats
amb antiretrovirals perd que no responen immunologicament'®. En macacos rhesus,
mediadors inflamatoris intestinals com la indoleamina 2,3-dioxigenasa 1 promouen la
citotoxicitat i produccio d’IFN-y d’ILCs NKp44* inicialment productores d’'IL-17 i IL-22243,
Anys després, s’ha comprovat que la IL-12 pot augmentar I'expressié de CD94 en les ILC3

i induir 'adquisicié de citotoxicitat*.

9.2.1. Les cel'lules NK CD56-CD16"e"t de sang en la infeccié per VIH

En la infeccié cronica per VIH s’ha identificat una elevada expansido de céllules NK
disfuncionals en sang®®, fins a un 15-20% que es convertirien al fenotip CD56-CD16°"
que també es poden detectar en persones tractades adequadament?*. Es tracta de cél-lules

NK madures que expressen KIRs, NKG2A i NKG2C i d’altres NCRs de forma similar a les
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célllules NK més citotoxiques, les CD569™CD16""", Malgrat tot, mostren una capacitat
minvada per a la produccio d’IFN-y, i només conserven la capacitat de degranulacié. En
persones amb infeccid cronica per VIH, les cél-lules NK CD56-CD16"¢" presenten una
expressio elevada de CD107a perd baixa de granzima B i perforina en abscencia
d’estimulacio in vitro, fet que suggeriria que han sigut recentment activades per d’altres

cél-lules diana en la sang dels donants?"’.

Cal remarcar que el receptor CD56, expressat ubiquament en totes les cél-lules NK en
condicions normals, és de gran importancia perqué estabilitza la sinapsi immunologica®*® i
regula la migracio de les cél-lules NK humanes a través de la modulacio de la dinamica de

I'actina i el recanvi d’integrines?*.

9.2.2. Citotoxicitat reduida de les cél-lules NK residents en teixit

Els teixits mucosos exposats a 'ambient, on abunden antigens forans i bacteris comensals,
presenten mecanismes per a mantenir una tolerancia homeostatica que no desencadeni una
resposta inflamatoria nociva versus al propi teixit. Per aix0, sense una estimulacié adequada,
les cél-lules NK d’amigdala®? i intesti>' mostren una pobra activitat citotoxica. En canvi, hi
abunden altres poblacions innates amb funcions reguladores, com les ILC3 que secreten IL-

17 i IL-22 per a la regeneracio epitelial'”2.

A més, s’ha demostrat que els components de la matriu extracel-lular dels teixits (p. ex.
collagen i elastina) exerceixen efectes immunosupressors sobre les cél-lules NK*. Aquest
efecte pot ser degut, en part, per receptors de col-lagen inhibidors, com el LAIR-1%, i a part,
per 'impediment mecanic que provoca la densa matriu extracel-lular de col-lagen. Tot i aixi,
les cél-lules també fan servir la matriu extracel-lular per posicionar-se en I'espai. El CD49a,
en ser un receptor de col-lagen, facilita que els limfocits CD49a* es puguin desplagar pel
teixit?%3. |, per ultim, mitjancant 'alliberament de granzima B a I'espai extracel-lular, poden fer
tunels per obrir-se pas i migrar cap a senyals quimiotactiques®*. En condicions
homeostatiques, les céel-lules NK alliberen constitutivament la forma activa de la granzima B,
que juga un paper important en el remodelatge de la matriu extracel-lular®®. Per exemple,
ha demostrat ser clau per a qué els limfocits destinats a convertir-se en intraepitelials puguin
travessar la lamina densa de collagen que separa I'epiteli de la lamina propria®®.
Malauradament, I'alliberament de granzima B extracel-lular també pot esdevenir un
mecanisme patologic, com a causant principal de les ulceres epitelials presents en la infeccio

genital per herpesvirus 22°'.
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En el TREBALL 2 s’ha estudiat I’efecte del col-lagen | i IV en dues i tres dimensions sobre la
funcio de les cél-lules NK d’amigdala. A més, s’ha caracteritzat I'expressio de CXCR5 en les
céllules NK de memoria residents en amigdala, ja que es un marcador que indica la
localitzacié intrafol-licular en els teixit limfatic®, i justament els fol-licles B, un dels principals

santuaris del VIH, estan envoltats de col-lagen % i cél-lules CD49a**° (FIG 24).

D

FIG 24. Marcadors de residéncia en els limfocits d’amigdala. Capes superposades d’immunofluorescencia
de marcadors per histologia multiplex d’'una seccié de teixit d’'una mostra representativa d’amigdala. La linia
puntejada fina representa el fol-licle B i la linia puntejada gruixuda representa la capa epitelial. E| CD20 (cian)
indica el fol-licle B, el CD3 (groc) marca la zona T i la pancitoqueratina (PCK; magenta) marca I'epiteli. El
marcador endotelial CD34 (verd) i el marcador de miofibroblasts actina de muscul llis (SMA, vermell) indica
els vasos sanguinis, i la vimentina (blau) marca les arees denses en fibroblasts. Granzima A (GzmA; magenta),

Eomes (groc) i CD8 (magenta) representen les cél-lules T citotoxiques. El CD49a (cian), CD69 (magenta) i

CD103 (groc) marquen les céllules residents en teixit. Extreta de: 9225°
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9.1.Alteracio poblacional de les ILCs

Les ILCs en sang desapareixen rapidament en la infeccié aguda per VIH i no es recuperen
els nivells normals després del pic de la virémia, només si la terapia antiretroviral s’inicia
rapidament®® (FIG 25).

En teixits mucosos de macacos rhesus, hi destaca la rapida pérdua, en una sola setmana,
d’un gran numero d’ILCs NKp44* (ILC3s), perd no en els ganglis limfatics de drenatge. Les
ILCs mostren majors nivells d’apoptosi i supressié del RORyt, perd no compensen amb un
augment de la proliferacié. En canvi, adopten funcions citotoxiques en detriment de disminuir
la produccié d’IL-17%%'. En humans, la inflamacié cronica també s’ha associat amb una
reduccio persistent d’ILC3s residents en intesti gruixut en persones amb VIH fins i tot amb
la carrega viral suprimida, probablement degut a I'estimulacié continuada amb citocines
elevades en la infeccié aguda (p. ex. IL-15)?2. També s’ha suggerit que la deplecié podria
ser causada per la sobrexpressioé del lligand de mort Fas (CD95) en les ILCs per I'lFNa??,
aixi com I'increment pel VIH del catabolit del triptofan indoleamina 2,3-dioxigenasa 1 (IDO)22,
L’IDO pot suprimir la produccié d’IL-17 per les ILC3s, i s’ha demostrat en biopsies de colon

de macacos rhesus SIV* una correlacio inversa entre I''DO i els nUmeros d’ILC3s NKp44+243,
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FIG 25. Les ILCs s’eliminen rapidament de la sang de persones amb VIH en la infeccié aguda. La TAR
iniciada durant la infeccié aguda, perd no en la infeccié cronica, prevé la pérdua d’'ILCs de sang, fet que
suggereix que el tractament precog podria preservar I’homeostasi immunologica. Extreta de: 26°
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9.2. Alteracié poblacional de les cél-lules NK residents en teixit

En teixits mucosos de macacos, la infeccio aguda per SIV no elimina les cél-lules NK presents
en intesti ni en els ganglis limfatics de drenatge, perd mostren una apoptosi elevada que es

compensada amb una major proliferacid, i es tornen més citotoxiques?.

En humans, depenent de la cohort de pacients amb VIH, s’observen canvis en les
frequéncies poblacionals de cél-lules NK en la lamina propria i intraepitelials. Durant la
infeccid cronica, les celllules NK de colon disminueixen, mentre que les ceéllules NK
intraepitelials es mantenen en controladors espontanis amb combinacions de genotips
protectors KIR/HLA. Per ultim, les cél-lules NK intraepitelials i de lamina propria es troben
expandides en pacients no respondedors immunologics que no recuperen totalment les

cél-lules T CD4* amb la terapia antiretroviral'®2,
9.3. Estrategies dirigides a potenciar I’eficacia de les cél-lules NK

9.3.1. Perfusio de citocines

La infusié d’algunes combinacions de citocines ha demostrat efectes molt positius en les
cél-lules NK, per exemple, la combinacié d’IL-21 amb IFN-a aconsegueix augmentar la
freqiéncia de cél-lules NK CD16" citotoxiques i rescatar les cél-lules NK diferenciades
terminalment per limitar el reservori de VIH en macacos gracies a una potent activitat antiviral
especifica d’HLA-E presentador de péptids de I’envolta viral?®3, L’augment en la citotoxicitat
es va atribuir a la menor expressio del receptor inhibidor NKG2A, i no pas a un increment
del receptor oposat activador, I'NKG2C, recapitulant la dinamica de les poblacions de
cél-lules NK observades en els micos verds africans capagos de controlar la infeccio per SIV

naturalment?®.

Tot i aixi, la citocina més estudiada i prometedora és la IL-15, en concret el superagonista
N-803, que simula la IL-15 transpresentada per cél-lules dendritiques, un format amb molta
més afinitat. La IL-15 és una citocina essencial per al manteniment de les cél-lules NK
intraepitelials en intesti?'! i amigdales®®. La seva administracié ha demostrat potenciar la
capacitat citotoxica de les cél-lules NK en diversos contextos?'®2%, aixi com contrarestar la
citocina immunosupressora TGF-2%. Les cél-lules NK adaptatives CD57*NKG2C* mostren
una fosforilacié oxidativa reduida en la infeccié per VIH, pero el tractament amb IL-15 és

capag de revertir-ho a través de I'activitat potenciada d’'mTORC126,
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En macacos rhesus infectats amb SHIV i sota tractament antiretroviral, 'N-803 va promoure
la migracio de limfocits T CD8* i NK cap als fol-licles B, un dels principals santuaris del VIH?%,
Aquest descobriment quedaria recolzat pel fet que la infeccié natural amb SIV en micos
verds africans no és patogeénica, i es deu a que els fol-licles B romanen lliures de virus gracies
a I'elevada preséncia de cél-lules NK intrafol-liculars (CXCR5") que proliferen per I'lL-15
presentada per les cél-lules dendritiques fol-liculars®®’. Aquesta diferéncia és primordial en
comparacié amb la infeccio patogénica per SIV en macacos?® i VIH en humans?®, on els
ganglis limfatics acostumen a reclutar poques cel-lules NK, mentre que la gran majoria es

desvien a la mucosa intestinal, i aleshores el VIH pot escapar en el santuari dels fol-licles B.

Ara bé, malauradament, també s’ha constatat que la IL-15 pot convertir les cél-lules més
permissives a la infeccid in vitro, en concret els limfocits T CD4* stem cell-like memory. Aixo
podria generar un reservori persistent i autorenovable de cél-lules infectades?®®. Tanmateix,
cal dir que I'administracio d’N-803 in vivo en macacos rhesus no va comportar cap increment

en la carrega viral ni ADN viral integrat?®,

9.3.2. Bloqueig dels punts de control immunoloégic (ICB)

Degut a que la infeccio cronica origina un esgotament funcional progressiu en les cél-lules
NK, s’han investigat estratégies per revertir aquest estat disfuncional i recuperar I'activitat
de les céllules NK. L’estratégia principal es basa en I'Us d’anticossos monoclonals dirigits a
bloquejar I'efecte inhibidor de diversos punts de control immunoldgic que s’expressen en

les cél-lules NK i minimitzen la seva funcionalitat.

Per exemple, s’ha investigat I'is de multimers del complex IL-15/IL-15Ra amb un anticos
anti-NKG2A'™ per bloquejar la inhibicié a través d’HLA-E. Tot i aixi, la proteina viral
accessoria Nef és capac de baixar I'expressio d’HLA-E en cél-lules T CD4" infectades?™. Aixo
pot evitar la inhibicié de cél-lules NK NKG2A*, perd alhora evitar I'activacié de cél-lules NK
NKG2C".

El bloqueig de TIGIT, en combinacié amb I'estimulacié amb cél-lules dendritiques activades
autologues, ha mostrat eficacia per incrementar la freqiiéncia de cél-lules NK CD57-NKG2C*
precursores de memoria, una poblacié que es va associar amb la limitada expansié de
cél-lules HIV* en ratolins NSG humanitzats que van ser trasplantats amb limfocits T CD4* de
PVVZ1,

Una opcio alternativa pot tractar de bloquejar els ICs en les cél-lules T CD4* helper que

promouen I'activitat de les cél-lules NK. S’ha demostrat que tant en persones no tractades
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com amb carrega viral suprimida, la inhibicié dual de PD-1 i IL-10 potencia la secrecié de
citocines i degranulacio de les cél-lules NK a través de la recuperacié de la funcio de les

cél-lules T CD4" VIH-especifiques?’2.

Per a combatre la infeccid present en els reservoris anatomics podria ser rellevant una
terapia dirigida contra el receptor inhibidor LAIR-1, que es troba expressat en elevada
freqlieéncia en limfocits i cél-lules mieloides?®22732™ | a seva funcid principal consistiria en
regular la resposta immunologica per a protegir els teixits d’una resposta excessiva®>. El seu
lligand d’unio és el col-lagen de la matriu extracel-lular, i donat que la infeccié cronica per
VIH comporta la fibrosi i deposicié de col-lagen en els ganglis limfatics?” i intesti'®, podria
relacionar-se amb una funcié deteriorada dels limfocits citotoxics infiltrants. Seguint aquesta
linia, el bloqueig de LAIR-1 ha demostrat activar la funcié de limfocits T i NK amb capacitat
antitumoral?’®, D’altra banda, el bloqueig de LAIR-1 combinat amb el bloqueig de PD-L1 i
TGF-B va aconseguir remodelar la matriu de col-lagen tumoral, potenciar la infiltracio i
activacio de limfocits T CD8", i repolaritzar poblacions mieloides supressives, aconseguint
altes taxes de remissio en models murins de carcinomes mamaris i de colon®’. Per a
contrarestar els efectes inhibidors del TGF-B sobre les cél-lules NK2'2, la estimulacio amb
agonistes del CD137 també ha demostrat ser eficag, generant celllules NK residents
infiltrants en teixit amb capacitat citotoxica?’®, aixi com el bloqueig de TGF-B en cél-lules NK

infiltrants contra glioblastoma?®.

Per ultim, en el TREBALL 1 s’ha investigat el bloqueig d’un altre punt de control immunoldgic

que podria ser d’importancia en la infeccio per VIH en teixit, el KLRG1.

En humans, el KLRG1 es troba expressat en el 50-80% de les céllules NK de sang
periferica®®, i la constant activacié desencadenada per una infecci6 viral cronica augmenta
I'expressio de KLRG1?%'. Independentment de I'edat, I'expressié de KLRG1 predomina en la
subpoblacio més diferenciada CD569™, pero les persones d’edat avangada (>70 anys)
presenten una major freqtieéncia de cél-lules NK KLRG1°9"28 i per aixd també és considerat

un marcador de senescéncia immunologica.

El lligand principal del KLRG1 és I'E-cadherina, que forma unions homodimeériques amb
altres mol-lécules d’E-cadherina expressades en cél-lules epitelials sanes?2. En aquest estat,
el KLRG1 és incapac de reconéixer I'E-cadherina, perd quan I'epiteli esta danyat i es perden
les unions adherents, degut a 'accié de patdogens o una resposta inflamatoria 2%, I'-E-

cadherina monomeérica és accessible al KLRG1%4 En canvi, el receptor CD103 també
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s’uneix a I'-E-cadherina, perd el seu lloc d’'uni6 no es troba bloquejat per la unio

homodimérica entre E-cadherines®* (FIG 26).
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FIG 26. Interaccions heterofiliques de I'E-cadherina amb el KLRG1 i 'aE(CD103)B7. L’ectodomini de I'E-
cadherina s’uneix al receptor inhibidor KLRG1 expressat en varies subpoblacions de cél-lules immunitaries,
reduint la citotoxicitat i els senyals proinflamatoris. A més, 'E-cadherina també es pot unir a I'ag(CD103)7, i
facilita I'adhesio als limfocits intraepitelials per retenir-los en els teixits. Extreta de: 2%

També s’ha descobert que el KLRG1 pot unir-se a una forma soluble de I'E-cadherina (sE-
cad). Aquesta es forma pel tall mediat per sheddases bacterianes o cel-lulars®®, i la
inflamacié epitelial?®®. S’hi destaca I'elevada preséncia de sE-cad en sang en infeccions
croniques (p. ex. VIH?7 virus de I'Hepatitis C (HCV)%® o la febre Q*°). En la infeccio per VIH
en persones progressores a SIDA, l'alteracio en la distribucié normal de I’E-cadherina en
colon coincideix amb I'increment de s-E-cad en plasma i correlaciona amb la carrega viral.
Com que les proteines virals gp120 i Tat activen I'expressiéo de 'MMP-9, podria ser el
mecanisme que augmenta la sE-cad en PVV no tractades®®>?%. En preséncia de sE-cad, la
funcio antiviral dels limfocits T CD8* KLRG 19" especifics per VIH-1 es troba disminuida[26]
i es podria esperar la mateixa inhibicio sistémica de les cél-lules NK KLRG1*. En pacients
amb infeccié cronica per HCV, hi existeixen alts nivells de cél-lules NK KLRG1*, i el seu

bloqueig augmenta la produccié d’IFN-y?*'.
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9.3.3. Facilitadors del reconeixement de cél-lules diana

A part d’intentar estimular la citotoxicitat de les cél-lules NK, també s’han dissenyat
estratégies que busquen redirigir les cél-lules efectores NK contra les cél-lules diana unint-
les mitjancant anticossos i els seus fragments especifics contra receptors propis de cada
tipus cel-lular. A més, poden incorporar citocines com IL-2 o IL-15 per millorar la citotoxicitat
(FIG 27).

L’estrategia més senzilla parteix de I'is d’un anticds especific contra el VIH i que potencii la
citotoxicitat mediada per ADCC de les cél-lules NK. En canvi, una versio millorada consisteix
en un anticos biespecific que uneix les cél-lules NK a través del CD16 i les cél-lules infectades
pel reconeixement de proteines virals en la superficie cel-lular. Per exemple, s’han generat
nanoparticules d’or amb una conjugacio dual polaritzada d’un anticos IgG anti-HIVgp120 i
un altre anticds anti-CD16, i ha demostrat la capacitat d’augmentar la mort de cél-lules
infectades per les cél-lules NK%2, Per ultim, també es va crear un diabody monocadena amb
especificitat contra la proteina de I'envolta del VIH i el CD16. En aquest cas, I'administracio
del diabody en ratolins humanitzats NSG infectats amb VIH i sota tractament antiretroviral va

aconseguir potenciar I'activitat de les cél-lules NK i reduir el reservori viral',
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FIG 27. Plataformes facilitadores del contacte i reconeixement de les cél-lules alterades per part de les

cél-lules NK. Extreta de: '8
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Malgrat els avengos farmacologics notables en la lluita contra el VIH-1, actualment no és
possible ni prevenir la infeccio per VIH-1 mitjangant la vacunacié ni curar-la completament.
El tractament antiretroviral (TAR) esta en constant refinament en termes de comoditat i
eficacia, pero les desigualtats economiques globals limiten l'accés equitatiu a la TAR a nivell
mundial. A més, la taxa global de noves infeccions anuals es manté estable, cosa que
incrementa el nombre de persones que viuen amb VIH a tot el mén. Per tant, lluny d’erradicar
el VIH unicament amb mesures de prevencié publica, la recerca d’una cura per a les

persones amb VIH esdevé una prioritat.

Com es va exposar a la introduccid, una de les estratégies per a la cura busca reactivar les
célllules latentment infectades per eliminar-les posteriorment amb una resposta
immunologica reforcada. La recerca presentada en aquesta tesi se centra en I'estudi d’una
poblacié cel-lular potencialment clau per a I’eliminacio del reservori latent: les cél-lules NK.
Aquestes cel-lules NK presenten alteracions durant la infeccié cronica per VIH, i el seu paper

en els reservoris anatomics del VIH encara no esta completament definit.
Les hipodtesis que guien aquesta tesi son les seglents:

1) El punt de control immunologic KLRG1 podria identificar una subpoblacio de cél-lules NK
amb una capacitat funcional reduida contra el VIH-1, i el seu bloqueig amb anticossos
monoclonals anti-KLRG1 podria potenciar la seva capacitat d’eliminar cél-lules

infectades.

2) L’expressio de KLRG1 en les cél-lules NK de memoria podria estar relacionada amb el

reservori viral.

3) Les cél-lules NK que resideixen en el teixit limfatic durant l'inici de la infeccio per VIH-1

podrien determinar I'evolucio de la infeccid hiperaguda.

4) La infeccié per VIH-1 podria generar cél-lules NK residents de memoria amb una

resposta millorada contra les cél-lules infectades.

D’una banda, els objectius es van enfocar en identificar i analitzar I'expressio diferencial del
KLRG1 en les subpoblacions de cél-lules NK obtingudes de diferents cohorts de persones
que viuen amb VIH, aixi com en determinar la seva funcionalitat general i especifica contra

el VIH. La resta d’objectius s’han centrat en I'estudi subpoblacional de les cél-lules NK que
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resideixen a les amigdales i com la infeccié per VIH-1 ex vivo altera la seva distribucio

poblacional i funcional emprant un model d’explants de teixit.

Aixi, els objectius detallats son:

1)

2)

3)

4)

5)

6)

Analitzar I'expressio del KLRG1 en les cél-lules NK de diferents cohorts de persones amb

VIH-1, tant circulants com presents al teixit limfatic.

Estudiar la relacio entre les célllules NK KLRG1* i el reservori viral integrat i amb

transcripcio activa.

Determinar si la senyalitzacio a través del KLRG1 en les cél-lules NK influeix en

I’eliminacié de limfocits T CD4* amb VIH-1 reactivat i infectats ex vivo.

Caracteritzar fenotipica i funcionalment les cél-lules NK de memoria residents en el teixit

limfatic (amigdales) de persones no infectades.

Estudiar les alteracions poblacionals i funcionals de les cél-lules NK residents a causa de

la infeccio ex vivo amb VIH-1 en explants d’amigdales.

Determinar si la infeccio inicial per VIH-1 genera cél-lules NK residents de memoria

contra el VIH-1 en les amigdales o, per contra, provoca el seu esgotament funcional.
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TREBALL 1: L’expressié de KLRG1 en les cél-lules NK s’associa amb la

persisténcia del VIH, i el seu bloqueig promou la reducci6 del reservori viral

TREBALL 2: Resposta inicial de les cél-lules NK residents a la infeccié local

per VIH en el teixit limfatic
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1. TREBALL 1

Titol

L’EXPRESSIO DE KLRG1 EN LES CEL-LULES NATURAL KILLER S’ASSOCIA AMB LA
PERSISTENCIA DEL VIH, | EL SEU BLOQUEIG PROMOU LA REDUCCIO DEL RESERVORI
VIRAL

Title

KLRG1 EXPRESSION ON NATURAL KILLER CELLS IS ASSOCIATED WITH HIV
PERSISTENCE, AND ITS TARGETING PROMOTES THE REDUCTION OF THE VIRAL
RESERVOIR

Resum

La infeccio per VIH causa disfuncié immunologica, la qual limita I’eliminacio de les cél-lules
infectades amb VIH durant la infeccié tractada. La identificacio i potenciament de les cél-lules
immunitaries disfuncionals podria ajudar a accelerar I’eliminacié del reservori viral persistent.
Aqui mostrem que la infeccié cronica per VIH incrementa les poblacions de cél-lules natural
killer (NK) que expressen el regulador immune negatiu KLRG1, tant en sang periférica com
en ganglis limfatics. El tractament antiretroviral (TAR) no restableix aquestes poblacions de
cél-lules NK funcionalment deteriorades i I'expressié de KLRG1 es correlaciona amb la
transcripcié activa del VIH. El bloqueig de KLRG1 amb anticossos especifics restaura
significativament la capacitat de les cél-lules NK per matar les cél-lules infectades amb VIH,
reactiva el VIH latent present en cél-lules T CD4* que coexpressen KLRG1, i redueix els
genomes intactes del VIH en mostres d’individus tractats amb TAR. Les nostres dades donen
suport a I'is potencial de la immunoterapia contra el receptor KLRG1 per impactar el

reservori viral durant la persisténcia del VIH.

Abstract

HIV infection induces immunological dysfunction, which limits the elimination of HIV-infected

cells during treated infection. Identifying and targeting dysfunctional immune cells might help
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accelerate the purging of the persistent viral reservoir. Here, we show that chronic HIV
infection increases natural killer (NK) cell populations expressing the negative immune
regulator KLRG1, both in peripheral blood and lymph nodes. Antiretroviral treatment (ART)
does not reestablish these functionally impaired NK populations and the expression of
KLRG1 correlates with active HIV transcription. Targeting KLRG1 with specific antibodies
significantly restores the capacity of NK cells to kill HIV-infected cells, reactivates latent HIV
present in CD4* T cells co-expressing KLRG1, and reduces the intact HIV genomes in
samples from ART-treated individuals. Our data support the potential use of immunotherapy

against the KLRG1 receptor to impact the viral reservoir during HIV persistence.

Graphical abstract
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Els resultats d’aquest TREBALL 1 s’han publicat a la revista Cell Reports Medicine amb el
DOI: https://doi.org/10.1016/j.xcrm.2023.101202
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Introduction

Antiretroviral therapy (ART) currently available for treating the human immunodeficiency
virus (HIV) infection generally controls viral replication in people with HIV (PWH), but it is not
curative®®. ART cannot prevent the formation nor achieve the complete elimination of a
population of cells, mainly CD4* T cells, which form the viral reservoir. The HIV reservoir is
located in cells from the blood and several other tissues and harbors integrated provirus, the
majority containing viral sequences with deleterious defects. However, a small fraction
contains replication-competent proviruses that can initiate new rounds of infection if ART is
interrupted’'*. Several factors may facilitate HIV persistence, such as the predominant state
of viral latency, cell proliferation, and mechanisms of immune evasion that might allow
infected cells to survive even when cells are actively transcribing HIV?3. Moreover, chronic
viral infection is associated with elevated immune activation and deteriorated immune
responses in PWH, including those mediated by natural killer (NK) cells*3?%*, Importantly, ART
does not fully revert immune exhaustion'®2%, and therapies directed to boost the immune

responses will likely be needed to accelerate the elimination of the persistent HIV reservaoir.

NK cells are potential candidates for immunotherapy given their strong cytotoxic responses
against many infectious pathogens and malignant cells. NK cells have several mechanisms
of action, exerting innate responses that do not require prior exposure to antigens, but also
cellular responses linked to adaptive immunity such as the antibody-dependent cellular
cytotoxicity (ADCC) response, and, as it has recently been evidenced, the capacity to
develop memory-like features against several viruses??'2%.2%7 Understanding the functional
properties of NK cells during HIV infection could help to exploit their full potential to reduce
HIV reservoirs. NK cells have also become increasingly appreciated in the context of “shock
and kill” approaches. This strategy is currently being pursued to target latent HIV using
latency reversal agents (LRAs) to induce viral expression and potentiate the killing of infected
cells through the boosting of immune cells™. In this regard, in a humanized mouse study,
the combination of LRAs together with the exogenous administration of NK cells significantly
diminished the in vivo HIV reservoir'*®. Moreover, in a clinical study designed to disrupt viral
latency, proportions of total and CD16" NK cells correlated with decreasing levels of the total
HIV reservoir size*®. Of note, the exact mechanisms by which NK cells might target viral

reservoirs are not fully understood.

It is widely accepted that a broad set of receptors expressed on the surface of NK cells

dictate the variety of their effector responses. These receptors have activating or inhibitory
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potential, and the combination of their expression and signaling on NK cells delineates cell
subsets with different capabilities?***®, However, how the expression and combination of
these receptors are affected by different pathological settings and how this might influence
health outcomes is largely unknown. Thus, elucidating the most potent NK cell subsets in
PWH on ART and boosting them might significantly impact HIV persistence. Importantly,
finding exhausted phenotypes, as in the case of CD8* T cells, might help to identify new

targets for restoration of NK functionality.

Killer cell lectin-like receptor subfamily G member 1 (KLRG1) is a conserved C-type lectin
inhibitory receptor expressed in different subsets of yd T cells, CD4* T, CD8* T, NK, and Treg
cells, which role remains not fully understood®'3%, KLRG1 expression seems to increase
with age and as a consequence of unresolved chronic infections or tumor processes; and
higher frequencies are found on antigen-experienced and differentiated cells?313%6-3%_Most
of the studies on KLRG1 have focused on T cells, defining this molecule as a marker of cell
senescence and differentiation33%-3%°  However, KLRG1 has also been identified as an
immune inhibitory checkpoint receptor. Indeed, KLRG1 possesses a tyrosine-based
inhibitory motif (ITIM) in its cytoplasmic domain, conferring inhibitory potential?82310311,
Moreover, high KLRG1 expression stimulates signaling through protein sensors such as the
AMP-responsive protein kinase (AMPK), which inhibit NK cell cytotoxicity and proliferation?®°.
Other studies have shown that KLRG1 inhibits effector activity after the engagement with its
cognate ligands, the E-, N-, and R- cadherins, present in target cells?®4%'2, Thus, KLRG1 could
represent an understudied negative regulatory receptor and therefore, a new

immunostimulatory target to explore in the context of HIV infection.

Here, we show that a significant fraction of NK cells in PWH expresses KLRG1, both in blood
and lymph nodes, and its expression correlates with viral transcription during HIV persistence
in treated infection. Phenotypic and functional analyses indicate that KLRG1-expressing NK
cells represent a dysfunctional subset, with inferior capabilities to kill HIV-infected cells.
Importantly, immunotherapy against KLRG1 enhances the cytotoxic potential of NK cells
against the HIV latent reservoir. Moreover, we demonstrate that KLRG1 is also expressed on
CD4* T cells harboring inducible HIV and that anti-KLRG1 antibodies could be used for both,
“shock” the HIV reservoir and potentiate the “killing” by NK cells. Thus, we identify KLRG1

as a target to exploit in HIV immunotherapies.
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Materials and Methods
KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Brilliant Violet 650 anti-human CD183 (CXCR3) )
Biolegend Cat#353730; RRID:AB_2563870
Clone G025H7
PerCP-Cy5.5 anti-human CD57 Clone HNK-1 Biolegend Cat#359622; RRID:AB_2565930

FITC anti-human CD56 Clone B159

PE-Cy7 anti-Human CD3 Clone SK7

PerCP anti-human CD3 Clone SK7

APC anti-human CD3 Clone SK7

PE-Dazzle 594 anti-human CD337 (NKp30)
Clone P30-15

PE anti-human NKG2C Clone 134591
APC-Cy7 anti-human NKG2D Clone 1D11
AF700 anti-Human CD4 Clone RPA-T4
BV605 anti-human CD4 Clone RPA-T4

V500 anti-human CD8 Clone RPA-T8

APC anti-human CD8 Clone RPA-T8

APC anti-human CD159a (NKG2A) Clone 2199
BV786 anti-human CD16 Clone 3G8

BV605 anti-human CD158b (KIR2DL2/L3/S2)
Clone CH-L

BV421 anti-human KLRG1 Clone 14C2A07
PE-Cy5 anti-human CD107a Clone H4A3

AF700 anti-human IFN-y Clone B27

APC-Fire750 anti-human CD19 Clone HIB19
BV605 anti-human CD158b (KIR2DL2/L3/S2)
Clone CH-L

PE-CF594 anti-human CD69 Clone FN50

SB600 anti-human HLA-DR Clone LN3

PE-CF594 anti-human E-cadherin Clone 67A4
Purified anti-mouse/human E-cadherin Clone
DECMA-1

PE mouse anti-p24 Clone KC57

Mouse anti-human p24 Clone Kal-1
Rabbit-polyclonal anti-human KLRG1
Goat-polyclonal anti-human CD56

AF568 donkey-polyclonal anti-goat 1I9G

AF647 donkey-polyclonal anti-mouse 1gG

Becton Dickinson
Becton Dickinson
Becton Dickinson
Biolegend

Biolegend

R&D Systems
Biolegend
Becton Dickinson
Becton Dickinson
Becton Dickinson
Becton Dickinson
Beckman Coulter
Becton Dickinson

Becton Dickinson

Biolegend
Becton Dickinson

Invitrogen
Biolegend
Becton Dickinson
Becton Dickinson
Invitrogen
Becton Dickinson
Biolegend

Beckman Coulter
Dako-Agilent
Abcam

R&D Systems
Invitrogen

Invitrogen

Cat#562794, RRID:AB_2737799
Cat#557851; RRID:AB_396896
Cat#347344; RRID:AB_400286
Cat#344811; RRID:AB_10644010

Cat#325231; RRID:AB_2814184

Cat#FAB138P-100

Cat#320823; RRID:AB_2566659
Cat#557922; RRID:AB_396943
Cat#562658; RRID:AB_2744420
Cat#560774; RRID:AB_1937325
Cat#555369; RRID:AB_398595
Cat#A60797; RRID:AB_10643105
Cat#563690

Cat#743453; RRID:AB_2741518

Cat#368604; RRID:AB_2566593
Cat#555802; RRID:AB_396136
Cat#MHCIFG29;
RRID:AB_2539767
Cat#302258; RRID:AB_2629691

Cat#743453; RRID:AB_2741518

Cat#562617; RRID:AB_2737680
Cat#63-9956-42;
RRID:AB_2637402

Cat#563572; RRID:AB_2738284

Cat#147301; RRID:AB_2563037

Cat#6604667; RRID:AB_1575989
Cat#MO0857 Discontinued
Cat#ab235951

Cat#AF2408; RRID:AB_442152
Cat#A-11057; RRID:AB_142581
Cat#A-31571; RRID:AB_162542
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AF488 donkey-polyclonal anti-rabbit IgG
Purified Mouse 1gG2a, k Isotype Ctrl Clone
MOPC-173

Purified Rat IgG1, k Isotype Ctrl Clone RTK2071

Human Fc Block Clone Fcl

Invitrogen
Biolegend

Biolegend

Becton Dickinson
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Cat#A-21206; RRID:AB_2535792

Cat#400201

Cat#400401; RRID:AB_326507
Cat#564219; RRID:AB_2728082

Virus strains

Plasmid encoding HIV-1nL4.3

Plasmid encoding HIV-1gaL

NIH AIDS
Reagent Program
HIV Reagent
Program

Cat#2006

Cat#ARP-510

Chemicals, Peptides, Enzymes, and Recombinant Proteins

lonomycin
Phorbol 12-myristate 13-acetate
Romidepsin

Raltegravir

Darunavir

Nevirapine

Q-VD-OPh (quinolyl-valyl-O-methylaspartyl-[-2,6-
difluorophenoxy]-methyl ketone

SuperScript Ill Reverse Transcriptase

Proteinase K from Tritirachium album

Human IL-2

Human IL-15

Recombinant human E-cadherin

BD GolgiPlug Protein Transport Inhibitor

Abcam

Abcam
Selleckchem

NIH AIDS
Reagent Program
NIH AIDS
Reagent Program
Sigma Aldrich

Selleckchem

Invitrogen

Sigma Aldrich
Sigma Aldrich
Miltenyi Biotec
R&D Systems

Cat#ab120370
Cat#tab120297
Cat#S3020

Cat#0980

Cat#0989

Cat#SML0097-10MG

Cat#S7311

Cat#18080044
Cat#P4850
Cat#11011456001
Cat#130-093-955
Cat#8505-EC-050

(Containing Brefeldin A) Becton Dickinson  Cat#555029

BD GolgiStop Protein Transport Inhibitor o

(Containing Monensin) Becton Dickinson  Cat#554724

DAPI (4',6-diamidino-2-phenylindole-dilactate) Invitrogen Cat#D3571
Fluoromount G Invitrogen Cat#00-4958-02
Critical Commercial Kits

MagniSort Human NK cell Enrichment Kit Invitrogen Cat#8804-6819-74
MagniSort Human CD4* T cell Enrichment Kit Invitrogen Cat#8804-6811-74
Dynabeads CD4 Positive Isolation Kit Invitrogen Cat#11331D
EasySep Dead Cell Removal (Annexin V) Kit StemCell Cat#17899
RNeasy Plus Micro Kit Qiagen Cat#74034

NZY Total RNA Kit NZYtech Cat#MB13402

BD Cytofix/Cytoperm Fixation/Permeabilization Kit  Becton Dickinson  Cat#554714

BD Horizon Brilliant Stain Buffer Becton Dickinson  Cat#566349
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit Invitrogen Cat#L.34966
LIVE/DEAD Fixable Far Red Dead Cell Stain Kit Invitrogen Cat#L.34974
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Experimental Models: Cell Lines

K562 human myelogenous leukemia cell line Sigma Aldrich Cat#89121407
Oligonucleotides
HIV-1 ¥ forward primer:

IDT N/A
5-CAGGACTCGGCTTGCTGAAG-3'
HIV-1 Y reverse primer:

IDT N/A
5'-GCACCCATCTCTCTCCTTCTAGC-3'
HIV-1 ¥ probe:

ThermoFisher
5'-6-FAM-TTTTGGCGTACTCACCAGT- N/A

Scientific
MGBNFQ-3'
HIV-1 env forward primer:

IDT N/A
5'-AGTGGTGCAGAGAGAAAAAAGAGC-3'
HIV-1 env reverse primer:

IDT N/A
5-GTCTGGCCTGTACCGTCAGC-3'
HIV-1 env probe: ThermoFisher N/A
5-VIC-CCTTGGGTTCTTGGGA-MGBNFQ-3' Scientific
HIV-1 anti-Hypermutant env probe: ThermoFisher A
5-CCTTAGGTTCTTAGGAGC-MGBNFQ-3' Scientific
hRPP30 forward primer:

IDT N/A
5-GATTTGGACCTGCGAGCG-3'
hRPP30 reverse primer:

IDT N/A
5-GCGGCTGTCTCCACAAGT-3'
hRPP30 probe:
5'-6-FAM- IDT N/A
CTGACCTGA/ZEN/AGGCTCT/3IABKFQ-3'
1-LTR HIV-1 forward primer:

IDT N/A
5-TTAAGCCTCAATAAAGCTTGCC-3'
1-LTR HIV-1 reverse primer:

IDT N/A
5-GTTCGGGCGCCACTGCTAG-3'
1-LTR HIV-1 probe:
5'-/56-FAM/CCAGAGTCA/ZEN/CACAACAGA IDT N/A
CGGGCA/31ABKFQ/-3’
CCRS5 forward primer:

IDT N/A
5-GCTGTGTTTGCGTCTCTCCCAGGA-3'
CCRS5 reverse primer:

IDT N/A
5'-CTCACAGCCCTGTGCCTCTTCTTC-3'
CCRS5 probe:
5'-/56- FAM/AGCAGCGGC/ZEN/AGGACCAG IDT N/A

CCCCAAG/3IABKFQ/-3'

Software
National Institutes ) »

ImageJ 1.53c https://ImageJ.nih.gov/ijlindex.html
of Health, USA

OoMIQ Dotmatics https://www.omiq.ai/
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FlowJo V10 Becton Dickinson  https://www.flowjo.com/
GraphPad V8 Dotmatics https://www.graphpad.com/
BioRender BioRender https://www.biorender.com/

RESOURCE AVAILABILITY

Lead contact

We have tried to provide as much information as possible regarding the reagents used in
this study. Nonetheless, further information and requests for resources and reagents should

be directed to and will be fulfilled by the lead contact, Dr. Maria J Buzdn

(mariajose.buzon@vhir.org).

Materials availability

This study did not generate new unique reagents. All reagents used are indicated in this
section and are available. All plasmids needed for the generation of viral stocks were
obtained through the NIH AIDS Reagent Program.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. Due to the
sensitivity of the data, individual participant data will not be shared. This paper does not
report original code. Any additional information required to reanalyze the data reported in

this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human Subjects

In this study, we used primary cells obtained from blood samples from people with HIV (PWH)
and non-HIV donors. Peripheral blood mononuclear cells (PBMCs) PWH were obtained from
the HIV unit of the Hospital Universitari Vall d’Hebron in Barcelona, Spain. Study protocols
were approved by the corresponding Ethical Committees (Institutional Review Board
numbers PR(AG)270/2015, PR(AG)192/2018, and PR(AG)476-2018). PBMCs from healthy
donors were obtained from the Blood and Tissue Bank, in Barcelona, Spain. All subjects
recruited for this study were adults who provided written informed consent. Samples were
prospectively collected and cryopreserved in the Biobank (register number C.0003590).
Information on plasma viral loads, CD4* T cell counts, and time on ART from suppressed
PWH is summarized in Table S1. Gender and age are also indicated for PWH in Table S1;

however, this information is not available for uninfected donors. Since we utilized samples
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from donors of different genders in our experiments, we can conclude that the strategy
presented here for stimulating the elimination of HIV reservoirs by targeting the receptor
KLRG1 applies to both men and women. PBMCs were obtained by Ficoll-Paque density
gradient centrifugation and cryopreserved in liquid nitrogen. PBMCs were cultured in RPMI
medium (Gibco) supplemented with 10% Fetal Bovine Serum (Gibco), 100 pg/mi
streptomycin (Fisher Scientific), and 100 U/ml penicillin (Fisher Scientific) (R10 medium),
and maintained at 37°C in a 5% CO., incubator, when needed. CD4* T cells and NK cells
were isolated from PBMCs using commercial kits (MagniSort Human CD4* T Cell
Enrichment; Affymetrix, and MagniSort™ Human NK cell Enrichment; eBioscience). Two
rounds of cell separation were performed to maximize the purity of the cells (overall purity
>85%). In some experiments, CD4* T cells and NK cells were obtained by fluorescence-
activated cell sorting from PBMC samples (Cytek Aurora CS). Paraffin-embedded LN
samples from PWH were obtained from the Anatomical Pathology Department of the Hospital
Universitari Vall d’Hebron (Barcelona, Spain). Written informed consent was provided by all

participants.
Cell lines

We also used the K-562 cell line, a widespread and highly sensitive in vitro target model to
study the natural cytotoxicity function of natural killer cells. K562 human myelogenous
leukemia cell line was obtained from the NIH AIDS Reagent Program Division of AIDS, NIAID,
NIH. These cells were cultured in R10 medium and maintained at 37°C in a 5% CO,

incubator. We checked the absence of contaminants in our cell cultures.
Plasmids

All plasmids needed for the generation of viral stocks were obtained through the NIH AIDS
Reagent Program. Viral stocks were generated by transfection of 293T cells with the
plasmids encoding the different molecular clones, and the resulting viral particles were
titrated in TZMbl cells using an enzyme luminescence assay (Britelite plus kit; PerkinElmer)
as described previously. Palivizumab was obtained from the Vall d’Hebron Hospital

pharmacy.
METHOD DETAILS

In this section, detailed information about the different assays performed can be found.
Information on the sample size and the number of replicates for each assay is indicated in

each figure legend. Our criteria for the inclusion of different samples from PWH in the
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different assays was mainly related to their control status of the disease, particularly their
viral load and CD4* T cell counts. The assays on viral reservoir cells presented here are
complex, among other factors due to the scarcity of HIV-reservoir cells in samples. We
started these assays with a large number of cells to avoid errors in the interpretations of the
results. Other measures to control and assure the proper analysis of the data are detailed for
each assay, such as the use of Fluorescence Minus One (FMO) controls in flow cytometry

experiments or isotype antibodies in functional assays to exclude non-specific effects.
NK cell phenotyping

PBMCs were stained with LIVE/DEAD AQUA viability (Invitrogen) for 20 minutes at room
temperature (RT). After washing once with staining buffer (1X PBS 3% FBS), cells were
stained with anti-CXCR3-BV650 (G025H7, Biolegend) for 30 mins at 37°C. Next, we
performed a washing step with a staining buffer and a new staining with anti-CD57-PerCP-
Cy5.5 (HNK-1, Biolegend), anti-CD56-FITC (B159, Becton Dickinson), anti-CD3-PE-Cy7
(SK7, Becton Dickinson), anti-NKp30-PE-CF594 (P30-15, Biolegend), anti-NKG2C-PE
(134591, R&D Systems), anti-NKG2D-APC-Cy7 (1D11, Biolegend), anti-CD4-AF700 (RPA-
T4, Becton Dickinson), anti-NKG2A-APC (Z199, Beckman Coulter), anti-CD16-BV786 (3G8,
Becton Dickinson), anti-CD158b-BV605 (CH-L, Becton Dickinson) and anti-KLRG1-BV421
(14C2A07, Biolegend) antibodies for 20 minutes at RT. Cells were then washed and fixed
with 2% PFA. Samples were acquired on a BD LSR Fortessa flow cytometer and data was
analyzed using FlowJo V10 software. Gating was performed according to the different FMO
controls.

Dimensionality Reduction Analysis

Dimensionality reduction analysis (optSNE) of flow cytometry data was performed using the
OMIQ software from Dotmatics (www.omiq.ai, www.dotmatics.com). All events within pre-
gated CD56" NK cells were concatenated for each group per culture condition and analyzed.
OptSNE clustering was performed on equal samples of randomly selected 6 x 10° cells from
each group based on expression of CD57, Nkp30, NKG2C, NKG2D, NKG2A, CD16, CXCR3,
CD158b and KLRGH1, followed by Flow-Self Organizing Maps (FlowSOM) artificial intelligence
algorithm for cluster identification. Marker expression was represented as Archsinh-

transformed medians within heatmaps generated via optSNE analysis.
Immunohistochemistry of human lymph nodes

For immunodetection of KLRG1, CD56, and p24, formalin-fixed and paraffin-embedded

(FFPE) tissue sections from human lymph nodes of HIV-infected PWH were subjected to
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deparaffinization (using xylene and decreasing ethanol concentrations), hydration and heat-
induced epitope retrieval with a PT-LINK (Dako). Then, the slides were permeabilized in 1X
Tris-buffered saline (TBS) (Fisher Scientific) with 0.1% Triton X-100 (Sigma-Aldrich) and 1%
BSA (Sigma-Aldrich) for 10 minutes. Subsequently, blocking was performed for 2 h with 1X
TBS supplemented with 10% normal donkey serum (Jackson Immunoresearch) and 1% BSA
before staining. The slides were then incubated with the primary antibodies overnight at 4 °C:
anti-CD56 (goat-polyclonal anti-CD56 antibody, 10 pyg/ml, R&D Systems clone NCAM-1),
anti-KLRG1 (rabbit-polyclonal anti-KLRG1 antibody, 1/100, Abcam ab235951), or anti-p24
(mouse-monoclonal anti-p24 antibody, 1/10, Dako-Agilent M0857), diluted in 1xTBS and 1%
BSA. Next, samples were washed and incubated for 1h at 37°C with the appropriate
secondary antibodies: Alexa Fluor 568 donkey anti-goat (Invitrogen), Alexa Fluor 647 donkey
anti-mouse (Invitrogen), and Alexa Fluor 488 donkey anti-rabbit (Invitrogen), counterstained
with DAPI (4',6-diamidino-2-phenylindole-dilactate, ThermoFisher), and mounted with

Fluoromount G (eBioscience).
Confocal microscopy and quantification

Samples were imaged on a Leica TCS SP5 and Zeiss LSM780 confocal microscopes, using
an x20 and x40 phase objective and sequential mode to separately capture the fluorescence
from the different fluorochromes. Tiles were merged with the LAS AF software. Imaged 1.53c
software (National Institutes of Health, USA) was used to perform image processing and
analysis. For CD56/KLRG1 and p24/KLRG1 co-localization analysis, a binary mask was
generated for each channel, and the “analyze particles” tool and manual recount were used
to count single and double-stained cells. In all experiments, at least 6 B-cell follicles were

analyzed per sample.
NK natural cytotoxicity assay

NK cytotoxicity was measured by the detection of CD107a and IFN-y by flow cytometry after
co-culture with the K562 cells alone or in combination with IL-15. NK cells were isolated using
a commercial kit (MagniSort Human NK Cell Enrichment; Affymetrix) and co-cultured with
K562 in a 1:1 ratio. CD107a-PE-Cy5 (H4A3; Becton Dickinson), BD Golgiplug Protein
Transport Inhibitor (Becton Dickinson), and BD GolgiStop Protein Transport Inhibitor
containing monensin (Becton Dickinson) were also added to each well at the recommended
concentrations. Human IL-15 (Miltenyi Biotec) was added to the corresponding wells at 25
ng/ml. Plates were centrifuged and incubated for 4.5 h at 37°C and 5% CO.. Cells were then
washed and stained with a viability dye (LIVE/DEAD Fixable Aqua Dead Cell Stain; Thermo
Fisher). After that, cells were stained with anti-CD57-PerCP-Cy5.5 (HNK-1; Biolegend), anti-
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CD56-FITC (B159; Becton Dickinson), anti-CD3-PE-Cy7 (SK7; Becton Dickinson), anti-
CD69-PE-CF594 (FN50; Becton Dickinson), anti-NKG2C-PE (134591; R&D systems), anti-
CD16-BV786 (3G8; Becton Dickinson) and anti-HLA-DR-SB600 (LN3; eBioscience)
antibodies for 20 minutes at RT. Cells were then fixed and permeabilized with
Fixation/Permeabilization Solution (Becton Dickinson) for 20 minutes at 4°C, washed with BD
Perm/Wash buffer and stained with anti-IFN-y-AF700 (B27; Life Technologies) for 30 minutes
at RT. After washing, cells were fixed with PFA (2%) and acquired on an LSR Fortessa flow

cytometer (Becton Dickinson). Data were analyzed using FlowJo V10 software.
Ex vivo infection of unstimulated PBMCs

PBMCs from ART-suppressed PWH were thawed and incubated overnight in R10 medium
containing 40 U/ml of IL-2. The next day, CD4" T cells were isolated using a commercial kit
(MagniSort Human CD4* T Cell Enrichment; Affymetrix) and infected by spinoculation at
1200xg for 2 h at 37 °C with HIV\L4.3 or HIVgq viral strains (50% tissue culture infectious dose
(TCIDso) of 78,125 and 625 for HIVnwss and HIVea, respectively). Cells were then washed
twice with PBS and cultured at 1 million/ml in a 96-well plate round-bottom with R10
containing 100 U/ml of IL-2 for the next 5 days. The resulting HIV-infected CD4* T cells were

used for different experiments listed below.
NK natural cytotoxicity and ADCC against HIV* cells

Five days after HIV infection, cells were placed in 96-well plates round-bottom at 100,000
cells/well. Autologous NK cells, previously isolated by negative selection using magnetic
beads (MagniSort™ Human NK cell Enrichment Kit, eBioscience) from PBMCs, were then
added at a 1:1 ratio. Two rounds of cell separation were performed to maximize the purity of
the cells (overall purity >85%). In some experiments, we assessed the effect of targeting
KLRG1 with antibodies. In such cases, NK cells were previously incubated with the anti-
KLRG1 monoclonal antibody (6 pg/ml clone 14C2A07, Biolegend) for 20 minutes and then
washed with staining buffer to remove the unbound antibodies before the co-culture. As a
control, we also included NK cells cultured with the isotype mouse IgG2a k (6 pg/ml) (MOPC-
173, Biolegend). Additionally, a pool of NK cells previously treated with an Fc receptor
blocker (human Fc block, Becton Dickinson) and then incubated with the anti-KLRG1
antibody was used as a control. Plates were then centrifuged at 400g for 3 minutes and
incubated for 4 h at 37°C and 5% CO.. For the ADCC assays, HIV-infected CD4* T cells were
incubated for 15 minutes with plasma (1:1,000 dilution) from a VIR HIV* PWH containing a
mix of antibodies targeting different HIV epitopes, before the 4 h co-culture with the NK cells.

After incubation, cells were transferred to a V-bottom 96 well plate, washed with PBS, and
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stained with a viability dye (LIVE/DEAD Fixable Aqua Dead Cell Stain; Thermo Fisher) for 20
minutes at RT in the dark. After, cells were centrifuged at 2,600 rpm for 5 minutes, washed
with staining buffer and stained in a volume of 50 pl/well with anti-CD56-FITC (B159; Becton
Dickinson), anti-CD3-PE-Cy7 (SK7, Becton Dickinson), anti-CD4-AF700 (RPA-T4, Becton
Dickinson), anti-E-cadherin-PE-CF594 (67A4, Becton Dickinson), and anti-KLRG1-BV421
(14C2A07, Biolegend), for 20 minutes at RT. After the cell surface staining, cells were
washed with staining buffer, fixed and permeabilized with Fixation/Permeabilization Solution
(Becton Dickinson) for 20 minutes at 4°C, washed with BD Perm/Wash buffer, and stained
with anti-p24-PE (KC57-RD1, Beckman Coulter) for 20 minutes on ice and 20 minutes at RT.
Finally, cells were washed and fixed with 2% PFA. Samples were acquired in an LSR Fortessa
flow cytometer (Becton Dickinson) and analyzed using FlowJo V10 software. We calculated
target cell killing as the reduction in infected (p24*) cells. In some experiments, we studied
the impact on the NK cytotoxic function of blocking the E-cadherin in the cell targets. In such
cases, HIV-infected CD4" T cells were previously treated with an E-cadherin neutralizing
antibody (clone DECMA-1, Biolegend) or the isotype control rat IgG1 k (RTK2071, Biolegend)
for 20 minutes and then washed with staining buffer to remove the unbound antibodies
before the co-culture with NK cells. The natural cytotoxicity assay was performed as
described above.

FACS isolation of KLRG1" NK cells and CD4" T cells

For Fluorescence Activated Cell Sorting (FACS), 100 million PBMCs from ART-suppressed
PWH were stained with LIVE/DEAD Far Red viability (Invitrogen) for 20 minutes at RT. After
washing with 1X PBS, cells were surface stained with anti-CD56-FITC (B159, Becton
Dickinson), anti-CD3-PE-Cy7 (SK7, Becton Dickinson), anti-CD19-APC-Fire750 (HIB19,
Biolegend), anti-CD16-BV786 (3G8, Becton Dickinson), anti-CD4-BV605 (RPA-T4, Becton
Dickinson), anti-CD8-V500 (RPA-T8, Becton Dickinson), and anti-KLRG1-BV421 (14C2A07,
Biolegend) antibodies for 20 minutes at RT. Cells were then washed with staining buffer and
immediately sorted using the Cytek Aurora Cell Sorter. We sorted the live populations CD4
CD3CD56'KLRG1* (KLRG1* NK cells)), CD4CD3CD56'KLRG1- (KLRG1- NK cells),
CD3*CD4*CD56'KLRG1* (KLRG1* CD4* T cells) and CD3*CD4*CD56'KLRG1- (KLRG1- CD4*

T cells). The purity of the cells was >95% in all cases.
Viral reactivation in ART-suppressed PWH samples

CD4" T cells from ART-suppressed PWH were isolated using a commercial kit (MagniSort
Human CD4* T Cell Enrichment; Affymetrix) and cultured in R10 medium with Q-VD-OPh

(Selleckchem) for 2h in the presence of Raltegravir (1 uM), Darunavir (1 uM), and Nevirapine
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(1 M) to prevent new rounds of viral infection. After 2 h, PMA (Abcam) plus ionomycin
(Abcam) (PMA 81 nM; ionomycin 1 uM) were added to the cell culture as a latency reversal
agent and left for 18 h to reactivate latent HIV. After viral reactivation, cells were subjected
to natural cytotoxicity assays as described above. After, cells were stained with LIVE/DEAD
Far Red viability for 20 minutes at RT and then with anti-CD56- FITC (B159; Becton
Dickinson), and anti-CD3-PerCP (SK7, Becton Dickinson) antibodies for 20 minutes at RT.
After the cell surface staining, cells were fixed and permeabilized with
Fixation/Permeabilization Solution (Becton Dickinson) for 20 minutes at 4°C, washed with BD
Perm/Wash buffer, and stained with anti-p24-PE (Beckman Coulter) for 20 minutes on ice
and 20 minutes at RT. Finally, cells were washed and fixed with 2% PFA. Samples were
acquired in a FACSCalibur flow cytometer (Becton Dickinson) and analyzed with FlowJo V10
software. The limit of detection of our assay is established at 50 p24* cells/million CD4* T

cells as previously reported*.
NK killing of cells harboring intact provirus

CD4* T cells from ART-suppressed PWH were isolated using the Dynabeads CD4 Positive
Isolation Kit (Affymetrix) and cultured in R10 medium at a concentration of 1.5 M/ml in the
presence of an ART cocktail (Raltegravir, Darunavir, and Nevirapine at 1 uM each) to prevent
new rounds of viral infection. To reactivate latent HIV, PMA (81 nM) and lonomycin (1 yM)
were added to the cell culture as a latency reversal agent, and the cells were left for 18 h.
The negative fraction of cells remaining from the CD4* T cell isolation kit were cultured
overnight in R10 medium supplemented with 100 U/mL of IL-2 (Merck) at a concentration of
2 M/ml. The following day, NK cells were enriched from the CD4- fraction using the MagniSort
Human NK cell Enrichment Kit (Invitrogen). After viral reactivation, a natural cytotoxicity
assay was conducted, wherein NK cells were seeded in a 96-well round-bottom plate and
cocultured with reactivated CD4* T cells at a 1:1 ratio in R10 medium containing the ART
cocktail plus DNase (100 pg/mL, Merck). Enriched NK cells were pre-incubated with either
IgG2a isotype control at 10 yg/mL (MOPC-173, Biolegend) or human purified anti-KLRG1 at
10 yg/mL (14C2A07, Biolegend) for 20 minutes, followed by a single wash with 1X PBS. After
4 h of incubation at 37°C in 5% CO., the remaining viable CD4* T cells were isolated from
the coculture using a combination of the EasySep Dead Cell Removal (Annexin V) Kit
(StemCell Technologies) and the MagniSort Human CD4* T cell Enrichment Kit (Invitrogen).
The cell pellet was then lysed with proteinase K-containing lysis buffer and incubated at 55°C
overnight, followed by a 95°C incubation for 5 minutes, to obtain DNA for the Intact Proviral
DNA Assay (IPDA) described below.
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Intact Proviral DNA Assay (IPDA)

IPDA was performed as described before®'® and using primers and probes specific for the ¥
HIV gene (HIV-1 W forward 5-CAGGACTCGGCTTGCTGAAG-3’, HIV-1 W reverse
GCACCCATCTCTCTCCTTCTAGC and probe 5 6-FAM-TTTTGGCGTACTCACCAGT-
MGBNFQ-3’) and env HIV gene (HIV-1 env forward 5-AGTGGTGCAGAGAGAAAAAAGAGC-
3’, HIV-1 env reverse 5’-GTCTGGCCTGTACCGTCAGC-3', HIV-1 env intact probe 5’-VIC-
CCTTGGGTTCTTGGGA-MGBNFQ-3', and HIV-1 anti-Hypermutantenv probe 5’-
CCTTAGGTTCTTAGGAGC-MGBNFQ-3'). The hRPP30 gene was used for cell input

normalization. Samples were analyzed in a QlAcuity One 2-plex System (Qiagen).
Quantification of HIV DNA and RNA by gPCR

CD4* T Ilymphocytes were enriched from total PBMCs using a negative selection kit
(MagniSort Human CD4* T Cell Enrichment, eBioscience) or isolated by FACS. Then, CD4*
T cells were used for both HIV DNA and RNA quantification. CD4* T cells for HIV-DNA
analysis were immediately lysed with proteinase K-containing lysis buffer (at 55°C overnight
and 95°C for 5 minutes). The HIV DNA in the cell lysates was quantified by quantitative PCR
(gPCR) using primers and probes specific for the 1-LTR HIV region (LTR forward 5’-
TTAAGCCTCAATAAAGCTTGCC-3’, LTR reverse 5-GTTCGGGCGCCACTGCTAG-3’ and
probe 5' /56-FAM/CCAGAGTCA/ZEN/CACAACAGACGGGCA/31ABKFQ/ 3'). The CCR5
gene was used for cell input normalization. Samples were analyzed in an Applied Biosystems
7000 Real-Time PCR System. For Viral RNA quantification, CD4* T cells were subjected to
RNA extraction using the RNeasy plus micro (Qiagen) kit (for less than 0.5M cells) or NZY
Total RNA kit (NZYtech) (for a number of cells ranging between 0.5 and 5M) following the
manufacturer’s instructions. Reverse transcription of RNA to cDNA was performed with the
SuperScriptlll (Invitrogen), and cDNA was quantified by gPCR with primers against the HIV
long terminal repeat (LTR). Quantification of RNA and DNA copies was performed using a
standard curve, and values were normalized to 1 million CD4* T cells. For testing the effect
of the anti-KLRG1 antibody in CD4* T cells from ART-suppressed PWH, CD4* T cells were
isolated by magnetic beads as described here and cultured in R10 medium with Q-VD-OPh
(Selleckchem) for 2 h in the presence of Raltegravir (1 uM), Darunavir (1 uM), and Nevirapine
(1 uM). After, cells (at least 1 M per condition) were incubated with the anti-KLRG1 antibody
(6 pg/ml) or an IgG2a isotype (6 ug/ml). Cells incubated with romidepsin (40 nM) were
included as a positive control. Cells were cultured for 20 h and after, viral reactivation was

quantified by the intracellular detection of HIV-RNA, as described above.
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Statistical analysis

Statistical analyses were performed with Prism software, version 6.0 (GraphPad). A P value
<0.05 was considered significant. Volcano plots were automatically produced by the OMIQ
software, and differences were regarded as statistically significant when the value of p or the
False Discovery Rate (FDR) value were below 0.05. The statistical details for the different

experiments can be found in each figure legend.
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Results

Active HIV transcription associates with higher frequencies of NK cells
expressing KLRG1

We first studied the cell-surface expression of KLRG1 in a cohort of ART-suppressed (ART,
n=23) and viremic (VIR, n=17) PWH (clinical data of participants #1-40 in Table S1) and
compared it to healthy donors (HD, n=14). An example of the gating strategy used for these
analyses is shown in Supplementary Figure 1. In total NK cells (CD3-CD56*), we found
significantly higher frequencies of KLRG1 expression in HIV* individuals (VIR and ART) than
in HD (Figure 1A). KLRG1 was expressed with median values of 16.1% and 27.3% for HD
and HIV*, respectively (Figure 1B). Also, we studied if KLRG1 expression was observed in
the two main populations of NK cells according to their expression levels of CD56. Indeed,
we found KLRG1 over-expression during untreated HIV infection (VIR) in CD56%™ (Figure
1C), but also in less differentiated CD56°9" NK cells (Figure 1D). Aging and some
unresolved chronic infections have been linked to KLRG1 expression?®%213%_|mportantly,
VIR PWH showed higher KLRG1 levels, but no differences in age were observed between
these cohorts (Table $1). Moreover, ART significantly reduced KLRG1* NK cells in both NK
subsets from peripheral blood mononuclear cells (PBMCs) as compared with VIR individuals,
but there was a trend for no normalization of the KLRG1 values, especially for the CD56™
cells (median values of 17.0% and 27.3% for HD and ART, respectively) (Figure 1C). We
next examined the relationship between clinical parameters during untreated HIV infection
and the percentage of KLRG1* NK cells. We did not find a significant correlation with the
absolute CD4* T cell counts (Figure 1E); however, we did observe a negative correlation
between plasma viral load in VIR individuals and KLRG1 expression on NK cells (Figure 1F).
We believe this correlation reflects the link between KLRG1 expression and unresolved
chronic HIV infection, because samples with the highest viral loads were frequently obtained
during early HIV infection, and thus, with a limited time of viral replication. When we focused
on ART-suppressed PWH, we found a significant direct correlation between intracellular viral
RNA and the expression of KLRG1 on NK cells (Figure 1G). By contrast, no association was
found between KLRG1 and the total HIV reservoir size, measured as the total viral DNA within
the CD4* T population (Figure 1H).

Next, we examined the presence and localization of KLRG1* NK cells in the lymph nodes, for
which the follicles are a privileged anatomical site for HIV persistence®™. We performed
immunostaining of the HIV protein p24, the NK-cell receptor CD56, and KLRG1 in

anatomically intact lymph node tissue preparations from one uninfected control and two PWH
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(ART-suppressed #41 and VIR #42, Table S1). As shown in Figure 11 and Supplementary
Figure 2A-B, p24 showed the typical two-staining pattern observed in the B-cell follicles®'s;
network-like staining probably corresponding to virions captured by follicular dendritic cells,
and cells with a more dense spherical signal indicating productive HIV infection
(Supplementary Figure 2B). In general, changes in the total number of NK cells (CD56%)
were not detected in lymph nodes from PWH compared to the uninfected control
(Supplementary Figure 2C). However, we observed an increased in the total number of
cells expressing KLRG1 in lymph nodes from the two PWH studied, both in the T and B zones
(Figure 11-J, and Supplementary Figure 2A). Notably, high frequencies of KLRG1* NK cells
were observed in the lymph nodes of PWH; the increase of NK cells expressing KLRG1 was
particularly significant in the B zone of the VIR individual (Figure 1J and K). Of note, the ART
sample showed higher expression of KLRG1 on NK cells located in the T zone, but not in the
B zone, of the lymph nodes compared with the negative control. We speculate that the
disorganization of the B cell follicle after HIV infection might allow NK cells to penetrate better
the B cell follicle. Alternatively, it is possible that HIV infection accumulates NK cells
expressing CXCR5 in lymph nodes, the receptor that directs the entry of immune cells into
the B cell follicle. This has been shown before in samples from PWH?3'¢, and in samples from

a non-human primate model of viral control®®’.

Overall, our results show the existence of a significant fraction of NK cells with expression of
KLRG1 both in the blood and within the lymph nodes of PWH, which is compatible with
persistent HIV infection. Importantly, during ART the expression of KLRG1 correlates with
active HIV transcription in blood, and a significant expression of KLRG1 on NK cells remains

in lymph nodes.
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Figure 1. Expression of KLRG1 in NK cells during HIV infection.
The expression of the KLRG1 receptor was measured by flow cytometry in different subjects.
(A) Opt-SNE plots showing the distribution of KLRG1* NK cells within the total pool of CD56* NK cells in HIV-
negative donors (HD) and people with HIV (HIV*). The Volcano plot shows the difference in KLRG1 expression
between both cohorts.
(B) Frequency of KLRG1* NK cells in a cohort of HD (n=14) and PWH (n=40).
(C) Percentage of KLRG1* NK in CD56%™ NK cells in HD and in HIV* with detectable viral loads (VIR) or on
antiretroviral treatment with suppressed viremia (ART).
(D) Percentage of KLRG1* NK in CD56"79" NK cells in HD and HIV*in VIR or ART subjects.
For (B), (C) and (D) median with range is represented. Statistical comparisons were performed using the Mann-
Whitney test. *p<0.05; **p<0.01.
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(E-H) Spearman correlations between the percentage of KLRG1* NK cells and: (E) absolute CD4* T cell count,
(F) viral load during untreated infection (n=16), (dot in parenthesis was not included for the statistical analysis)
(G) HIV RNA molecules per million CD4* T cells during ART (n=13), or (H) HIV DNA molecules per million CD4*
T cells during ART (n=13), are represented.

(I) Representative micrograph of a lymph node section from one HIV* VIR individual stained with anti-CD56
(purple), anti-KLRG1 (yellow), and anti-p24 (red) antibodies. White boxes indicate regions where NK cells show
expression of both, CD56 and KLRG1. The right panels correspond to zoomed views of CD56* KLRG1* cells.

(J) Graph showing the number of KLRG1* cells per mm? in the B and T zones from uninfected, ART-suppressed,
and VIR lymph node samples. B and T cell zones were identified based on the intensity of the DAPI staining and
the morphology of the cell nuclei.

(K) Frequency of KLRG1* cells within CD56* NK cells in the lymph nodes from an HD, a VIR (#42), and an ART-
suppressed (#41) PWH. Each dot corresponds to one B cell follicle. The percentage of NK cells expressing KLRG1
in the B cell zone or the intrafollicular region and in the T zone or the extrafollicular region was represented in
orange and blue dots, respectively. Median and min-max rank is represented. Intra-sample comparisons between
values inside or outside the B-cell follicles from HD, VIR and ART were performed using the Wilcoxon test, and
the inter-sample comparisons between PWH and HD were performed using the Mann-Whitney test.

See also Figures S1, S2 and Table S1.

HIV infection expands different populations of NK cells expressing KLRG1,
and more differentiated cells are maintained after ART

We studied if NK cells expressing KLRG1 had a different expression pattern of important
receptors for NK activity. For these analyses, we included NK receptors with activating or
inhibitory potential upon interaction with ligands found on HIV-infected cells (CD16, NKG2C,
NKG2A, NKG2D, NKp30 and KIR2DL2/L3), the maturation marker CD57, and the chemokine
receptor CXCR3 (illustration in Supplementary Figure 2D). In general, we observed that
HIV* PWH had higher expression of KLRG1, but also they expressed more NKG2C, CD16
and CD158b (Figure 2A). We then performed a reduction of dimensionality analysis with the
data of the individual cohorts. Unsupervised clustering analysis using FlowSOM algorithm
allowed us to identify seven different NK cell clusters with a particular expression of the
selected receptors in cells expressing KLRG1 (Figure 2B). Specifically, clusters #1 and 2
identified subpopulations of NK cells with medium expression levels of KLRG1, whereas
clusters #3, 6 and 7 were populations with high expression of KLRG1 (Figure 2C).
Interestingly, these clusters with high expression of KLRG1 were mainly apparent after HIV
infection (Figure 2B and D). These populations were also characterized by an increased
expression of CD16, an important activating receptor to mediate ADCC, elevated levels of
NKG2D, CD57 and the inhibitory receptors KIR2DL2/L3 (KIR CD158b), together with mid-
low expression of NKG2A (Figure 2C and Supplementary Figure 3). We also evaluated the
impact of ART on these NK populations. It has been extensively documented that HIV
infection alters the expression of NK receptors and function, and ART does not fully revert
these alterations™*2%, Statistical comparison within NK clusters between all cohorts are

depicted in Figure 2D. In general, clusters #6 and 7 were not normalized after treatment
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compared to healthy donors and high expression of these clusters are still present after ART
(Figure 2D). Importantly, cluster #6 showed a significant increase in the expression of
NKG2C only upon HIV infection that was not normalized upon ART (Figure 2C and
Supplementary Figure 3). Finally, we also performed a more traditional analysis of the
percentages of expression of the different markers in both populations, with and without
expression of KLRG1. An example of the gating strategy used is shown in Supplementary
Figure 1. The results largely confirmed the above main conclusions obtained with the
reduction of dimensionality analysis, and showed that cells expressing KLRG1 have higher
levels of CD16, NKG2C, KIR, CD57 and NKG2D, and lower levels of NKG2A and CXCR3,
especially in VIR individuals (Figure 2E-L). Moreover, ART was able to normalize some of
the populations, but high expression of CD16, NKG2C and KIR (Figure 2E, F and H), and
low expression of NKG2A (Figure 2J) were still present in the KLRG1* subpopulation after
ART.

Overall, we observe that HIV infection expands populations of NK cells expressing KLRG1
with memory-like features (NKG2C*), high expression of the inhibitory KIR CD158b, the
differentiation marker CD57, and the activating receptor NKG2D, and low levels of the
inhibitory NKG2A receptor. The lower expression of CXCR3 would indicate that these
KLRG1* cells are less able to migrate towards a CXCL9/10/11 gradient®'". Importantly, ART
does not normalize all these KLRG1* populations and they keep representing a substantial

proportion of cells with more frequent activated receptors and differentiated phenotypes.
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Figure 2. Characterization of NK cells expressing KLRG1 in HIV infection.

The expression of different NK markers was quantified by flow cytometry in different subjects: healthy donors
(HD) n=14, HIV* viremic (VIR) n=17, and HIV* ART-treated individuals (ART) n=23.

(A) Volcano plot showing the statistically significant differences in the cluster composition between cohorts HIV*
and HD.

(B) Reduction of dimensionality analysis of the expression of different receptors in total (CD56*) NK cells.
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(C) Heatmap showing the differences in the mean fluorescence expression of the different NK cell receptors, in
HD, VIR and ART cohorts, regarding the different cell clusters identified in Figure 2B and represented in different
colors.

(D) Volcano plots showing the statistically significant differences in the cluster composition between cohorts.
(E-L) Percentage of expression of different receptors in KLRG1* and KLRG1~ NK cells. All graphs represent the
median and ranges. Statistical comparisons intra-cohort were performed using the Wilcoxon matched-pairs
signed-rank test, and comparisons inter-cohort using the Mann-Whitney test. *p<0.05; **p<0.01; ***p<0.001.
See also Figures S1, S2, S3 and Table S1.

KLRG1* NK cells are functionally impaired in samples from ART individuals

As a next step, we aimed to directly elucidate the functional signatures of KLRG1* NK cells.
We focused on the cohort of ART subjects as important candidates for a potential functional
cure of HIV. First, we performed NK recognition assays against the MHC-deficient cell line
K562, using unstimulated NK cells or primed with IL-15 (gating strategy shown in
Supplementary Figure 4A) (NK cells from participants #10, 13-16, 18, 19, 43-45 in Table
S$1). In general, NK cells from ART individuals were able to kill the cell line K562
(Supplementary Figure 4B) Dimensionality reduction analysis identified six clusters in the
NK cell population, from which clusters #1, 4, and 5 were significantly expanded upon the
cell target challenge and IL-15 cytokine stimulation (Figure 3A-B and Supplementary
Figure 5A). These clusters comprised cells with a strong cytotoxic profile, expressing the
lysosomal-associated membrane protein-1 CD107a, IFN-y (Figure 3C), and the activation
marker CD69 (Figure 3D). Of note, cluster #1 and 4 widely expressed KLRG1 (Figure 3E),
and showed enriched expression of CD57, NKG2C, and CD16 (Figure 3F). Subsequently,
we performed a comparative functional analysis and studied the cytotoxic response of NK
cells, expressing or not the KLRG1 receptor, stimulated with IL-15 and after co-culturing with
the MHC-devoid cell line K562. We observed that KLRG1* NK cells expressed more HLA-DR
and CDG69 than their negative counterparts (Figure 3G and H). NK cells expressing KLRG1
exhibited a lower degranulation response (Figure 3I-J), lower frequencies of IFN-y
producing cells (Figure 3K), and less polyfunctional CD107a*IFN-y* cells (Figure 3M)
compared to the negative KLRG1 fraction. Results from NK cells in the absence of the target
cells or without previous IL-15 stimulation are shown in Supplementary Figure 5B-H.
Overall, we showed that KLRG1* NK cells produce functional molecules, such as IFN-y and
CD107a, upon interaction with K562 targets, however, these cells are functionally more

impeded than cells not expressing the KLRG1 receptor.

84



lIl. RESULTATS. Treball 1

Figure 3
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Figure 3. Functional profile of KLRG1* NK cells in ART-suppressed PWH.

MHC-devoid K562 cells were subjected to NK-killing assays (n=10). Functional markers were measured by flow
cytometry under different conditions.

(A) Reduction of dimensionality analysis for the expression of KLRG1, CD57, CD16, NKG2C, HLA-DR, CD69, IFN-
y and CD107a in total (CD56*) NK cells. Three conditions are represented: NK alone, NK+K562 and NK (IL-
15)+K562.

(B) Violin graphs showing the frequency of the different clusters of NK cells identified in A. Statistical comparisons
were performed using the Kruskal-Wallis test when required. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

(C) Expression of CD107a and IFN-y on the different clusters of NK cells identified in Figure 3A.

(D) Expression of CD69 and HLA-DR on the different clusters of NK cells identified in Figure 3A.

(E) Expression of KLRG1 on the different clusters of NK cells identified in Figure 3A.

(F) Heatmap showing the intensity of expression of the different markers on the NK clusters represented in
different colors.

(G) Percentage of HLA-DR* cells in total CD56* KLRG1* (yellow) or KLRG1- (blue) NK cells, after co-culturing with
the K562 target cells and with the additional IL-15 stimulus. Similarly, the values of other parameters are
represented in (H) frequency of CD69* cells, (1) percentage of cells expressing the CD107a degranulation marker,
(J) Mean Fluorescence Intensity (MFI intensity) signal for CD107a expression, (K) frequency of cells producing
IFN-y, (L) MFI for IFN-y, and (M) percentage of polyfunctional, double positive CD107a*IFN-y* cells. Statistical
comparisons were performed using Wilcoxon matched-pairs signed-rank test. *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001.

See also Figures S4, S5 and Table S1.
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Antibody intervention enhances the cytotoxic potential of KLRG1* NK cells
at killing HIV-infected cells

Antibody therapies intended to block different immune checkpoints to reinvigorate the
effector functions of immune cells are promising new therapies, especially against tumor
cells®. Thus, we tested if anti-KLRG1 antibodies might enhance functionality of NK cells from
ART individuals. To test if targeting KLRG1 inhibits the exhausted phenotype, we cultured
isolated NK cells from different ART-suppressed PWH (participants #46-51, Table $1) for 4h
in the presence of a specific anti-KLRG1 antibody. We measured cell activation,
degranulation, and IFN-y secretion. The co-culture of NK cells with HIV-infected cell targets
in the presence of the anti-KLRG1 antibody significantly increased the frequency of IFN-y-
producing cells in the CD569™ subset expressing the KLRG1 receptor (Figure 4A), but not
in non-expressing KLRG1 cells (Figure 4B). More notably, targeting KLRG1 did not change
the frequency of cells with the potential to degranulate, but strongly triggered a degranulation
response (MFI CD107a*) in less differentiated CD56""¢" NK cells (median of 3820 vs 7686 in
the presence of the isotype control IgG2 and anti-KLRG1 Ab, respectively) (Figure 4C). No
changes in the degranulation capacity were observed in KLRG1- NK cells (Figure 4D). We
included in these experiments controls of NK cells cultured with PMA+lonomycin
(Supplementary Figure 6A-D). Thus, we show that targeting KLRG1 significantly increases

the functionality of this subset.

Next, we performed NK-killing assays after antibody engagement. Ex vivo infected CD4* T
cells were subjected to autologous NK natural cytotoxicity assays after engagement with anti-
KLRG1 or control antibodies (participants #52-57, Table S$1). Purity of the isolated NK cells
was >94% (Supplementary Figure 6E). We calculated cell killing as the reduction in the
percentage of virally infected cells. A representative gating strategy is shown in
Supplementary Figure 6F. Targeting KLRG1 in NK cells significantly enhanced the killing of
the total pool of HIV-infected cells (Figure 4E). Likely, the enhanced effector response
achieved by the anti-KLRG1 antibody was specific to the KLRG1* NK cell subpopulation,
since the blockade of Fc receptors on the NK cells, which potentially masks unspecific
interactions through its constant fraction (Fc), showed no effect on the overall cell killing
induced by the KLRG1 antibody. No effect was observed after incubation with the isotype
control (Supplementary Figure 6G). Another potential benefit of targeting KLRG1 might be
the masking of the interaction between this receptor with its ligands. Thus, we tested if HIV
infection upregulated the KLRG1 ligand E-cadherin, a molecule known to restrain the NK

function through KLRG1 engagement®2. To this end, we performed the ex vivo infection of
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isolated CD4* T cells (participants #52-57 in Table $1) and assessed the expression of the
E-cadherin by flow cytometry, on infected (p24*) CD4* T cells. Although a consistent
increment was observed in all experiments, the expression of E-cadherin on infected cells
was very low with the exception of two samples (Figure 4F). Of note, we have not assessed
if these E-cadherin positive cells were preferentially infected, or HIV induced its upregulation,
but blocking the low levels of E-cadherin expression after HIV infection induced a small
improvement in the NK capacity to kill HIV-infected cells (Supplementary Figure 6H). Other
immune cell populations present in PBMCs such as monocytes have been shown to express
high levels of E-cadherin®®', which could potentially restrain KLRG1* NK cells. Also, high
levels of soluble E-cadherin have been found in PWH%7, further supporting the potential in
vivo benefits of an antibody targeting the KLRG1 immune checkpoint. Finally, we directly
measured the response of KLRG1-expressing NK cells to HIV* cell targets (participants #58-
61 in Table S1). For that, we performed autologous co-cultures between previously isolated
KLRG1" NK cells or KLRG1~NK cells by fluorescence activated cell sorting (FACS), and ex
vivo HIV-infected CD4* T cells. KLRG1* NK that were incubated with the anti-KLRG1 antibody
showed a more robust cytotoxic response against HIV-infected targets by both mechanisms,
the natural cytotoxicity and the ADCC, than NK cells lacking the expression of KLRG1 (Figure
4G and H). In general, KLRG1* NK cells stimulated with the anti-KLRG1 antibody had the

ability to kill approximately 20% more infected cells than their negative counterparts.

Last, we tested if targeting KLRG1 induces an NK-mediated cytotoxic response against viral-
reactivated cells from the natural reservoir. We performed functional NK assays using
samples from seven ART-suppressed PWH after reactivation (participants #23, 65-70, Table
$1). Detection of p24 was first evaluated in samples from healthy donors and ART-treated
PWL after viral reactivation. The limit of detection was set up at 53 copies/million cells
calculated by the formula 3*SD of the mean percentage of p24* cells detected in healthy
donor samples. As previously reported’’, we observed viral reactivation of dormant HIV
(Figure 41 and Supplementary Figure 61). Notably, the incubation with KLRG1-directed
antibodies strongly enhanced the NK-mediated killing of the total pool of viral-reactivated
cells (median reduction in p24* cells of 75.15%). This effect was not observed with the control
antibody (Figure 4J-K). Moreover, we performed the IPDA (intact proviral DNA assay) in the
remaining CD4" T cells in additional samples from 6 ART individuals (participants #71-76,
Table S1). Reduction in the intact proviruses was observed in 5 out of 6 samples tested

(Figure 4L). Altogether, we show that targeting KLRG1 restores the functional abilities of NK
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cells and enhances the capacity to kill HIV-infected cells by both natural cytotoxicity and

ADCC, and to reduce the natural HIV reservoir after viral reactivation.
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Figure 4. Targeting KLRG1 increases the functional capabilities of NK cells.

NK cells were cultured with ex vivo infected CD4* T cells after stimulation with the anti-KLRG1 antibody.
Functional parameters on NK cells and direct cell killing of the HIV* targets were quantified by flow cytometry.
(A) Frequency of IFN-y* cells in NK KLRG1* cells.

(B) Frequency of IFN-y* cells in NK KLRG1~ cells.

(C) Mean Fluorescence Intensity (MFI) of CD107a in KLRG1* cells.

(D) Mean Fluorescence Intensity (MFI) of CD107a in KLRG1~ cells.

(E) Reduction in p24* after co-culturing ex vivo HIV-infected CD4* T cells with NK cells previously stimulated with
the anti-KLRG1 antibody. Fc blocker is shown as a control.

(F) Expression of the molecule E-cadherin on CD4* T cells in infected (p24*) and uninfected (p24-) cells after ex
vivo HIV infection.

(G) Natural cytotoxicity assay of ex vivo HIV infected CD4* T cells after co-culturing with isolated NK expressing
or not the KLRG1 and stimulated with the anti-KLRG1 antibody.

(H) ADCC assay of ex vivo HIV infected CD4* T cells after co-culturing with isolated NK expressing or not the
KLRG1 and stimulated with the anti-KLRG1 antibody. The condition with plasma from an HIV-positive person is
shown as a control. In (G) and (H) the CD4* T cells and NK cells were isolated by FACS.

(1) P24* cells in samples from ART-suppressed PWH at baseline and after viral reactivation with PMA/ionomycin
(LRA). The limit of detection is set up at 53 copies/million cells calculated by the formula 3*SD of the mean
percentage of p24* cells detected in healthy donor (HD) samples.

(J) Functional NK assays after reactivation of the natural latent HIV reservoir of isolated CD4* T cells from ART-
treated PWH. P24 cells are quantified by flow cytometry as a measure of viral reactivation. This panel shows an
example of the p24 staining.

(K) Functional NK assays after reactivation of the natural latent HIV reservoir of isolated CD4* T cells from ART-
treated PWH. Summary graph for p24 levels in CD4* T cells after the NK-killing assays. Palivizumab was used as
a control antibody.

(L) Intact Proviral DNA Assay (IPDA) in samples from 6 ART-suppressed subjects after performing the NK-killing
assay with primary ex vivo reactivated CD4* T cells with PMA and lonomycin, and isolated NK cells. NK were
treated with the anti-KLRG1 antibody, or the isotype control IgG2. Percentages of intact proviral reductions are
shown for each subject. Statistical comparisons were performed using the Wilcoxon matched-pairs signed-rank
test, Friedman test, or Kruskal-Wallis test, when required. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

See also Figure S6 and Table S1.

KLRGL1 is expressed on CD4* T cells harboring inducible HIV genomes and
the anti-KLRGL1 antibody induces viral reactivation

Maijor efforts in the HIV field are directed at finding efficient compounds for both, reactivating
latently HIV-infected cells, and stimulating the immune system of PWH to eliminate HIV
reservoirs. Therapeutic strategies integrating these two steps are designated as a “shock
and kill” approach™®. For assessing the suitability of using KLRG1 in this approximation, we
studied the feasibility of using anti-KLRG1 monoclonal antibodies as latency reversal agents.
First, we checked the expression of KLRG1 in CD4* T cells from a cohort of VIR and ART-
suppressed PWH (participants #1-40 Table S1), and we found a median of 23.6 and 19.4%
of these cells expressed the KLRG1 receptor, respectively (Figure 5A). Moreover, in ART
individuals the expression of KLRG1 on CD4* T cells directly correlated with the intracellular
levels of HIV-RNA (Figure 5B). Interestingly, the targeting of KLRG1 in CD4* T cells with
directed antibodies significantly increased the number of viral RNA molecules (median fold

increase of 3.2), indicating viral reactivation (Figure 5C) (participants #1, 2, 4-6, 9, 12, 62-
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64 Table S1). Romidepsin was used as a control for viral reactivation (Supplementary
Figure 6J). This suggests that KLRG1 may identify a fraction of CD4" T cells with latent HIV,
and/or induce higher levels of HIV-RNA from transcriptionally active HIV-infected cells. We
then assessed the content of total HIV DNA in KLRG1* and KLRG1~ CD4* T cells isolated by
FACS from samples of four ART-suppressed PWH (participants #58-61 Table S1). We were
able to detect HIV in KLRG1-expressing cells, with similar levels to those observed in the
negative KLRG1 population (Figure 5D). Moreover, in lymph node samples from PWH (both
VIR and ART-suppressed), we observed cells in the follicles productively infected (dense
intracellular p24 staining) and concomitantly expressing KLRG1 on the surface (Figure 5E,
and Supplementary Figure 6K). These results indicate that KLRG1 might be found in
productively HIV-infected cells. Next, we studied if ex vivo HIV infection upregulates the
expression of KLRG1 on CD4* T cells (gating strategy shown in Supplementary Figure 7).
We found a slight increase in the expression of this receptor, but not in the intensity of
expression, upon infection with the HIVg,. strain (Figures 5F), which was not observed with
HIVnws (Figures 5G). This suggests that KLRG1 is not selectively induced upon acute HIV
infection in CD4* T cells. Differences between both viral strains might be due to the
preferential infection of the Bal isolate for memory CD4 T* cells expressing KLRG1* cells, as
previously observed for the PD1 molecule®'®. Overall, our data support the potential of
targeting KLRG1 to reactivate the latent HIV reservoir, more likely in combination with other
LRAs.
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Figure 5. Impact of targeting KLRG1 in CD4+ T cells and in the viral reservoir.

(A) Frequency of KLRG1* CD4* T cells in a cohort of healthy donors (HD, n=13), viremic (VIR, n=17), and ART-
suppressed (n=23) PWH measured by flow cytometry.

(B) Spearman correlation between the percentage of KLRG1* CD4* T cells and the intracellular levels of HIV-
RNA.

(C) Intracellular HIV-RNA levels measured by gPCR in CD4* T cells from ART PWH after stimulation with the anti-
KLRG1 antibody or the isotype control antibody (n=10).

(D) Quantification by gPCR of total HIV-DNA in KLRG1* and KLRG1-CD4* T cells isolated by FACS (n =4).

(E) Representative image of a lymph node section from a VIR HIV-infected PWH (#42). p24 HIV protein is shown
in red and KLRG1 in yellow.

(F) Percentage and mean fluorescence intensity expression of KLRG1 in cells infected ex vivo with the HIVga
strain (n=9), or (G) the HIVnw3 strain (n=11). Statistical comparisons were performed using the Wilcoxon
matched-pairs signed-rank test or Friedman test, when required. *p<0.05, **p<0.01.

See also Figures S6, S7 and Table S1.
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Discussion

One of the major obstacles to curing HIV is the presence of HIV reservoir cells with limited
immune recognition, in part due to the development of immune resistance mechanisms, and
the impaired effector function of immune cells*377320-322 Natural Killer (NK) cells are
lymphocytes of the innate immunity with superior capabilities to kill viral-infected cells. HIV
infection, however, alters different immune compartments, including NK cells. Hallmarks of
this viral infection are the expansion of certain subsets of NK cells, persistent immune
activation, and a reduced capacity to perform antibody-dependent cell cytotoxicity (ADCC),
which are not fully reverted even after ART-mediated viral control is achieved'*. Thus, the
development of new NK-targeted therapies to reinvigorate their functionality might influence
HIV persistence’®62%429%323 Qne potential approach currently being explored is the targeting
of NK receptors that restrain cell activity. In the present study, we report that HIV infection
expands NK cell subpopulations imprinted with upregulated levels of the inhibitory receptor
KLRG1, which have signs of advanced differentiation and impaired activity. Furthermore,
ART does not reduce these impaired NK cells. Importantly, we show that targeting the KLRG1
receptor both induces viral reactivation in CD4* T cells and reverses NK immune exhaustion

favoring the elimination of HIV reservoir cells.

Here, we add evidence for the impact of chronic HIV infection on NK cells. We observe the
upregulation of KLRG1 on NK cells during untreated and treated infection, in both the PBMCs
and the lymph nodes. This is concordant with previous findings showing KLRG1 expression
on T and NK cells in chronic conditions, such as other viral infections and cancer??'.308:324,325
The LNs are a preferential anatomical sanctuary site for HIV persistence and contain a high
burden of reservoir cells with transcriptionally-active HIV3'4. Active viral transcription, which
has been associated with elevated levels of immune activation, might explain the high
expression levels of KLRG1 on NK cells observed within the B cell follicles of PWH. In line
with this, we observed a direct correlation between HIV transcription within CD4* T cells and
KLRG1 expression on NK cells from blood. Similarly, augmented levels of KLRG1 have been
reported in circulating and hepatic NK cells associated with hepatitis B infection®*, and
interestingly, the expression of KLRG1 on NK cells has been reported to respond to cell-
intrinsic factors such as cell division and development3®, to exposure to certain cytokines
such as IFN-a or IL-123%, or to even specific treatments such as hydroxychloroquine®? .
Beyond the NK compartment, this receptor is also upregulated on virus-specific CD8* T

lymphocytes during persistent HIV, Epstein-Barr virus, and cytomegalovirus infections?®'3%,
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Thus, our data and previous evidence suggest that the expression of KLRG1 could be

induced on several immune cells following persistent infections.

We also found that KLRG1 expression is largely restricted to the CD56%™ NK subset in
uninfected subjects. However, HIV infection strongly increases KLRG1 levels in the CD56°"9"
subpopulation. In general, CD56™ cells exhibit a more cytolytic profile whereas CD56"o"
are known to produce large amounts of cytokines and have enhanced proliferative capacity,
being both arms required for viral immune control*?’. Upregulation of the inhibitory KLRG1
on CD56" NK cells has been previously observed in chronically infected HCV*
individuals®'. Moreover, it has been negatively associated with the potency of the immune
responses against HPV16 and the progression of cervical intraepithelial neoplasia®?®. Our
data points to HIV as a potent trigger for KLRG1 expression in CD56°9" cells. Based on that,
we believe that strategies reverting the KLRG1 expression on this specific NK subset may be

particularly beneficial.

NK cells exhibit a diversity of phenotypes and functions, which are susceptible to high
plasticity®®. Our analyses show that KLRG1 distinguishes NK populations with elevated
expression of important receptors involved in the differentiation and regulation of their
function, such as CD57, CD16, NKG2C, and KIRs. Concordantly, it has been shown that
mature NK cells express high levels of KLRG13%, Specifically, CD16 has a strong activating
potential and allows NK cells to mediate ADCC activity. Published data support the relevant
role of ADCC in the control of HIV and SIV infection, and in shaping the viral reservoir during

treated infection’7-329:330,

We also find that HIV infection impacts the phenotype of KLRG1* NK cells significantly
increasing the expression of the NKG2C receptor. This is noteworthy since this receptor is,
in part, governing the tolerance or the reactivity of the NK cells towards the target cell;
NKG2C provides activating signaling upon engaging its ligand, the HLA-E, expressed on the
target cell. Moreover, NKG2C expression has been linked to memory-like features,
particularly in CMV infection®'. Importantly, ART does not normalize most KLRG1* NK
populations, and cells expressing high levels of NKG2C are particularly persisting. We
speculate that these cells may represent a new subpopulation of NK cells generated in
response to HIV infection with features of memory cells, as previously reported for CMV
infection®'. Concordantly, a recent study has identified KLRG1 as a marker of NK cells with

immune memory attributes in HCV-infected individuals®*2.
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Hallmarks for NK dysfunctionality are considered decreased NK effector functions such as
natural cytotoxicity, as well as reduced IFN-y secretion and degranulation®3. Here we
observe that KLRG1* NK cells are functionally impaired when stimulated with K562 cell line
targets. While we cannot rule out the possibility that the difference in function between the
KLRG1 positive and negative cells is due to differences in triggering of other NK cell
receptors that affect cell function, the K562 data along with the HIV-infected cell killing assays
is suggestive that NK cells expressing KLRG1 are in a state of functional exhaustion. This
concurs with a prior report showing that prolonged NK stimulation leads to functional cell
exhaustion with increased expression of KLRG1, among other factors®*. Thus, we wanted to
test if immune checkpoint blockade directed to KLRG1 could reprogram NK cell activation
and boost a strong immune response against HIV-infected cells. Checkpoint blockade
therapy, with PD-1 and its cognate ligand as the most studied targets, has demonstrated
great benefit at reinvigorating exhausted cytotoxic T cells in several cancers®'®. However,
less attention has been paid to NK cells. Previous studies have proved that KLRG1 blockade
might be a useful intervention to stimulate both NK and T cell anti-tumor immunity, which
could even synergize with PD-1 checkpoint therapy®®. The blockade of KLRG1 signaling in
NK cells from HCV-infected individuals enhanced the production of IFN-y in both CD3~
CD56%™ and CD3-CD56""" NK cells?®*'. Besides, in vivo anti-KLRG1 antibody therapy
reduced lung metastases, and also in combination with anti-PD-1 therapy reduced tumor
volume and improved survival®**. Moreover, in the context of HIV infection, the blockade of
KLRG1 restored the function of a population of exhausted HIV-specific CD8" T cells,
enhancing their cytokine response3¥. Here, we show that immunotherapy against the KLRG1
enhances NK cell function. Importantly, we detect high natural cytotoxicity and ADCC NK
responses against HIV-infected targets after KLRG1 targeting, which is concordant with
previous data in HCV3?, In line with this result, elevated levels of E-cadherin, a ligand for the
KLRG1 molecule with potential to inhibit NK cytotoxicity?®? and HIV-1-specific CD8* T cells,
have been reported?’. Thus, besides the potential benefit of targeting KLRG1 in blood, PWH
could benefit from masking the interaction between KLRG1 and E-cadherin to boost their
antiviral immunity in tissues®”. Of relevance, we also provide direct evidence of the beneficial
role of targeting KLRG1 to facilitate the elimination of the natural reservoir after ex vivo viral

reactivation in samples from PWH.

Furthermore, we analyzed the expression of KLRG1 on CD4* T cells. We observed higher
frequencies of KLRG1*CD4* T cells during untreated HIV infection, which seems to be almost

normalized after ART. We believe that the elevated expression of KLRG1 on CD4*
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lymphocytes is the consequence of the viral-induced immune activation observed during the
period of the uncontrolled infection or during HIV persistence in treated patients, rather than
a direct effect of HIV on target cells. Concordantly, we observed HIV-infected cells
expressing KLRG1 in the lymph nodes in VIR PWH, but we failed to observe upregulation of
KLRG1 after ex vivo infection of unstimulated CD4* T cells. Still, we detected proviral HIV
DNA in KLRG1*CD4* T cells from ART-suppressed PWH and targeting the KLRG1 receptor
increased viral transcription. This data is in line with the idea that the expression of immune
checkpoints, such as the KLRG1, on HIV reservoir cells may limit proviral expression®.
Although here we do not provide information about the integrity of the reactivated viral
genomes, a recent study has identified clonally expanded CD4" T cells expressing KLRG1

and harboring genome-intact HIV proviruses®.

Overall, we provide relevant information regarding the immune regulator KLRG1 during
untreated and treated HIV infection, in blood and tissue. Based on our results, we speculate
that KLRG1 could represent a target to impact HIV persistence. Preclinical studies in animal

models are warranted.
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Limitations of the study

The main limitations of this study are i) the immunohistochemistry studies with lymph node
samples were only performed in two PWH. We are currently making an effort to increase the
repository of these precious samples, ii) we have studied the functionality of KLRG1* in blood,
however, NK cells expressing this receptor might have different functional activities in
different tissues'®, and iii) due to sample availability we did not study longitudinal samples
obtained from PWH. For instance, there is the possibility that very long-term ART may revert

the expanded NK clusters expressing KLRG1 in PWH.
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Supplementary data

Supplementary Figure 1
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Figure S1. Gating strategy used for the quantification of the different NK receptors.
FMOs are shown for markers with continuous expression.
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Supplementary Figure 2
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Figure S2. Visualization of KLRG1 expression and quantification of CD56* cells in lymph nodes.

(A) Representative images of a lymph node corresponding to an uninfected donor (HD), one ART-suppressed
(#41), and one VIR (#42) PWH. P24* cells are visualized in red and KLRG1* in yellow. Cell nuclei are stained with
DAPI and is shown in blue. Orange dashed lines indicate the limit between the intrafollicular (B zone) and
extrafollicular (T zone) zones. B and T cell zones were identified based on the intensity of the DAPI staining and
the morphology of the cell nuclei.

(B) Representative micrograph of a lymph node section from one HIV* VIR individual stained with anti-CD56
(purple), anti-KLRG1 (yellow), and anti-p24 (red) antibodies. White boxes indicate regions with different p24
pattern staining. The right panels correspond to zoomed views of network-like staining, probably corresponding
to virions captured by follicular dendritic cells (upper panel), and cells with a more dense spherical signal
indicating productive HIV infection (lower panel).

(C) Number of CD56* NK cells per mm? in lymph node samples from an HD, one ART, and one VIR PWH (each
dot corresponds to one follicle). Comparisons intra-sample between values in the B or T-zones were performed
using the Wilcoxon test, and comparisons inter-sample between PWH and HD were performed using the Mann—
Whitney test.

(D) NK receptors included in the study. NK cells express an array of receptors with activating or inhibitory
potential upon interaction with ligands found on HIV-infected cells. For this study, we have included the following
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receptors; the natural cytotoxicity receptor NKp30, the maturation marker CD57, the chemokine receptor CXCR3,
the activating receptor CD16 which mediates ADCC, the activating receptors NKG2D and NKG2C, which are able
to interact with the major histocompatibility complex (MHC) class I-related molecules MIC A/B and different UL16-
binding proteins (ULBPs), or HLA-E, respectively. Moreover, we included the NK inhibitory receptor NKG2A, a C-
type lectin-like inhibitory receptor that influences the NK effector responses through the interaction with HLA-E

ligand, and killer-cell immunoglobulin-like receptor KIR2DL2/L3, which is able to interact with HLA-C ligands. All
potential interactions are depicted in this figure.

Supplementary Figure 3

CD57 Nkp30 NKG2C NKG2D NKG2A CD16 CXCR3  CD158b KLRG1
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Figure S3. Expression of NK receptors in the different NK clusters.

Histograms showing the intensity of expression of the different markers on the NK clusters represented in different
colors. Cohorts (HD, ART, and VIR) are shown in different lines.
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(B) Natural cytotoxicity killing assay of the K562 cell line after coculturing with NK cells isolated from different

ART PWH.
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Supplementary Figure 5
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Figure S5. Functional assays.
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(A) Volcano plots showing the statistically significant differences in the cluster composition between conditions;

NK alone, NK+K562, and NK (IL-15)+K562.

(B) Percentage of HLA-DR* cells in total CD56* KLRG1* (yellow) or KLRG1~ (blue) NK cells in basal conditions,
after co-culturing with the K562 target cells and with the additional IL-15 stimulus. Similarly, the values of other
parameters are represented in (C) frequency of CD69* cells, (D) percentage of cells expressing the CD107a
degranulation marker, (E) Mean Fluorescence Intensity (MFI intensity) signal for CD107a expression, (F)
frequency of cells producing IFN-y, (G) MFI for IFN-y, and (H) percentage of polyfunctional, double positive
CD107a*IFN-y* cells. All graphs represent the median and ranges. Statistical comparisons were performed using
the Friedman test or Kruskall-Wallis, when required. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure S6. Expression of functional molecules after NK stimulation and NK killing assays.

NK cells were cultured with ex vivo infected CD4* T cells alone or after stimulation with the positive control
PMA/lonomycin. Functional parameters were quantified by flow cytometry.

(A) Frequency of IFN-y* cells in NK KLRG1* cells, (B) Mean Fluorescence Intensity (MFI) of CD107a in KLRG1*
cells, (C) frequency of IFN-y* cells in NK KLRG1~ cells, (D) MFI of CD107a in KLRG1~ cells. Statistical comparisons
were performed using the Wilcoxon matched-pairs signed-rank test. *p<0.05.

(E) Purity of the NK cells used in the NK-killing assays after ex vivo infection, and after viral reactivation of the
natural viral reservoir from ART PWH samples.

(F) Gating strategy used for the identification of ex vivo HIV-infected cells in the NK-killing assays, with and without
the addition of the anti-KLRG1 antibody.

(G) Reduction in p24* after co-culturing ex vivo HIV-infected CD4* T cells with NK cells alone or previously
stimulated with an isotype control.

(H) NK-killing assays after blocking the E-cadherin protein with blocking antibodies.

(I) p24 staining in samples from 3 healthy donors after cell activation with PMA+lonomycin.

(J) Intracellular HIV-RNA levels measured by qPCR in CD4* T cells from ART PWH after stimulation with
romidepsin as a positive control (n=10).

(K) Two images of productively HIV-infected cells expressing the receptor KLRG1 in lymph nodes. p24 HIV
protein is shown in red and KLRG1 in yellow.

Supplementary Figure 7
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Figure S7. Gating strategy used for the detection of CD4* T cells expressing the KLRG1 receptor after ex vivo
viral infection.
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#PWH Age Tim(.a since. HIV  CD4*T Cell % Viral Load Time on ART with
D (years) Sex diagnosis Count CD4 (copies/ml) VL suppressed
(months) (cells/pl) (months)
1 26 F 50 740 29.1 <50 47
2 44 M 76 1280 40.6 <50 60
3 70 F 74 280 11.2 <50 68
4 39 M 78 430 20.4 <50 72
5 52 M 150 780 39.5 <50 82
6 43 F 38 430 17.9 <50 31
7 44 M 46 770 24.0 <50 34
8 47 F 294 250 20.0 <50 45
9 38 M 178 850 39.5 <50 81
10 49 M 106 750 29 <50 53
1 28 M 41 580 33.7 <50 34
12 62 M 74 590 22.0 <50 52
13 68 M 403 650 27.8 <50 98
14 46 M 226 510 34.6 <50 123
15 41 M 143 380 23.5 <50 123
16 38 M 70 1100 43.5 <50 47
17 59 F 43 1120 52.0 <50 35
18 32 M 55 770 34.1 <50 53
19 52 M 44 750 35.1 <50 37
20 35 M 125 900 37.6 <50 59
21 58 F 453 1070 445 <50 48
22 36 F 57 800 36.7 <50 54
23 23 F 30 830 431 <50 24
24 32 M 81 730 30.0 4100 N/A
25 47 M 73 320 221 47300 N/A
26 25 F 303 150 13.0 31200 N/A
27 42 M 65 830 30.0 57900 N/A
28 41 M 22 470 27.3 5680 N/A
29 44 M 2 N/A N/A N/A N/A
30 28 M 1 80 14.9 148000 N/A
31 53 F 210 240 10.2 124 N/A
32 28 F 335 230 28.3 78600 N/A
33 55 M 85 240 11.0 834000 N/A
34 46 M 45 760 211 11000 N/A
35 27 M 2 710 32.7 69000 N/A
36 24 F *12 days 470 35.1 54800 N/A
37 37 M *7 days 410 214 333000 N/A
38 52 M 2 840 47.0 855000 N/A
39 23 M 8 420 30.5 74500 N/A
40 19 M *4 days 460 32.0 52900 N/A
41 55 M 94 600 10.3 <50 40
42 N/A N/A *3 days 150 7.5 5000000 N/A
43 61 M 74 590 25.1 <50 52
44 43 M 46 770 23.9 <50 35
45 26 F 43 1120 52.0 <50 35
46 32 M 118 750 32.6 <50 114
47 64 F 63 230 12.9 <50 61
48 46 M 65 580 30.0 <50 52
49 62 M 276 530 31.0 <50 208
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50 31 M 73 480 29.0 <50 65
51 54 M 374 840 27.6 <50 56
52 43 M 156 1110 48.5 <50 119
53 53 M 22 920 36.0 <50 4

54 54 F 381 620 37.3 <50 30
55 31 M 22 530 40.7 <50 6

56 50 F 265 1610 53.4 <50 109
57 79 F 263 420 23.5 <50 81

58 84 M 159 730 26.4 <50 87
59 50 M 156 580 28.0 <50 93
60 61 M 390 380 12.2 <50 69
61 48 M 239 530 31.4 <50 221
62 48 F 300 310 23.0 <50 51

63 29 F 100 1300 40.7 <50 50
64 61 M 275 490 33.9 <50 86
65 38 M 42 730 40.3 <50 20
66 30 F 33 950 32.1 <50 12
67 37 M 66 1430 38.0 <50 43
68 57 M 381 870 31.9 <50 51

69 34 F 18 1520 46.4 <50 12
70 64 M 121 370 23.5 <50 100
71 55 M 189 880 36.2 <50 112
72 32 M 142 770 46.3 <50 116
73 30 F 101 590 28.8 <50 98
74 56 M 52 1470 50.6 <50 34
75 52 M 170 1280 40.8 <50 157
76 63 M 205 1190 41.7 <50 137

Table S1. Clinical data of PWH included in the study.

PWH: people with HIV; FTC: emtricitabine; TDF: tenofovir; NVP: nevirapine; ATV: atazanavir; 3TC: lamivudine;
EFV: efavirenz; ABC: abacavir; RAL: raltegravir; EVG: elvitegravir; DTG: dolutegravir; DRV: darunavir; RPV:
Rilpivirine; TAF: tenofovir alafenamida; BIC: Bictegravir; LPV: Lopinavir; COBI: boosted with cobicistat; ATRIPLA:
TDF+FTC+EFV; UNT: untreated; N/A: Not Available; VL: viral load; ART: antiretroviral therapy; M: male; F: female.
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2. TREBALL 2

Titol

RESPOSTA INICIAL DE LES CEL-LULES NK RESIDENTS A LA INFECCIO LOCAL PER VIH
EN EL TEIXIT LIMFATIC

Title

EARLY RESIDENT NK CELL RESPONSE TO LOCAL HIV INFECTION IN LYMPHOID
TISSUE

Resum

Les estrategies efectives per combatre el VIH han de considerar els microambients tissulars
unics on el virus estableix reservoris a llarg termini, els quals romanen com la principal
barrera per a la cura. Mentre que les cél-lules NK juguen un paper crucial en la immunitat
basada en teixits, les funcions de les cél-lules NK residents en teixits amb trets adaptatius
encara son ampliament desconegudes. En aquest estudi, utilitzant un model d’explant
d’amigdales humanes per a la infeccié per VIH, vam identificar les cél-lules NK CD16-CD69",
la subpoblacié més abundant, com a hipereactives després de I'exposicié al VIH i les més
efectives en la mort directa de ceél-lules infectades amb VIH. Les cél-lules NK CD16-CD49a*
van mostrar la major capacitat de produccié d'IFN-y, i la co-expressié de CD103 (cél-lules
tipus ILC1 intraepitelials), juntament amb el marcador de memoria NKG2C, es va associar
amb nivells reduits d’infeccio per VIH en els explants de teixit. En canvi, les cél-lules NK
CD16*CD49a* van perdre la seva capacitat de degranulacié i van mostrar una expressio
augmentada de PD-1 en exposar-se al VIH. Destacablement, la preséncia d’NKG2C i de Killer
Immunoglobulin-like Receptors en aquestes cél-lules també es va relacionar amb nivells
d’infeccié més baixos. Aquest estudi destaca el paper de les cél-lules NK residents en teixits
com a efectors immunitaris clau per limitar la infeccié per VIH dins dels teixits limfatics i
identifica possibles objectius cel-lulars per a futures immunoterapies orientades a reduir els

reservoris de VIH en els teixits.
Abstract

Effective strategies to combat HIV must consider the unique tissue microenvironments where
the virus establishes long-term reservoirs, which remain the primary barrier to a cure. While
NK cells play a crucial role in tissue-based immunity, the functions of tissue-resident NK cells

with adaptive traits are still largely unknown. In this study, using a human tonsillar explant
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model of HIV infection, we identified CD16-CD69" NK cells, the most abundant subset, as
becoming hyperreactive following HIV exposure and the most effective at directly killing HIV-
infected cells. CD16"CD49a* NK cells exhibited the highest capacity for IFN-y production,
and the co-expression of CD103 (intraepithelial ILC1-like cells), together with the memory
marker NKG2C, was associated with reduced levels of HIV infection in the tissue explants. In
contrast, CD16"CD49a* NK cells lost their degranulation ability and showed increased PD-1
expression upon HIV infection. Notably, the presence of NKG2C and Killer Immunoglobulin-
like Receptors in these cells was also related with lower infection levels. This study highlights
the role of tissue-resident NK cells as key immune effectors in limiting HIV infection within
lymphoid tissues and identifies potential cellular targets for future immunotherapies aimed at

reducing HIV reservoirs in tissues.
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Introduction

HIV primarily replicates in CD4* T lymphocytes and causes AIDS if untreated. Presently, while
antiretroviral therapy (ART) can reduce the viral load to undetectable levels, HIV remains an
incurable condition®®. During acute infection, HIV rapidly disseminates to secondary
lymphoid tissues, where reservoirs are quickly established®*°. Even with ART, lymphoid tissue
and the gastrointestinal tract act as key sanctuaries for HIV persistence, posing a major
obstacle to a cure®2%®, Natural killer (NK) cells are innate lymphocytes that efficiently Kill
tumor and infected cells without prior antigen sensitization®®34'; thus, the recruitment of
functionally mature NK cells may efficiently control HIVZ®. In African green monkeys (AGMs),
an animal model of SIV control, viral infection induces the expansion of terminally
differentiated NK cells in secondary lymphoid tissues, which mediate a strong control of the
infection®4. The recruitment of cytotoxic NK cells has been linked to increased IL-15
production, specifically localized in B cell follicles of AGMs?®’. In humans, elevated NK cell
levels in lymph nodes have been observed during the first weeks of HIV infection423%42
contrasting with their scarce presence one year later due to impaired NK cell migration®®.
The slow recruitment of cytotoxic NK cells may provide a window time for the establishment
of latently infected cells in lymphoid tissues, as HIV can reach lymph nodes as early as five
days after infection®°. Moreover, infected lymphoid tissue undergoes rapid structural
remodeling®*33* and loss of functional integrity®345, which are essential for mounting an
effective immune response. Therefore, understanding the dynamics of NK cells already
residing within these tissues is crucial, as they may act as early innate immune responders

to HIV infection, potentially limiting viral persistence.

Extensive research has been conducted on NK cells present in peripheral blood, where
cytokines activate less differentiated CD56*CD16~ NK cells prompting them to quickly
respond and eliminate abnormal cells'®*. Generally, their functional response is activated by
surface receptors that transduce activating and inhibitory signals. Among these receptors,
there are Killer Cell Ig-like Receptors (KIRs), Natural Cytotoxicity Receptors (NCRs; NKp30,
NKp44, NKp46), C-type-Lectin Receptors (CLRs; NKG2A, NKG2C, NKG2D) as well as
immune checkpoints (ICs; PD-1, TIGIT, KLRG1)%734-34 Of special interest is the CD16
molecule, which links innate and adaptive immunities to selectively kill target cells by
antibody-dependent cell-mediated cytotoxicity (ADCC)'®*. Circulating CD56* NK cells can
also home to tissues, giving rise to tissue-resident NK cells (trNK cells)''219%:34° Most tissues

contain trNK cells, which express the markers involved in the retention of the cells, such as
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CD69, CD49a, and CD103"®. In general, trNK cells are typically less cytotoxic than blood NK
cells®*?, and seem to produce higher levels of cytokines such as IFN-y?413%1:352_ Animal models
have shown that trNK cells proliferate locally in response to acute and chronic viral
infections??!, and can directly regulate the magnitude of T-cell specific immune response?®®,
Notably, the expression of various resident markers is associated with distinct functional
outcomes, as illustrated in the healthy lung?'® and liver?'’. For example, CD56*CD16-CD49a*
NK cells produce elevated levels of proinflammatory cytokines but demonstrate poor
degranulation?'®22, Furthermore, recent studies indicate that the tissue site can also dictate
the potential functions of trNK subsets. In a seminal study, Dogra et al. detailed the organ
distribution of classic CD56""9"CD16~ (proinflammatory) and CD56%™CD16* (cytotoxic) NK
subsets'®, revealing tissue-specific divergences, with CD56°"CD16~ NK cells
predominating in lymph nodes, tonsil, and the gut'®2%°, Others have further described tonsil-
resident NK cells similar to circulating CD56°"¢" NK cells, mainly lacking perforin, KIRs,
NKp30, and CD16, but partially expressing NKp44 and NKp46'79209250.259.350354 " Moreover,
trNK cells may possess organ-specific functions exclusively associated with different organs.
For example, in the uterus, they play a role in placental vascular remodeling, fetal growth,
and memory of pregnancy'¥’-'%, Despite all recent advancements, the functional diversity,

subset heterogeneity, and developmental origin of trNK cells are yet to be fully elucidated.

NK cells are essentially innate immune effectors, but adaptive or memory-like NK cells have
been observed to be selectively expanded in some viral infections. Human cytomegalovirus
(HCMV) infection expands a KIRs*NKG2C* NK population’®?%% that display adaptive NK
capabilities and exhibit characteristics such as recall response and long-lived immunity
features®®. The most widely recognized marker of memory NK cells is NKG2C, which
facilitates the recognition of specific viral antigens'. Additionally, the KIR repertoire is
closely associated with adaptive NK cells, playing a crucial role in the education of NK cells
prior to the acquisition of NKG2C3%’. These findings uncover that, despite NK cells have been
traditionally considered innate lymphocytes, there is a growing body of evidence highlighting
the specificity of NK cells to certain human viruses'92221:2223%-3€0 including HIV'%. However,
except for the case of CD49a* trNK cells?°2% this memory-like activity has been
predominantly found in circulating NK cells. Importantly, the role of tissue-resident memory
NK cells (trmNK cells) during HIV infection and the modulation of these NK cells by HIV in

tissues are pivotal questions that are still unclear.

Here, using an ex vivo explant model of HIV-infected human tonsillar tissue, we demonstrate

how the expression of tissue-resident memory markers and immune checkpoints influences
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the function of tonsillar NK cells during HIV infection. We identify distinct NK populations with
antiviral properties targeting HIV-infected cells and reveal how HIV-induced changes in NK
cells are associated with viral burden in the tissue. Additionally, our findings underscore the
importance of assessing NK cell activity in more physiologically relevant models. This work
provides crucial insights into the immune landscape of HIV infection in lymphoid tissues and
highlights potential avenues for enhancing NK cell-mediated antiviral responses in

therapeutic strategies.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

FITC anti-human CD56 Clone B159
PE-Cy7 anti-human CD49a Clone TS2/7
PE-Cy5.5 anti-human CD158a, h Clone
EB6B

PE-Cy5.5 anti-human CD158b1/b2, j Clone
GL183

PE-CF594 anti-human CD69 Clone FN50
PE anti-human NKG2C Clone 134591
APC anti-human CD3 Clone SK7

BV786 anti-human CD16 Clone 3G8

BV650 anti-human CD103 Clone Ber-ACT8

BV605 anti-human CD45 Clone HI30
V500 anti-human CD14 Clone M@P9
V500 anti-human CD19 Clone HIB19
APC-Fire750 anti-human CD19 Clone
HIB19

BV421 anti-human CD107a Clone H4A3
AF700 anti-human IFN-y Clone B27
BB700 anti-human c-kit Clone YB5.B8
APC-Vio770 anti-human CRTH2 Clone
REA598

AF700 anti-human CD45 Clone HI30
BV605 anti-human CD127 Clone A019D5
BV421 anti-human NKp44 Clone p44-8
AF700 anti-human CD3 Clone SK7
BV605 anti-human CD4 Clone RPA-T4
BV650 anti-human CD8 Clone RPA-T8
APC anti-human CD8 Clone RPA-T8

PE anti-HIV p24 Clone KC57-RD1
BB700 anti-human CXCRS5 Clone RF8B2
PerCP-Cy5.5 anti-human CD137 Clone
4B4-1

APC-Fire750 anti-human PD-1 Clone
EH12.2H7

APC-Cy7 anti-human CD25 Clone M-A251
AF647 anti-human TIGIT Clone MBSA43
APC anti-human NKG2A Clone 2199
BV421 anti-human LAIR-1 Clone DX26

Becton Dickinson

BioLegend

Beckman Coulter

Beckman Coulter

Becton Dickinson
R&D Systems
BioLegend
Becton Dickinson
Becton Dickinson
Becton Dickinson
Becton Dickinson
Becton Dickinson

BioLegend

Becton Dickinson
ThermoFisher

Becton Dickinson
Miltenyi Biotec

BioLegend
BioLegend
Becton Dickinson
BioLegend
Becton Dickinson
Becton Dickinson
Becton Dickinson
Beckman Coulter

Becton Dickinson

BioLegend

BioLegend

Becton Dickinson
ThermoFisher
Beckman Coulter

Becton Dickinson

Cat#562794; RRID:AB_2737799
Cat#328312; RRID:AB_2566272

Cat#A66898; RRID:AB_2857330

Cat#A66900; RRID:AB_2857331

Cat#562645; RRID:AB_2737699
Cat#FAB138P; RRID:AB_2132983
Cat#344812; RRID:AB_10645473
Cat#563690; RRID:AB_2744299
Cat#743653; RRID:AB_2741655
Cat#564047; RRID:AB_2744403
Cat#562693; RRID:AB_2737727
Cat#561121; RRID:AB_10562391

Cat#302258; RRID:AB_2629691

Cat#562623; RRID:AB_2737685
Cat#MHCIFG29; RRID:AB_2539767
Cat#566548; RRID:AB_2744268

Cat#130-119-623; RRID:AB_2751763

Cat#304024; RRID:AB_493760
Cat#351334; RRID:AB_2562022
Cat#744299; RRID:AB_2742129
Cat#344822; RRID:AB_2563420
Cat#562658; RRID:AB_2744403
Cat#563821; RRID:AB_2744462
Cat#555369; RRID:AB_398595
Cat#6604667; RRID:AB_1575989
Cat#566469; RRID:AB_2869769

Cat#309818; RRID:AB_2207741

Cat#329954; RRID:AB_2616721

Cat#557753; RRID:AB_396859
Cat#51-9500-42; RRID:AB_2744746
Cat#A60797; RRID:AB_10643105
Cat#744557; RRID:AB_2742321

112



BV421 anti-human KLRG1 Clone 14C2A07

BioLegend

lIl. RESULTATS. Treball 2

Cat#368604; RRID:AB_2566593

Virus strains

Plasmid encoding HIV-1gaL

NIH AIDS Reagent

Program

Cat#ARP-510

Chemicals, Peptides, Enzymes, and Recombinant Proteins

Dulbecco’s PBS (10X) w/o Ca & Mg, w/o
Phenol Red

Capricorn Scientific

Cat#PBS-10XA

RPMI-1640 Fisher Scientific Cat#12004997
Fetal Bovine Serum Life Technologies Cat#A5256701
Bovine Serum Albumin Merck Cat#A7906-10G
Brilliant Stain Buffer Becton Dickinson Cat#566349
BD GolgiPlug Protein Transport Inhibitor Becton Dickinson Cat#555029
BD GolgiStop Protein Transport Inhibitor Becton Dickinson Cat#554724
Paraformaldehyde 4% ThermoFisher Cat#J19943.K2
NaOH 50% H20 Sigma Aldrich Cat#415413
HEPES buffer solution 1M Capricorn Scientific ~ Cat#HEP-B
Penicillin-Streptomycin Capricorn Scientific ~ Cat#PS-B
Gentamicin Gibco Cat#15750037
o Vall d’'Hebron
Amikacin
Pharmacy
Amphotericin B Gibco Cat#15290026
Timentin Caisson Labs Cat#11192002
Vall d’Hebron
Human IL-2
Pharmacy
Collagenase IV Fisher Scientific Cat#10780004
Rat tail Collagen | Merck Cat#08-115
Collagen IV from Engelbreth-Holm-Swarm Merck
. Cat#C0543
murine sarcoma basement membrane
Critical Commercial Kits
LIVE/DEAD® Fixable Aqua Dead Cell Stain ThermoFisher
Cat#L.34966

Kit

Cell Proliferation Dye eFluor670

PKH67 Green Fluorescent Cell Linker Mini Kit
AO/PI Cell Viability Kit

Britelite plus Reporter Gene Assay System
BD Cytofix/Cytoperm™

EasySep™ Human CD19 Positive Selection
Kit Il

EasySep™ Human CD56 Positive Selection
Kit 11

CD56* Microbeads

Dynabeads™ CD4 Positive Isolation Kit

eBioscience
Sigma Aldrich
Isogen

Rewvity

Becton Dickinson
StemCell

StemCell

Miltenyi Biotec
ThermoFisher

Cat#65-0840-90
Cat# MINIG7-1KT
Cat#F23001
Cat#6066761
Cat#554722

Cat#17854

Cat#17855

Cat#130-050-401
Cat#11145D
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Experimental Models: Cell Lines

K562 human myelogenous leukemia cell line  Merck Cat#89121407
293T cell line ATCC Cat#CRL-3216
TZM-bl cell line NIF AIDS Reagent Cat#8129

Program
Software
FlowJo Becton Dickinson https://www.flowjo.com/
OoMIQ Dotmatics https://www.omiq.ai/
GraphPad Dotmatics https://www.graphpad.com/
XLSTAT Lumivero https://www.xlstat.com/en/
BioRender BioRender https://www.biorender.com/

RESOURCE AVAILABILITY

Lead contact

We have tried to provide as much information as possible regarding the reagents used in
this study. Nonetheless, further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Dr. Maria J Buzén

(mariajose.buzon@vhir.org).

Materials availability

This study did not generate new unique reagents. All reagents used are indicated in this
section and are available. All plasmids needed for the generation of viral stocks were

obtained through the NIH AIDS Reagent Program.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. Due to the

sensitivity of the data, individual participant data will not be shared.
This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In this study, we used primary human tissue cells recovered from tonsillar resections
obtained from routine surgery for treating sleep apnea in children under 18 years old. Tissue
samples were obtained from the Otorhinolaryngology Unit of the Hospital Universitari Vall
d’Hebron in Barcelona, Spain. Study protocols were approved by the corresponding Ethical
Committees (Institutional Review Board numbers PR(AG)270/2015 and PR(AG)582/2020).
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All subjects recruited for this study were children under 18 years old who provided parental
written informed consent. Information on gender, age, and cause of surgery is summarized
in Supplementary Table S1. As we used in our experiments samples from donors of
different gender, we conclude that findings on the functionality of trNK cells to eliminate the

HIV reservoir apply for both, men and women.

Tonsillar specimens were processed in fresh upon collection for phenotypical studies or let
overnight in dissection medium when intended for culturing or functional assays to ensure
the inactivation of contaminating microorganisms. Dissection medium included RPMI-1640
medium (Gibco) supplemented with 500 U/ml penicillin (Fisher Scientific), 500 pg/mi
streptomycin (Fisher Scientific), 1 ug/ml gentamicin (Gibco), and 5 ug/ml amphotericin B
(Gibco). Tonsillar tissue explants (5x5 mm blocks) were cultured on the air-liquid interface
on absorbable gelatin sponges (Goodwill) as previously described'®. The hemostatic
sponges were soaked in RPMI-1640 medium supplemented with 20% Fetal Bovine Serum
(FBS) (Gibco), 10 mM HEPES (Biowest), 100 U/ml penicillin, 100 pg/ml streptomycin, and 66
Mg/ml amikacin (Vall d’Hebron Hospital pharmacy) (R20 medium). The first day of culture,
R20 medium also included 310 pg/ml of timentin (Caisson Labs). For the culture of digested
and sorted tonsillar tissue cells, we used R20 medium supplemented with 100 U/ml
interleukin-2 (IL-2) obtained from the Vall d’Hebron Hospital pharmacy. In all the
experiments, medium was changed every 2-3 days and cultures were maintained at 37°C in
a 5% CO; incubator. In order to infect tonsillar tissue explants, we deposited 5 pl drops of
HIVea. on each tissue block cultured on sponges. For infection of sorted tonsillar CD4*CD69*
T cells and Dynabeads-isolated CD4* T cells, we employed a spinoculation method®" in
which 300,000 target cells were centrifuged in a 96-well conical bottom plate with a 50%
tissue culture infectious dose (TCIDso) of 625 units of HIVs. at 1,200 x g for 2 h at 37 °C.
Then, cells were washed twice with Dulbecco’s 1X PBS (Capricorn Scientific) to remove
unbound virus. Uninfected cells were spinoculated with R10 alone and served as infection

controls.

To obtain the suspension of tonsillar cells, tonsillar resections were minced into small pieces
(5x5 mm) avoiding cauterized and excessively bloody, fatty and pus-containing parts. 10
blocks were added per 1.5 ml Eppendorf containing 400 pl of RPMI-1640 medium
supplemented with 5% FBS (R5 medium) and were mechanically digested using pestles
(Labolan) coupled to a handheld homogenizer (Labolan). Tonsillar cell suspension was
subsequently filtered through 70 and 40 um pore size cell strainers (LabClinics), and 30 um

pore size CellTrics® filters (Sysmex). Filtered cells were washed twice with 1X PBS and the
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remaining red blood cells were lysed using ACK Lysis Buffer (Fisher Scientific). Cell number

and viability were assessed with LUNA Automated Cell Counter (Logos Biosystems).

For functional assays employing bulk CD19~ tonsillar tissue cells as well as sorted trNK cells,
we enriched the lymphocyte fraction including trNK cells by depleting CD19* cells using the
EasySep™ Human CD19 Positive Selection Kit Il (StemCell).

In some experiments, CD4*CD69" T cells and trNK cells were obtained by fluorescence-
activated cell sorting from tonsillar cell suspensions (Cytek Aurora CS). Alternatively, CD4*
T cells were purified using the Dynabeads™ CD4 Positive Isolation Kit (Thermofisher) (overall

purity >95%).

For the study of trNK functionality mediated by extracellular matrix components, CD56* trNK
cells were isolated from the CD19- fraction using CD56" Microbeads (Miltenyi Biotec)
together with the QuadroMACS™ Separator magnets (Miltenyi Biotec). Alternatively, total
CD56" NK cells were purified using the EasySep™ Human CD56 Positive Selection Kit Il
(StemCell). Two rounds of cell separation were performed to maximize the purity of the cells

(overall purity >85%).

We also used the K562 cell line (Merck), a highly sensitive standard in vitro target model to
study the natural cytotoxicity function of natural killer cells. These cells were cultured in R10
medium and maintained at 37°C in a 5% CO. incubator. We checked the absence of

contaminants in our cell cultures.

All plasmids needed for the generation of viral stocks were obtained through the NIH AIDS
Reagent Program. Viral stocks were generated by transfection of 293T cells (ATCC) with the
plasmids encoding the HIVsa, and the resulting viral particles were titrated in TZM-bl cells
using an enzyme luminescence assay (Britelite plus Reporter Gene Assay System; Revvity)

as described previously®®2,

METHOD DETAILS

In this section, detailed information about the different assays performed can be found.
Information on the sample size and the number of replicates for each assay is indicated in
each figure legend. The assays on the elimination of HIV-infected cells by fluorescence-
activated cell sorted trNK cells presented here are complex, among other factors due to the
scarcity of the selected NK populations of study in samples. We performed these assays with
a large number of tonsillar tissue cells to avoid errors in the interpretations of the results.

Other measures to control and assure the proper analysis of the data are detailed for each
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assay, such as the use of Fluorescence Minus One (FMO) controls in flow cytometry

experiments and uninfected controls to validate the measurement of infected cells.
Tonsillar resident memory NK cell phenotyping

Fresh tonsillar tissue was digested, and the resulting cell suspension was stained with
LIVE/DEAD AQUA viability (ThermoFisher) for 20 minutes at room temperature (RT). After
washing once with 1X PBS, cells were stained with anti-CD56-FITC (B159; Becton
Dickinson), anti-CD49a-PE-Cy7 (TS2/7; BioLegend), anti-pan-KIRs (KIRs2DL1/S1 and
KIRs2DL2/3/S2)-PE-Cy5.5 (EB6B & GL183; Beckman Coulter), anti-CD69-PE-CF594 (FN50;
Becton Dickinson), anti-NKG2C-PE (134591; R&D Systems), anti-CD3-APC (SK7;
BioLegend), anti-CD16-BV786 (3G8; Becton Dickinson), anti-CD103-BV650 (Ber-ACTS;
Becton Dickinson), anti-CD45-BV605 (HI30; Becton Dickinson), anti-CD14-V500 (MoP?9;
Becton Dickinson), and anti-CD19-V500 (HIB19; Becton Dickinson) antibodies mixed with
Staining Buffer (1X PBS 3% FBS) containing 50% Brilliant Stain Buffer (Becton Dickinson)
for 20 minutes at RT. Cells were then washed with Staining Buffer (SB) and were fixed with
2% PFA. Samples were acquired on a BD LSR Fortessa flow cytometer and data were

analyzed using OMIQ software.
Tonsillar innate lymphoid cell phenotyping

Tonsillar cell suspension was assessed by flow cytometry to phenotype innate lymphoid cells
(ILCs) and NK cell populations. Cells were stained with LIVE/DEAD AQUA viability
(ThermoFisher) for 20 minutes at RT. After washing once with 1X PBS, cells were stained
with anti-c-kit-BB700 (YB5.B8; Becton Dickinson), anti-CD56-FITC (B159; Becton Dickinson),
anti-CD49a-PE-Cy7 (TS2/7; BioLegend), anti-pan-KIRs (KIRs2DL1/S1 and KIRs2DL2/3/S2)-
PE-Cy5.5 (EB6B & GL183; Beckman Coulter), anti-CD69-PE-CF594 (FN50; Becton
Dickinson), anti-NKG2C-PE (134591; R&D Systems), anti-CRTH2-APC-Vio770 (REA598;
Miltenyi), anti-CD45-AF700 (HI30; BioLegend), anti-CD3-APC (SK7; BioLegend), anti-CD16-
BV786 (3G8; Becton Dickinson), anti-CD103-BV650 (Ber-ACT8; Becton Dickinson), anti-
CD127-BV605 (A019D5; BiolLegend), anti-CD14-V500 (M@P9; Becton Dickinson), anti-
CD19-V500 (HIB19; Becton Dickinson), and anti-NKp44-BV421 (p44-8; Becton Dickinson)
antibodies mixed with SB containing 50% Brilliant Stain Buffer (Becton Dickinson) for 20
minutes at RT. Cells were then washed with SB and were fixed with 2% PFA. Samples were

acquired on a BD LSR Fortessa flow cytometer and data were analyzed using OMIQ software.

117



lIl. RESULTATS. Treball 2

Immune checkpoint phenotyping of tonsil-resident memory NK cells

Fresh tonsillar tissue was digested, and the resulting cell suspension was assessed by flow
cytometry to measure the expression of immune checkpoints on tonsil-resident memory NK
cells. Tonsillar cell suspension was stained with LIVE/DEAD AQUA viability (ThermoFisher)
for 20 minutes at RT. After washing once with 1X PBS, cells were stained with anti-CXCR5-
BB700 (RF8B2; Becton Dickinson) or anti-CD137-PerCP-Cy5.5 (4B4-1; BioLegend), anti-
CD56-FITC (B159; Becton Dickinson), anti-CD49a-PE-Cy7 (TS2/7; BioLegend), anti-pan-
KIRs (KIRs2DL1/S1 and KIRs2DL2/3/S2)-PE-Cy5.5 (EB6B & GL183; Beckman Coulter), anti-
CD69-PE-CF594 (FN50; Becton Dickinson), anti-NKG2C-PE (134591; R&D Systems), anti-
PD-1-APC-Fire750 (EH12.2H7; BioLegend) or CD25-APC-Cy7 (M-A251; Becton Dickinson),
anti-CD3-AF700 (SK7; BioLegend), anti-TIGIT-AF647 (MBSA43; ThermoFisher) or anti-
NKG2A-APC (Z199; Beckman Coulter), anti-CD16-BV786 (3G8; Becton Dickinson), anti-
CD103-BV650 (Ber-ACT8; Becton Dickinson), anti-CD45-BV605 (HI30; Becton Dickinson),
anti-CD14-V500 (M@P9; Becton Dickinson), anti-CD19-V500 (HIB19; Becton Dickinson), and
anti-LAIR-1-BV421 (DX26; Becton Dickinson) or anti-KLRG1-BV421 (14C2A07; BioLegend)
antibodies mixed with SB containing 50% Brilliant Stain Buffer (Becton Dickinson) for 20
minutes at RT. Cells were then washed with SB and were fixed with 2% PFA. Samples were

acquired on a BD LSR Fortessa flow cytometer and data were analyzed using OMIQ software.

NK natural cytotoxicity assay

NK natural cytotoxicity potential was measured by the detection of CD107a and IFN-y by flow
cytometry after coculture with the K562 cells. The tonsillar cell suspension containing
resident NK cells was depleted from CD19* cells using a commercial kit (EasySep™ Human
CD19 Positive Selection Kit II; StemCell) and cocultured with K562 cells at a 10:1 effector to
target ratio (CD19™ fraction (containing NK cells): K562) in a 96-well round (U) bottom plate
for 4 h at 37 °C and 5% CO.. Previous the 4 h coculture, cells were seeded by contact
centrifugation at 400 x g for 3 min. Anti-CD107a-BV421 antibody (H4A3; Becton Dickinson),
BD Golgiplug Protein Transport Inhibitor (Becton Dickinson), and BD GolgiStop Protein
Transport Inhibitor containing monensin (Becton Dickinson) were also added to each well at
the recommended concentrations. Cells were then washed and stained for cell viability and
surface markers as described in the ‘Tonsillar resident memory NK cell phenotyping’
Methods’ section. Cells were then fixed and permeabilized with Fixation/Permeabilization
Solution (Becton Dickinson) for 20 minutes at 4°C, washed with BD Perm/Wash buffer and

stained with anti-IFN-y-AF700 (B27; Life Technologies) for 30 minutes at RT. After washing,
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cells were fixed with PFA (2%) and acquired on a BD LSR Fortessa flow cytometer (Becton

Dickinson). Data were analyzed using OMIQ software.

Extracellular matrix effects on the natural cytotoxicity of tonsil-resident NK cells

Effects of extracellular matrix components on resident NK activation were measured by the
detection of CD107a and IFN-y by flow cytometry after coculture with the K562 cells. The
tonsillar cell suspension containing resident NK cells was depleted from CD19* cells using a
commercial kit (EasySep™ Human CD19 Positive Selection Kit Il; StemCell) and NK cells
were purified using the CD56* Microbeads (Miltenyi Biotec). Cocultures with K562 cells were
established at 2:1 effector to target (NK: K562) ratio in different supports: R10 suspension,
10 pg/cm? collagen (Col) | and IV coating (2D), and 1.5 mg/ml Col | and 1 mg/mL Col IV 3D
gels. For the collagen preparations, 96-well flat-bottom plates and 6-well plates were treated
with enough collagen solution volume to cover the wells and were left 30 min at 37 °C and
5% CO, for solidification and successful coating. Exceeding volumes were removed and
coated wells were washed with warm 1X PBS. For the generation of collagen 3D gels, acidic
collagen stock solutions were neutralized with 2M NaOH (Sigma Aldrich) and buffered with
HEPES 1M. 3 million NKs/ml and K562 cells were immediately embedded in the collagen
gels maintained on ice to prevent rapid solidification before plating or seeded on collagen-
coated plates. To investigate the impact of collagen coating on CD49a* NK cell production
of IFN-y, we conducted experiments using both high (700,000 NKs/cm?) and low (70,000
NKs/cm?) cell densities. This allowed us to distinguish between scenarios where effector and
target cells are in direct contact versus when they are spaced apart and compelled to
migrate. Cells were incubated for 16 h at 37 °C and 5% CO.. Anti-CD107a-BV421 antibody
(H4A3; Becton Dickinson), BD Golgiplug Protein Transport Inhibitor (Becton Dickinson), and
BD GolgiStop Protein Transport Inhibitor containing monensin (Becton Dickinson) were also
added to each well at the recommended concentrations. After the overnight incubation, cells
were treated with collagenase IV (Roche) at 1.4 mg/ml for 30 min at 37 C° and 5% CO, while
mixing well content every 10 min to disaggregate the collagen matrices and recover the
embedded cells. Cells were then washed and stained for cell viability, surface, and
intracellular markers as described in the ‘NK natural cytotoxicity assay’ Methods’ section.
Stained cells were acquired on a BD LSR Fortessa flow cytometer. Data were analyzed using
OMIQ software.
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Extracellular matrix effects on the direct killing activity of tonsil-resident NK cells

Effects of extracellular matrix components on resident NK killing were measured by the
decrease in the K562 expression of cell integrity markers eFluor670 (eBioscience) and
PKHG7 (Sigma Aldrich) by flow cytometry after the coculture. A minimum of 3 million K562
cells were stained following the manufacturer’s instructions. The tonsillar cell suspension
was processed to isolate CD56* NK cells as described in the previous Methods’ section, as
well as the collagen coating and gelation protocols, and the cell seeding in plates containing
the different collagen preparations. After overnight coculture, cells were recovered by gentle
collagenase digestion, washed with SB, and fixed with PFA (2%). The cells were acquired on

an BD LSR Fortessa flow cytometer. Data were analyzed using OMIQ software.
Tonsillar NK cell killing of autologous HIV-infected cells after HIV exposure

Tonsillar tissue was digested, and CD4" T cells were isolated from the resulting cell
suspension using the Dynabeads™ CD4 Positive Isolation Kit (Dynabeads). CD4* T cells were
infected by spinoculation and cultured in R20 medium containing 100 U/ml of IL-2, with media
replenished every 2-3 days. In parallel, HIV-infected and uninfected tonsil explants were
cultured. After 5 days, total NK cells were purified using the EasySep™ Human CD56 Positive
Selection Kit Il (StemCell) and cocultured with autologous HIV-infected CD4* T cells at a 1:1
effector-to-target ratio for 4 hours at 37°C in 5% CO.. Following the incubation, cells were
washed with 1X PBS and stained with LIVE/DEAD AQUA viability dye (ThermoFisher) for 20
min at RT. After another wash with 1X PBS, cells were stained with anti-CD45-AF700 (HI30;
BioLegend), anti-CD3-APC (SK7; BioLegend), anti-CD8-BV650 (RPA-T8; Becton Dickinson),
and anti-CD4-BV605 (RPA-T4; Becton Dickinson) antibodies for 20 minutes at RT. Cells were
then washed with SB, fixed and permeabilized with Fixation/Permeabilization Solution
(Becton Dickinson) for 20 minutes at 4°C, washed with BD Perm/Wash buffer and stained
with anti-p24-PE (KC57; Beckman Coulter) for 30 min on ice followed by 30 min at RT. After
washing, cells were fixed with PFA (2%) and acquired on a BD LSR Fortessa flow cytometer.

Data were analyzed using OMIQ software.

FACS isolation of tonsil-resident memory NK cells and killing of autologous HIV-
infected cells

Tonsillar tissue was digested, and CD19~ cells were purified from the resulting cell
suspension using the EasySep™ Human CD19 Positive Selection Kit Il. Approximately 100
million CD19 tonsillar cells were stained for Fluorescence-Activated Cell Sorting (FACS)
with LIVE/DEAD AQUA viability (ThermoFisher) for 20 minutes at RT. After washing once
with 1X PBS, cells were stained with anti-CD56-FITC (B159; Becton Dickinson), anti-CD49a-
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PE-Cy7 (TS2/7; BioLegend), anti-pan-KIRs (KIRs2DL1/S1 and KIRs2DL2/3/S2)-PE-Cy5.5
(EB6B & GL183; Beckman Coulter), anti-CD69-PE-CF594 (FN50; Becton Dickinson), anti-
NKG2C-PE (134591; R&D Systems), anti-CD19-APC-Fire750 (HIB19; BioLegend), anti-
CD45-AF700 (HI30; BioLegend), anti-CD3-APC (SK7; BioLegend), anti-CD16-BV786 (3GS8;
Becton Dickinson), anti-CD103-BV650 (Ber-ACT8; Becton Dickinson), anti-CD4-BV605
(RPA-T4; Becton Dickinson), and anti-CD14-V500 (M@P9; Becton Dickinson) antibodies
mixed with Staining Buffer (1X PBS 3% FBS) containing 50% Brilliant Stain Buffer (Becton
Dickinson) for 20 minutes at RT. Cells were then washed with Staining Buffer (SB) and

resuspended with 1X PBS 2% BSA at a maximum concentration of 20 million/ml.

Different trNK subsets were immediately sorted using the Cytek Aurora Cell Sorter. The
purity of the cells was >95% in all cases. CD4*CD69" T cells were also sorted and infected
by spinoculation. Uninfected cells were also spinoculated with only R10 and served as an
infection control. The different sorted trNK cells were cocultured with the autologous HIV-
infected CD4"CDG9"* T cells at a 1:1 ratio in R20 containing 100 U/ml of IL-2. The media was
renewed every 2-3 days. After 5 days, cells were harvested and stained for the measurement
of remaining alive HIV-infected cells by flow cytometry. Cells were stained with LIVE/DEAD
AQUA viability (ThermoFisher) for 20 minutes at RT. After washing once with 1X PBS, cells
were stained with anti-CD3-AF700 (SK7; BioLegend), anti-CD8-APC (RPA-T8; Becton
Dickinson), and anti-CD45-BV605 (HI30; Becton Dickinson) antibodies for 20 minutes at RT.
Cells were then washed with SB, fixed and permeabilized with Fixation/Permeabilization
Solution (Becton Dickinson) for 20 minutes at 4°C, washed with BD Perm/Wash buffer and
stained with anti-p24-PE (KC57; Beckman Coulter) for 30 min on ice followed by 30 min at
RT. After washing, cells were fixed with PFA (2%) and acquired on a BD LSR Fortessa flow
cytometer. Data were analyzed using FlowJo V10.

Dimensionality Reduction Analysis

Dimensionality reduction analysis of flow cytometry data was performed using the OMIQ
software from Dotmatics (https://www.omig.ai/, www.dotmatics.com). All events within pre-
gated Live CD45°CD14 CD19CD3-CD56" NK cells were concatenated for each group per
culture condition and analyzed. For NK cell phenotyping, cell clusters were identified by
Flow-Self Organizing Maps (FlowSOM) artificial intelligence algorithm based on the
expression of CD16, CD49a, CD69, CD103, KIRs, and NKG2C. Next, optimized T-distributed
stochastic neighbor embedding (opt-SNE) analysis was employed to depict the identified
clusters. The frequency of marker expression in each cluster was represented in a heatmap

generated using GraphPad Prism software.
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Statistical Analysis

Statistical tests were performed with GraphPad Prism software (version 8.3) and are
reported within each figure caption. Skillings-Mack test was performed on XLSTAT
software. P values <0.05 were considered statistically significant. A minimum threshold of

10-15 cells was set to ensure robust measurement of marker expression by flow cytometry.
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Results

Landmarks of tissue residency and memory-like imprints in tonsillar NK
cells

We first performed a phenotypic characterization of NK cells present in tonsils. Tissue was
obtained from 68 donors, whose characteristics are listed in Supplementary Table $1. We
found a median of 40.8% of non-B non-myeloid cells in the hematopoietic fraction, measured
as CD45'CD14CD19 cells (Figure 1A, left). NK cells were identified by gating for
CD45*CD3CD14-CD19CD56* cells, which were further classified into CD16* and CD16~
subsets (Supplementary Figure S1A-B). In general, CD56" NK cells within tonsils were
infrequent, accounting for a median of approximately 0.7% of CD45*CD14CD19-
lymphocytes (Figure 1A, middle), as previously reported by Dogra et al.'®®. Notably, the
maijority of these tonsillar CD56* NK cells were CD16~ (median 73.1%) (Figure 1A, right).
We then analyzed the coexpression of memory-like markers KIRs*” and NKG2C?® and the
residency markers CD69, CD49a, and CD103 in the two major NK subsets. We found that
CD16" NK cells displayed a higher prevalence of markers associated with tissue residency,
specifically CD49a and CD103 (Figure 1B), as well as memory-like markers (Figure 1C). It
is noteworthy that NK cells expressing CD69 were abundant in both the CD16* and CD16~
subsets, with a notably higher frequency in the CD16~ subset (79.4%; p=<0.001) (Figure
1B). Moreover, CD49a* NK cells exhibited a notable enrichment in the expression of
memory-like markers, especially the CD16" NK subset (Figure 1D, S1C). Apart from NK
cells, other innate lymphoid cells (ILCs) were present within the tonsillar samples. Total
CD127*CD16™ ILCs accounted for a median of 0.5% of CD45*CD14-CD19~ lymphocytes
(Figure S1D), and ILCs represented a median of 18.4% of the CD3-CD56" cell subset
(Figure S1E). Resident (Figure S1F) and memory (Figure S1G) receptors were found to be

rare on ILCs, except for the abundant expression of CD69 observed (Figure S1H).

In the process of infiltrating into tissues, NK cells first upregulate CD69 expression, which
interferes with sphingosine-1-phosphate receptor-1 (S1PR1) and effectively block lymphocyte
egress?°22%3, Subsequently, the tissue microenvironment influences the expression of
additional residency markers, including CD49a (collagen IV binding)?** and CD103 (E-
cadherin binding)?°>?%, in response to local inflammation and cytokine cues from neighboring
tissue cells®*’-2%°, Thus, we analyzed the co-expression of these residency markers in tonsillar
tissue, since this might provide important localization and functional information. We
observed that the majority of the NK cells in both CD16* and CD16~ NK subsets were
identified as CD69*CD49a CD103" (SP, single-positive), with a median of 52.0% for CD16*
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and 74.0% for CD16~ (Figure 1E). A secondary, but still substantial, population of
CD16"CD69"CD49a*CD103~ NK cells (DP, double-positive), was also observed, comprising
approximately 20% of all CD16"CD69* NK cells (Figure 1E). Of note, the majority of CD49a
and CD103 expression was detected in CD69* NK cells. Finally, to gain further insights into
the heterogeneity of tonsillar NK cells, we conducted a dimensionality reduction analysis
(opt-SNE), which revealed the presence of 11 distinct cell clusters based on resident and
memory-like markers (Figure 1F). In concordance with our previous results, clusters #3 and
#9 collectively represented the majority of trNK cells within the tonsil, exhibiting a phenotype
characterized by the single expression of CD69. In contrast, clusters #4 and #8
corresponded to NK cells with triple resident marker expression (TP, triple-positive), while
cluster #5 represented a unique subset of CD16*CD49a* resident NK cells exhibiting high
KIRs and NKG2C expression, and cluster #6 corresponded to its CD16~ counterpart.

In addition, we also assessed the expression of CXCR5 because it is a marker for migration
to B cell follicles in lymph nodes?#®, a major site of HIV replication®?2. Overall, the highest
expression was observed in both CD16* and CD16~ subsets expressing KIRs (NKG2C*"),
especially in the CD49a* fraction (Figure 1G). Accordingly, higher CXCR5 expression has
been found in KIRs* NK cells in lymph nodes®'® and Massoni-Badosa et al. observed CD49a

immunofluorescence in lymphocytes lining tonsillar B cell follicles®**.

Lastly, we evaluated the coexpression of CD103 and NKp44 (Figure 1H), confirming the
existence of the previously described intraepithelial ILC1-like cells (ielLC1s) (Figure 1l).
leILC1s exhibit enhanced functionality when stimulated with IL-12 and IL-15"°, and have
been shown to expand in tumor environments?'%2'® Importantly, mucosal NKp44* ILCs have
demonstrated beneficial roles in controlling SIV infection®'32 and are found expanded in
tonsils during chronic SIV infection®“. However, while NKp44 expression on NK cells can be
advantageous, it also results in bystander killing of uninfected but HIV-exposed CD4* T cells

that express NKp44 ligands, ultimately contributing to CD4* T cell depletion™®,

In summary, we identified the CD56*CD16-CD69*CD49a-CD103~ (CD16~ SP) subpopulation
as the predominant NK tissue population in tonsils. Additionally, the CD16*CD49a* subset,
comprising approximately 30% of tonsillar CD16* NK cells, exhibited a significant expression
of KIRs and NKG2C, likely indicating a more mature NK cell phenotype. This finding is
consistent with the well-established role of the tonsil as a secondary lymphoid organ, where

NK cells undergo differentiation’”. Furthermore, we found elevated expression of CXCR5 on
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CD49a*KIRs* NK cells, which is significant in the setting of HIV infection since B cell follicles

constitute a reservoir for HIV#4.
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Figure 1. Tissue-resident memory phenotype of tonsillar NK cells.

Expression of resident (CD69, CD49a, and CD103) and memory (KIRs and NKG2C) markers, NKp44, and CXCR5
was measured by flow cytometry in different tonsillar tissue specimens.

(A) Frequencies of CD45*CD14-CD19- Lymphocytes (left), total CD56* NK cells (middle) and classic CD16*~ NK
cell subsets (right).

(B) Frequency of expression of resident markers within CD56+CD 16"~ subsets.

(C) Frequency of expression of memory markers within CD56+CD16* subsets.

(D) Frequency of expression of memory markers within CD49a* NK cells.

(E) Coexpression frequencies of resident and memory markers within CD56*CD16*~ NK cell subsets.

(F) Optimized-t-Distributed Stochastic Neighbor Embeddings (opt-SNEs) plot showing the abundance of tissue-
resident memory NK cell clusters (#) within the total pool of CD56* NK cells in tonsils at baseline. The heatmap
shows the frequency of expression of different tissue-resident memory markers per cluster.

(G) Frequency of CXCRS5 expression within CD16*- resident memory NK cells.

(H) Frequency of NKp44 expression within CD127-CD56*CD16*- resident NK cells.

() Frequency of ielLC1s (NKp44*CD103* within CD127-CD56*CD16- cells).

For (A), (B), (C), and (1), median with interquartile range is represented. Statistical comparisons were performed
using the Wilcoxon matched-pairs signed rank test and the Skillings-Mack test when appropriate. Significant
comparisons p<0.05. Tonsillar samples were obtained from the patients listed in the Supplementary Table S1
and used as follows: #18-35 were used for (A, left), #1-36, #42-48, and #50-56 for (A, middle), #1-48 and #50-56
for (A, right) and (B-F), #38-48 for (G), and #27-43 for (H, ). Circles: CD16*; squares: CD16™.

Functional polarization of CD49a*KIRs* tonsillar NK cells

Next, we mapped the distinct functional polarization states of tonsillar NK cells. We first
determined the functional status of tonsil-resident memory-like NK cells based on the
expression of the degranulation marker CD107a and the proinflammatory cytokine IFN-y*¢5-
%7, Additionally, their maximum functional degranulation and proinflammatory potentials
were assessed as the frequency of CD107a*IFN-y*~ NK cells upon MHC class I-devoid K562
cell stimulation. Initially, we observed that CD16* NK cells exhibited low expression of
CD107a (Figure 2A). Conversely, CD16~ NK cells, in general, showed elevated basal
CD107a expression (median of 4.7% vs 45.6% of CD107a*IFN-y~ cells in the CD16" and
CD16™ NK subsets, respectively, p<0.001) (Figure 2A). A more detailed analysis revealed
that the CD16* SP subpopulation was barely functional (median of 6.2% CD107a*IFN-y~ cells)
(Figure 2B, left), while the CD16~ SP counterpart was predominantly CD107a* (median of
56.2% CD107a*IFN-y~ cells) (Figure 2B, right), indicating that it is the most functionally
activated NK cell subset in the tonsils. In contrast, CD49a* NK cells exhibited notably low
CD107a expression in both the CD16* (Figure 2B, left) and CD16~ (Figure 2B, right)
subsets. However, when the CD49a* NK cell fraction was cocultured with K562 cell targets,
degranulation was significantly upregulated (Figure 2B) and they displayed the highest IFN-
y production rates (Figure 2C, S2A), particularly within the CD16~subset (FC=4.0, p<0.001)
(Figure 2D).
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In general, KIRs and NKG2C expression did not identify specific signatures prone to solely
degranulation (measured as CD107a*IFN-y") (Figure S2B-C), but KIRs expression was a
clear indicator of CD16~ NK cells with enhanced IFN-y production (Figure 2E-F). Noteworthy,
an in-depth analysis revealed that among CD16-CD49a" tonsillar NK cells, the coexpression
of KIRs (NKG2C*") delineated the most stimulated subpopulations able to degranulate
(Figure S2D-E) and secrete IFN-y (Figure 2G-H), indicating that KIRs expression in CD49a*

NK cells is associated with high cell stimulatory potential.

Overall, we found that tonsillar CD16~ SP, the most abundant NK population, have the highest
basal functional activity. However, after target encounters CD16-CD49a*KIRs* NK cells
showed an enhanced stimulatory potential. This aligns with the work of Brownlie et al.??° in
the lung, who observed that CD16"CD49a*KIRs*NKG2C* NK cells responded better than
CD49a~ NK cells to K562 target cells. Therefore, our contribution adds to the expanding body
of literature that elucidates the distinct role of CD49a* memory NK cells in tissues, particularly

within the complex microenvironment of the tonsils.
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Figure 2. Functionality of tonsil-resident memory NK cells.

Expression of the degranulation marker CD107a and intracellular IFN-y measured by flow cytometry in different
tonsillar tissue specimens in the steady state and upon stimulation with K562 cells.

(A) Basal functional activation of classic CD16*~ NK cell subsets.

(B) Cytotoxic degranulation (% of CD107a*IFN-y~ cells) by resident CD16* (left) and CD16~ (right) NK cells.

(C) Gating strategy of functional marker expression in CD16-CD49a* tonsil-resident NK cells and cytokine
production (% of CD107a*IFN-y* cells) by resident CD16~ NK cells.

(D) Cytokine production (fold-change of % CD107a*IFN-y* cells) by resident CD16~ NK cells.

(E-H) Cytokine production (% and fold-change of % CD107a*IFN-y* cells) by (E, F) memory CD16~ NK cells and
(G, H) CD49a* memory CD16~ NK cells.

Statistical comparisons were performed using the Wilcoxon matched-pairs signed rank test, Friedman test, and
Skillings-Mack test when appropriate. Significant comparisons p<0.05. Red dotted line in fold-change graphs
represents FC=1 (no change). Tonsillar samples (#8-18) were obtained from the patients listed in the
Supplementary Table S1. Circles: CD16*; squares: CD16™.

Extracellular matrix components diversify the function of tonsil-resident NK

cells

The gold standard for the assessment of the functional potential of NK cells includes their
coculture with K562 cell targets in suspension to measure functional surrogate markers upon
stimulation?'2%%_ While this method is most likely well-suitable for the study of circulating NK
cells, it is also usually used for tissue NK cells?'9220.222 despite the growing evidence indicating
that the extracellular matrix components in tissues might have an impact on NK cell
functionality®. To account for this, we conducted functional and killing assays with K562 cells
incorporating extracellular matrix components into the experimental setup (Figure 3A). We
found that, in general, the coating of cell culture plates with collagen (Col) type | or Col type
IV (2D culture), as well as embedding cells in Col | 3D gels had no effect on the killing of
K562 cells by tonsil-resident NK cells, measured as the loss of the viability markers PKH67
and eFluor670 (Figure 3B). Conversely, culture in Col IV 3D gel led to a reduction of the
killing activity (Figure 3B). This aligns with the notion that Col IV may form packed structures
that impede infiltration, as shown in tumors®%37°. Notably, in the context of HIV infection,
collagen deposition in lymph nodes®?7534 and the gut'®>'® may hinder NK cell infiltration

into regions of active viral replication.

Moreover, we found that despite NK cells were maintaining their killing capacity in the
presence of Col | 3D gel, classical NK cell functional markers such as CD107a expression
were notably diminished (Figure 3C). This suggests that collagen may divert NK cell function
towards a non-degranulating mechanism (i.e. death receptor-mediated killing), possibly
mediated by collagen sensing through receptors such as LAIR-1, as previously reported for
tissue-infiltrating cytotoxic lymphocytes?’®2”". In contrast, Col | and IV 2D positively influenced

the functional response. In particular, CD16-CD49a* NK cells increased their CD107a and
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IFN-y production when cocultured with K562 cells on collagen-coated wells (Figure 3D). This
functional adaptation might be attributed to CD49a, since CD16-CD69'CD49a- NK cells,
even when expressing KIRs, did not show increased degranulation or IFN-y production under
the same conditions (Figure S3A). It is important to note that CD49a is a collagen receptor
with a strong affinity for basal lamina Col IV lining epithelia and blood vessels®*, serving as a
scaffold for tissue scanning®'. Thus, the increase in target cell recognition and migration

speed may be notable in these cell cocultures, mirroring a tissue infection scenario.

Altogether, our findings indicate that extracellular matrix components alter NK functionality;

especially the proinflammatory attributes of the CD49a* NK cell fraction in 2D collagens.
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Figure 3. Role of the tonsillar microstructure in the function of resident NK cells.
The effects of extracellular matrix components (collagens) were assessed in a functional coculture assay of

tonsillar NK cells against K562 cell targets (2:1 ratio) overnight (16 hours).

Col 12D Col IV 2D
0.063 0.063

ao::§ /

(A) Diagram illustrating the functional coculture assay of tonsil-resident NK cells in contact with extracellular

matrix components.
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(B) Gating strategy of the killing of K562 target cells (% of eFluor670-PKH67- cells) measured by flow cytometry.
Tonsillar NK cells were cocultured in suspension, on collagen |-or IV-coated surfaces (10 pug/cm?), or embedded
in collagen | (1.5 mg/mL) or IV (1 mg/mL) 3D gels.

(C) Gating strategy of functional markers within CD56* NK cells measured by flow cytometry. Cytotoxic
degranulation (% of CD107a*IFN-y~) and cytokine production (% of CD107a*IFN-y*) by CD56+ NK cells when
cocultured with K562 target cells in suspension or embedded in collagen | (1.5 mg/mL) or IV (1 mg/mL) 3D gels.
(D) Gating strategy of functional markers within CD16-CD49a*KIRs* NK cells measured by flow cytometry.
Cytotoxic degranulation (% of CD107a*IFN-y-) by CD16-CD49a* NK cells and cytokine production (% of
CD107a*IFN-y*) by CD16-CD49a*KIRs* NK cells when cocultured with K562 target cells in suspension, on
collagen l-or IV-coated surfaces (10 pg/cm?) at a cell density of 70,000 NK vs. 35,000 K562 cells per cm?.
Statistical comparisons were performed using the Wilcoxon matched-pairs signed rank test or the Friedman’s
test, as appropriate. Significant comparisons p<0.05. Tonsillar samples were obtained from the patients listed in
the Supplementary Table S1 and used as follows: #58-61 and #64 were used for (B), #56-63 for (C), and #61-
67 for (D).

Immune checkpoint signatures in tonsil-resident NK cells

Recognizing the distinct functionalities of NK cells across CD16" and CD16~ subsets, as well
as resident memory populations, we analyzed the expression of various immune checkpoints
(ICs) that may influence their functional fate. Inhibitory NKG2A is of particular interest, as
HIV viral proteins can alter the expression of its ligand, HLA-E??%27°, Additionally, LAIR-1 and
KLRG1 are important inhibitory receptors for tissue-specific proteins, with LAIR-1 binding to
collagens®? and KLRG1 targeting epithelial E-cadherin®’. Moreover, we measured the
expression of two other widely studied ICs, TIGIT and PD-1, which are known to be

upregulated in memory NK cells in chronic HIV infection®.

Overall, tonsillar NK cells exhibited high expression of NKG2A, LAIR-1, and TIGIT, while PD-
1 and KLRG1 levels were relatively low (Figure 4A). The CD16" subset displayed elevated
expression of all ICs except LAIR-1, which was more pronounced in the CD16~ population
(Figure 4A). The division of NK cells into different resident subpopulations revealed distinct
IC expression patterns. Interestingly, CD16* resident NK cells had elevated levels of NKG2A
and TIGIT (Figure 4B, top), whereas CD16~ NK cells showed a progressive increase in
NKG2A and TIGIT from the CD16~ SP to TP resident NK populations (Figure 4B, bottom).
In contrast, LAIR-1 expression followed an inverse pattern in both CD16* and CD16~ subsets
(Figure 4B). PD-1 and KLRG1 expression remained low overall, though KLRG1 was more
prominent in CD16* SP NK cells (Figure 4B, top). When analyzing IC expression in NK cells
based on their memory phenotype, differences were less pronounced. LAIR-1 expression
remained consistently high (Figure 4C), while memory (KIRs*NKG2C*) CD16*~ NK cells
exhibited the lowest NKG2A expression (Figure 4C). These cells also showed the highest
expression of TIGIT and PD-1 (Figure 4C), indicating their functional differentiation and

possible exhaustion3'4375,
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The distinct patterns of IC expression may help explain the functional differences observed
between CD16* and CD16~ NK cells, particularly in the two major resident phenotypes: SP
and CD49a*. On one hand, CD16" resident NK cells expressing only KIRs or lacking both
KIRs and NKG2C displayed extremely high NKG2A expression (Figure S4A), which may
account for their reduced natural cytotoxicity against K562 cells (Figure 2B, left), however,
their higher activation threshold could be offset by potent ADCC when stimulated through
the CD16 receptor. Conversely, CD16* resident KIRs*NKG2C* NK cells had the lowest
NKG2A expression but showed elevated TIGIT expression (Figure S4A). On the other hand,
CD16~ SP NK cells, which exhibited the lowest NKG2A and highest LAIR-1 expression
(Figure 4B, bottom), demonstrated heightened activation, as indicated by the high
percentage of CD107a* cells (Figure 2B, right). Despite CD16-CD49a* NK cells having the
highest NKG2A expression (Figure 4B, bottom), they were the most responsive in terms of
degranulation and IFN-y production following K562 stimulation (Figure 2C). Their functional
response was further enhanced by a collagen-coated surface (Figure 3D), due to CD49a’s
role as an integrin that promotes migration along collagen fibers?®. Moreover, CD16-CD49a*
NK cells, with low LAIR-1 expression (Figure 4B, bottom), demonstrated even greater
functional potential when expressing KIRs (NKG2C*-) (Figure 2G), which coincided with
lower NKG2A expression (Figure S4B).

In conclusion, the functional behavior of tonsil-resident NK cells is closely linked to their

immune checkpoint expression, revealing different developmental and functional states.
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Figure 4. Immune checkpoint expression patterns in tonsil-resident NK cells.

Expression levels of the inhibitory immune checkpoints NKG2A, LAIR-1, TIGIT, PD-1, and KLRG1 were analyzed
by flow cytometry in tonsillar tissue samples.

(A) Frequencies of immune checkpoint expression within CD56*CD16*- subsets.

(B) Frequencies of immune checkpoint expression within resident CD16* (top) and CD16~ (bottom) NK cells.
(C) Frequencies of immune checkpoint expression within memory CD16* (top) and CD16~ (bottom) CD69* NK
cells.

Statistical comparisons were performed using the Wilcoxon matched-pairs signed rank test or the Friedman’s
test, as appropriate. Significant comparisons p<0.05. Tonsillar samples (#38-48) were obtained from the patients
listed in the Supplementary Table S1. Circles: CD16*; squares: CD16™.

Impact of ex vivo HIV infection in tonsillar NK cells

After characterizing NK cells within tonsils, we examined the alterations in their phenotype
and natural cytotoxicity against K562 cells after ex vivo HIV infection (Figure 5A). To this
end, we infected tissue blocks, and after 5-6 days, we measured HIV replication and

performed NK cell characterization. The median infection rate, represented by the

percentage of CD3*CD8™ T cells expressing the viral antigen p24, was 1.0% (Figure 5B),
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consistent with other reports’. We did not observe a global redistribution of the tonsil-
resident NK cell compartment in response to HIV infection (Figure S5A-D). However, certain
NK cell subpopulations showed significant variation in memory marker expression as early
as 5 days post-infection (Figure 5C-E). KIRs expression was slightly increased in cytotoxic
CD16"CD49a* NK cells (p=0.051) (Figure 5C), while the expression of both KIRs and NKG2C
was significantly reduced in HIV-exposed CD16-CD49a* NK cells (Figure 5D-E). Additionally,
we observed a significant expansion of ielLC1s (Figure 5F), consistent with findings of
NKp44* ILC expansion in SIV-infected macaques®“. This highlights the utility of the explant

model in revealing NK cell dynamics in response to HIV infection in lymphatic tissue.

We also assessed the expression of functional markers following HIV exposure and found
that the capacity of major resident and memory NK subpopulations to degranulate upon K562
stimulation was conserved (Figure S5E-H). Importantly, no upregulation of CD107a was
observed in CD16* resident NK cells upon HIV exposure (Figure 5G-H, top). Instead,
cytotoxic CD16"CD49a* NK cells showed a reduced tendency for degranulation upon K562
stimulation (Figure 5l), which may indicate their functional exhaustion. Accordingly, we
found higher expression of PD-1 on CD16"CD49a*KIRs* NK cells present in HIV-infected
explants (Figure 5J). In contrast, CD107a expression in CD16~ SP KIRs* NK cells was
increased by HIV exposure (p=0.063) (Figure 5G, bottom), suggesting their potential role in
responding to HIV infection within the explant. Moreover, when evaluating the maximum
stimulatory potential of NK cells after K562 stimulation and HIV priming, CD16~ SP KIRs~
(p=0.016) and KIRs* (p=0.063) NK cells (Figure 5H, bottom, K) exhibited the most
pronounced enhancement in degranulation following HIV exposure. Remarkably, the
downregulation of inhibitory receptors LAIR-1 (Figure 5L) and TIGIT (Figure 5M) on CD16~

SP KIRs" NK cells points to a functional shift that could enhance their activation.

After confirming that HIV exposure had differential effects on the degranulation capacity of
tonsil-resident memory NK cells against non-specific targets (K562 cells), we proceeded to
investigate whether it also influenced their ability to kill autologous HIV-infected CD4" T cells.
To this end, we cultured both HIV-infected and uninfected tonsil explants for 5 days,
alongside with autologous CD4* T cells infected with HIV via spinoculation. We then
quantified the NK cell-mediated killing of HIV* CD4* T cells in a coculture system. Our results
indicated that NK cells from both HIV-exposed and unexposed tonsils were equally effective
in eliminating p24*CD4* T cells in vitro (Figure 5N), showing no evidence of impaired killing

capacity or enhancement of memory-driven responses in the total NK cell population.
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Therefore, we have elucidated distinct early functional changes in tonsil-resident NK cells in
response to initial HIV infection. While the cytotoxicity of CD16~ SP NK cells against new cell
targets increased, CD16"CD49a* NK cells showed impaired degranulation, suggesting a

potential exhaustion of their cytotoxic function.
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Figure 5. HIV infection of tissue explants alters the dynamics of tonsil-resident memory NK cells.

Tonsillar tissue explants were cultured on hemostatic sponges and ex vivo-infected by HIVsa for 5-6 days. The
expression of resident, memory, and functional markers was measured by flow cytometry in the steady state and
upon stimulation with K562 cell coculture from uninfected and infected tissue explant cells.

(A) Diagram representation of the experimental workflow.

(B) HIV ex vivo infection levels measured as the % of p24* cells within CD3*CD8~ T cells.

(C) Expression of KIRs on CD16*CD49a* NK cells in the infected culture compared to the uninfected control.

(D) Expression of KIRs on CD16-CD49a*CD103* NK cells in the infected culture compared to the uninfected
control.

(E) Expression of NKG2C on CD16-CD49a*CD103~ NK cells in the infected culture compared to the uninfected
control.

(F) Frequency of ielLC1s in the infected culture compared to the uninfected control.

(G) Degranulation activity (% of CD107a*IFN-y~ cells) of CD16* (top) and CD 16~ (bottom) resident KIRs*~ NK cells
in uninfected and infected explants.

(H) Degranulation activity (% of CD107a*IFN-y~ cells) of CD16* (top) and CD16~ (bottom) resident KIRs*~ NK cells
in uninfected and infected explants upon K562 cell stimulation.

(I) Degranulation potential (fold-change of CD107a*IFN-y~ cells) of CD16*CD49a* NK cells in uninfected and
infected explants upon K562 stimulation.

(J) Expression of PD-1 on CD16*CD49a*KIRs* NK cells in the infected culture compared to the uninfected control.
(K) Degranulation potential (fold-change of CD107a*IFN-y~ cells) of CD16-CD69*CD49a-CD103~ NK cells in
uninfected and infected explants upon K562 stimulation.

(L) Expression of LAIR-1 on CD16-CD49a KIRs* NK cells in the infected culture compared to the uninfected
control.

(M) Expression of TIGIT on CD16-CD49a KIRs* NK cells in the infected culture compared to the uninfected
control.

(N) Tonsil NK cell killing assay against ex vivo HIV-infected autologous CD4* T cells via spinoculation. Total NK
cells were purified from uninfected and HIV-infected tonsil explants. Percentages of reduction of p24*CD3*CD8~
T cells are shown for each subject.

For (B), median with interquartile range is represented. Statistical comparisons were performed using the
Wilcoxon matched-pairs signed rank test. Significant comparisons p<0.05. Tonsillar samples were obtained from
the patients listed in the Supplementary Table S1 and used as follows: #3-16, #20-23, #38-49, and #68 were
used for (B), #3-14, #19, #21-23, and #42-49 for (C-E), #42-48 for (F) and (J-M), #8-14 for (G-1) and (K), and #40-
41 and #68 for (N). Circles: CD16*; squares: CD16™.

Specific tonsil-resident memory NK cells are associated with enhanced killing
of HIV-infected tonsillar CD4* T cells

Further analyses explored the relationship between the frequencies and functional
characteristics of tonsil-resident NK cells and their capacity to control ex vivo HIV infection.
Our goal was to identify a key signature of tonsil-resident NK cells critical for restraining HIV
expansion within tonsils. We found that none of the resident markers in CD16*
subpopulations were associated with improved control of HIV infection in tissue explants
(Figure 6A). However, a more detailed analysis revealed that increased frequencies of TP
NK cells expressing KIRs and/or NKG2C within the CD16" subset correlated with lower
infection levels (Figure 6B). Notably, the expression of ICs negatively impacted these CD16*
TP NK cells. Specifically, higher levels of p24 in explants were associated with the expression
of PD-1 (Figure S6A-B) and KLRG1 (Figure S6C-D) on these NK cells, highlighting the
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importance of this population. For CD16- NK cells, those expressing CD103 (CD49a*")
exhibited beneficial effects (Figure 6C), likely including the ielLC1s, as most CD16-CD103*
cells express NKp44 (Figure 1H), and were found to expand after HIV exposure (Figure 5F).
The expression of PD-1 on CD16~ TP NKG2C* NK cells correlated with higher p24 levels
(Figure S6E). Furthermore, KLRG1 (Figure S6F) and TIGIT (Figure S6G) on CD16- DP NK
cells were also negatively associated with infection control in explants. Last, CD16~ SP NK
cells were only beneficial when expressing KIRs (Figure 6D), which may be related to their
increased degranulation upon HIV exposure (Figure 5K). Although the expression of most
ICs in resident NK cells correlated with poorer HIV control, LAIR-1 displayed an inverse
pattern. Its expression on resident and memory CD16" (Figure S6H-1) and CD16~ (Figure
S$6J-K) NK cells was associated with lower HIV levels. Importantly, we observed that LAIR-1
expression was diminished in CD16~ SP KIRs* NK cells following HIV exposure (Figure 5L),

which may indicate a substantial role of LAIR-1 in the control of HIV infection by NK cells.

To determine the intrinsic cytotoxic potential of different resident NK cell populations without
the support of the tissue microenvironment —such as the prominent IFN-y secretion by CD16~
DP and TP (CD49a*) NK cells, which may activate the local immune response and ultimately
enhance NK cell cytotoxicity*”53"°— we isolated different tonsillar NK cell populations using
Fluorescence-Activated Cell Sorting (FACS) based on CD16, CD69, CD49a, and CD103
expression, and conducted functional killing assays against autologous HIV-infected tonsil-
resident (CD69%) CD4* T cells (Figure 6E). After a 5-day coculture with HIV-infected CD4* T
cells via spinoculation, no significant differences in killing activity were observed between
CD16" and CD16™ NK subsets (Figure 6F). However, SP NK cells demonstrated significantly
superior killing of HIV-infected cells compared to TP NK cells, which exhibited poor control
of HIV-infected tonsillar CD4* T cells (92.1% and 70.7% reduction, respectively, p=0.004)
(Figure 6G). However, CD16~ TP NK cells (mostly ielLC1-like) were associated with lower
HIV levels in explants (Figure 6C). This discrepancy may be attributed to the different

cytokine milieu in tonsil explants compared to our coculture system after cell sorting.

Taken together, isolated NK cells from tonsils exhibit a different tendency for HIV control
compared to NK cells evaluated within the tissue, underscoring the need for more complex

models to evaluate the efficacy of tissue NK cells in targeting HIV.
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Figure 6. Tonsil-resident NK subpopulations have different capabilities to restrain HIV infection.

Tonsillar tissue explants were cultured on hemostatic sponges and ex vivo-infected by HIVsaL for 5 days. The
expression of resident and memory markers was measured by flow cytometry at baseline and correlated with the
ex vivo HIV infection levels (% p24* cells within CD3*CD8~ T cells). Spearman correlations of the significant results
are shown. NK cells were FACS-isolated based on the expression of resident and memory markers and
cocultured with autologous CD4*CD69* T cells infected by spinoculation with HIVsa. Direct cell killing of
HIV*CD3*CD8~ T cells (p24*) was quantified by flow cytometry 5 days after infection.

(A-D) Spearman correlations and correlation matrices showing the relationship between HIV p24 levels in
explants and the initial frequencies of (A-B) CD16* and (C-D) CD16~ tonsil-resident memory NK cells on day 0.
(E) Experimental setting of functional cocultures to assess the suppression capacity of HIV infection by tonsil-
resident NK subpopulations.

(F-G) Natural cytotoxicity assays of ex vivo HIV-infected CD4*CD69* T cells after coculturing with isolated NK
cells showing differential expression of (F) CD16 and (G) resident markers.
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In (F) and (G), different NK subpopulations and CD4*CD69" T cells were isolated by FACS. Statistical comparisons
were performed using the Wilcoxon matched-pairs signed rank test or Friedman'’s test, as appropriate. Significant
comparisons p<0.05. Tonsillar samples were obtained from the patients listed in the Supplementary Table S1
and used as follows: #3-16, #20-23, and #38-49 were used for (A-D), #53-55 and #57 for (F), and #50-52 for (G).
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Discussion

The mechanisms underlying the rapid mounting of local NK cell responses to initial HIV
infection in secondary lymphoid tissues are still poorly understood. Despite the innate nature
of NK cells®*¥?, circulating NK cells have shown immunological memory to certain viruses'®,
including HIV'®. In tissues, resident NK subpopulations respond firmly to secondary
infections'2221:222381 and possess recall responses in vaccinated individuals??'??2, Here, we
have investigated the functional diversity of NK cells within human tonsils, examined the
effects of ex vivo HIV infection, and identified specific NK cell populations exhibiting antiviral
effects against HIV in lymphoid tissue. We discovered that specific populations of trNK cells,
such as CD16~ SP and CD16* TP cells, may serve as the primary force directly impacting
HIV infection, while CD16-CD49a* NK cells likely function as tissue sentinels, scanning for

infected cells along collagen rails.

CD16"- NK cell subsets in the tonsillar tissue were clearly opposed in terms of functional
activation and residency markers. Minoritarian CD16" tonsillar NK cells had strong imprints
of residency and memory, especially when coexpressing CD49a. However, they had low
expression of the degranulation marker CD107a, in contrast to the CD16~ fraction, which was
mostly CD69*CD107a*. Remarkably, despite CD49a*KIRs* NK cells were much less frequent
in the CD16~ fraction, they possess an exacerbated IFN-y production upon stimulation,
suggesting that functional divergences may be linked to the expression of CD16 and CD49a
receptors. Functional assays involving components of the tissue extracellular matrix
validated that the expression of the collagen receptor CD49a in CD16~ tonsillar NK cells
confers advantages for NK cells possibly in scanning and contacting target cells?%332,
Nonetheless, a drawback is the tendency of collagens to promote tissue HIV infection
through cell-to-cell transmission®334 Notably, TP NK cells exhibited the lowest LAIR-1
expression, a collagen receptor with inhibitory functions, indicating functional adaptations to
tissue components?’®?’’, These results suggest that NK cells with direct cytotoxic abilities
may not be the most effective if they cannot efficiently interact with infected cells within tissue
environments. Of particular interest is the observation that IFN-y in tissues inhibits collagen
synthesis®*3%, thereby facilitating access for killer lymphocytes to localized infections.
Additionally, some direct effects of IFN-y-producing NK cells towards the extracellular matrix

have been identified®®’.

Our results are consistent with previous studies; in humans, there is compelling evidence

that CD16-CD49a* NK cells have higher production of IFN-y among tissues, but degranulate
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poorly in the steady state upon in vitro stimulation®'”. However, despite CD49a* NK cells
being proinflammatory across human tissues, certain conditions activate their cytotoxic
status. In the human lung, they were found to produce perforin and granzyme B at levels
comparable to the CD49a~ fraction when stimulated with IL-152'8, Moreover, CD16-CD49a*
NK cells from the center of lung tumors degranulated stronger than CD16-CD49a- NK
cells?'®. Indeed, recall responses have been attributed to these trNK cells for Varicella-Zoster
Virus??' and Hepatitis A and B viruses??. Of note, a strong parallelism with tissue-resident
memory CD8" T cells (trm CD8* T cells) exists. After influenza infection, lung trm
CD49a*CD8* T cells slowly upregulate mRNA levels of perforin, granzymes and death-
receptor ligands®®, reinforcing the idea that CD49a* lymphocytes act as initial producers of
antiviral IFN-y against a first-ever-seen pathogen, serving as a warning system, and enhance

their cytotoxic response when the infection persists longer'12222:3893%,

After mapping the functionality of tonsil-resident NK cells on the steady state, we used the
tonsillar explant model to define the natural NK response upon HIV infection. HIV exposure
drastically reduced the degranulation potential of CD16"CD49a* NK cells while increasing
their PD-1 and KIRs expression. Further reinforcing their importance, CD16* TP NK cells
expressing KIRs and/or NKG2C strongly correlated with reduced HIV levels in the explants,
whereas their PD-1 expression was related to higher infectivity rates. Conversely, HIV-
induced activation may confer hyperresponsiveness to CD16~ NK cells in the tonsil explants.
HIV not only activated some CD16trNK cells, but also enhanced their reactivity to new target
cell stimulation, and their expression of inhibitory receptors LAIR-1 and TIGIT was decreased.
This was particularly notable in the SP KIRs* NK population, which correlated with reduced
ex vivo HIV infection and presented the highest antiviral activity in a HIV-specific killing assay.
Accordingly, NK cells only expressing CD69 were shown to acquire a resident memory
phenotype in a murine model of skin infection''2. On the other hand, CD16-CD49a* NK cells
decreased expression of memory markers and may suggest potential onset of apoptosis due

to lymphocyte activation in response to infection®".

An interesting observation is the expansion of ielLC1s (CD16"NKp44*CD103") following HIV
infection, suggesting their initial role in combating acute HIV within lymphoid tissue. Notably,
CD103 expression on NK cells was strongly correlated with HIV control in the explants,
despite their limited intrinsic ability to kill HIV-infected cells in the coculture system. This
underscores the importance of evaluating functional features within the appropriate
microenvironment. For example, IL-15, which can be transpresented by dendritic cells in the

tonsils?*2 upregulates cytotoxic mediators in CD16°CD49a* NK cells?'8?2226% gand
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counteracts the immunosuppressive effects of TGF-B2'23% thereby promoting the optimal
response of ielLC1s'?, although the expression of CD103 is increased by TGF-3%4. Of note,
chronic HIV infection leads to TGF-B-mediated collagen deposition that exacerbates tissue

compartmentalization?75:343:344,

Taken together, we propose the existence of a temporospatially regulated defensive
mechanism, wherein CD16~ SP KIRs* and CD16* TP KIRs* NK cells are the main populations
directly killing HIV-infected cells, while CD16CD49a* NK cells act as tissue sentinels,
scanning for infected cells along collagen rails. Prior to infection, naturally occurring CD16~
CD49a* trNK cells may be the initial subset to recognize HIV-infected cells, triggering a robust
proinflammatory response mediated by IFN-y. Importantly, IFN-y has shown to stimulate IL-
15 production by epithelial®**® and dendritic®®® cells, thus IFN-y derived from CD16-CD49a*
NK cells may serve as a first warning signal that activates and enhances the cytotoxic function
of tonsil-resident NK cells. Moreover, IL-15 promotes CD49a expression on trNK cells208:397:3%
indicating a potential mechanism for enhanced cell trafficking. Consistent with this
hypothesis are findings of rhesus macaques infected with SIV and SHIV, where intrahepatic
CD49a* NK cells are expanded two-fold and exhibit polyfunctionality (CD107a*IFN-y* cells)

upon viral infection®',

Considering that the B cell follicles, where HIV replication localizes in lymph nodes®'®2, are
encapsulated with collagen®, it raises the intriguing possibility that IL-15 may facilitate the
access of cytotoxic lymphocytes to lymph nodes but not their entry into the B cell follicles.
Despite we found that CD49a*KIRs* NK cells have elevated CXCR5 expression, Massoni-
Badosa et al. demonstrated that CD49a* lymphocytes are only found surrounding B cell
follicles in human tonsils®°, thus, the precise resident memory phenotype of NK cells that
have demonstrated to colocalize with HIV-infected follicular helper CD4* T cells in germinal

centers needs further clarification.

In conclusion, our study provides novel insights into the phenotypical and functional
characteristics of human NK cells within secondary lymphoid tissues, both under steady-
state conditions and during the early stages of HIV infection. Our findings highlight the
significance of considering specific spatial and immunological factors in the design of future
therapeutic interventions targeting HIV reservoirs within tissues, with a focus on harnessing

the potential of tissue-resident memory NK cells.
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Limitations of the study

Our investigation using the tonsillar tissue model has been informative, yet it predominantly
focuses on changes occurring within the local NK cell populations, without fully considering
potential contributions from mature NK cells recruited from circulation. This is noteworthy
given that a significant portion of NK cells in tonsils consists of immature subpopulations
undergoing differentiation before they enter circulation'®2°2% Nonetheless, the tonsillar
explant model presents a unique opportunity to focus exclusively on NK cells that reside
within the tonsils, independent of those in circulation. Moreover, tissue remodeling by matrix
metalloproteinases (MMPs) results in the shedding of CD16%%, introducing the likelihood that
functional (CD107a"9") CD16~ SP might have initially been CD16* SP NK cells. Prior
activation could induce degranulation and CD16 shedding, a process known to be
advantageous for promoting serial killing*®. Finally, our exclusive focus on CD49a expression
may oversimplify the diversity within CD49a* NK cells, which can be further subdivided by
the expression of CD49b. Coexpression of both CD49a and CD49b identifies currently active
NK cells, while those expressing only CD49a are considered long-term residents*?'402,
Addressing these limitations will strengthen the robustness and applicability of our findings

in the broader context of immune responses to tissue infections.
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Supplementary data
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Supplementary Figure S1 (continued)
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Figure S1. Tissue-resident memory phenotype of tonsillar NK cells.

Expression of resident (CD69, CD49a, and CD103) and memory (KIRs and NKG2C) markers measured by flow
cytometry in different tonsillar tissue specimens.

(A) Gating strategy of tissue-resident memory NK cells in tonsils.

(B) Fluorescent Minus One (FMO) controls of tissue-resident memory markers expressed on tonsillar NK cells.
(C) Coexpression frequencies of memory markers within resident CD16* and CD16~ NK subpopulations.

(D-E) Frequencies of CD127*CD16~ ILCs within (D) CD45*CD14-CD19- lymphocytes and (E) CD56" cells.

(F) Frequency of resident CD127*CD16~ ILCs.

(G) Frequency of memory CD127*CD16~ ILCs.

(H) Coexpression frequencies of resident markers within CD127*CD16~ ILCs.

Median with interquartile range is represented. Statistical comparisons were performed using the Wilcoxon
matched-pairs signed rank test and the Skillings-Mack test when appropriate. Significant comparisons p<0.05.
Tonsillar samples were obtained from the patients listed in the Supplementary Table $1 and used as follows:
#1-48 and #50-56 were used for (C) and #27-43 for (D-H). Circles: CD16*; squares: CD16~.
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Supplementary Figure S2
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Figure S2. Functionality of tonsil-resident memory NK cells.

Expression of the degranulation marker CD107a and intracellular IFN-y measured by flow cytometry in different
tonsillar tissue specimens in the steady state and upon stimulation with K562 cells.

(A) Cytokine production (% of CD107a*IFN-y* cells) by resident CD16* NK cells.

(B-E) Cytotoxic degranulation (% and fold-change of % CD107a*IFN-y~ cells) by (B, C) memory CD16~ NK cells,
and (D, E) CD49a* memory CD16~ NK cells. Statistical comparisons were performed using the Wilcoxon matched-
pairs signed rank test and Skillings-Mack test when appropriate. Significant comparisons p<0.05. Red dotted line
in fold-change graphs represents FC=1 (no change). Tonsillar samples (#8-18) were obtained from the patients
listed in the Supplementary Table S1. Circles: CD16*; squares: CD16".
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Supplementary Figure S3
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Figure S3. Role of the tonsillar microstructure in the function of resident NK cells.

The effects of extracellular matrix components (collagens) were assessed in a functional coculture assay of
tonsillar NK cells against K562 cell targets (2:1 ratio) overnight (16 hours).

(A) Gating strategy of functional markers within CD16"CD49a KIRs* NK cells measured by flow cytometry.
Cytotoxic degranulation (% of CD107a*IFN-y-) by CD16-CD49a~ NK cells and cytokine production (% of
CD107a*IFN-y*) by CD16-CD49a KIRs* NK cells when cocultured with K562 target cells in suspension, on
collagen l-or IV-coated surfaces (10 pg/cm?) at a cell density of 70,000 NK vs. 35,000 K562 cells per cm?.
Statistical comparisons were performed using the Wilcoxon matched-pairs signed rank test. Significant
comparisons p<0.05. Tonsillar samples (#61-67) were obtained from the patients listed in the Supplementary
Table S1.
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Supplementary Figure S4
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Figure S4. Immune checkpoint expression patterns in tonsil-resident NK cells.
Expression levels of the inhibitory immune checkpoints NKG2A, LAIR-1, TIGIT, PD-1, and KLRG1 were analyzed
by flow cytometry in tonsillar tissue samples.

(A) Frequencies of immune checkpoint expression within resident memory CD16* NK cells.
(B) Frequencies of immune checkpoint expression within resident memory CD16~ NK cells.
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Statistical comparisons were performed using the Friedman’s test or the Skillings-Mack test, as appropriate.
Significant comparisons p<0.05. Tonsillar samples (#38-48) were obtained from the patients listed in the
Supplementary Table S1. Circles: CD16*; squares: CD16™.
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Supplementary Figure S5
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Figure S5. HIV infection of tissue explants alters the dynamics of tonsil-resident memory NK cells.
Tonsillar tissue explants were cultured on hemostatic sponges and ex vivo-infected with HIVsaL for 5 days. The
expression of resident, memory, and functional markers was measured by flow cytometry in the steady state and
upon stimulation with K562 cell coculture from uninfected and infected tissue explant cells.

(A-D) Frequencies of (A) total CD56* NK cells, (B) CD16*~ NK cell subsets, (C) resident CD16*~ NK cells, and
(D) memory CD16*~ NK cells in uninfected and infected tissue explants.

(E-F) Degranulation potential upon K562 stimulation of (E) CD16* and (F) CD16- resident NK subpopulations in
uninfected and infected tissue explants.

(G-H) Degranulation potential upon K562 stimulation of (G) CD16* and (H) CD16™ resident NK subpopulations
expressing KIRs in uninfected and infected tissue explants.
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Statistical comparisons were performed using the Wilcoxon matched-pairs signed rank test. Significant
comparisons. Tonsillar samples were obtained from the patients listed in the Supplementary Table S1 and used
as follows: #3-14, #19, #21-23, and #42-49 for (A-D) and #8-14 for (E-H). Circles: CD16*; squares: CD16-.

Supplementary Figure S6
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Figure S6. Tonsil-resident NK subpopulations have different capabilities to restrain HIV infection.

Tonsillar tissue explants were cultured on hemostatic sponges and ex vivo-infected by HIVsaL for 5 days. The
expression of immune checkpoints in tonsil-resident NK cells was measured by flow cytometry at baseline and
correlated with the ex vivo HIV infection levels (% p24* cells within CD3*CD8~ T cells). Spearman correlations of
the significant results are shown.
(A) Spearman correlation showing the relationship between HIV p24 levels in explants and the expression of PD-
1 on CD16*CD69*CD49a*CD103* NK cells on day 0.
(B) Correlation matrix showing the relationship between HIV p24 levels in explants and the expression of PD-1
on CD16* resident memory NK cells on day 0.
(C) Spearman correlation showing the relationship between HIV p24 levels in explants and the expression of
KLRG1 on CD16*CD69*CD49a*CD103* NK cells on day 0.
(D) Correlation matrix showing the relationship between HIV p24 levels in explants and the expression of KLRG1
on CD16"* resident memory NK cells on day 0.
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(E) Correlation matrix showing the relationship between HIV p24 levels in explants and the expression of PD-1
on CD16~ resident memory NK cells on day 0.

(F) Correlation matrix showing the relationship between HIV p24 levels in explants and the expression of KLRG1
on CD16~ resident memory NK cells on day 0.

(G) Spearman correlation showing the relationship between HIV p24 levels in explants and the expression of
TIGIT on CD16-CD69*CD49a*CD103~ NK cells on day 0.

(H-K) Spearman correlations and correlation matrices showing the relationship between HIV p24 levels in
explants and the expression of LAIR-1 on (H-I) CD16* and (J-K) CD16- tonsil-resident memory NK cells on day
0. Significant Spearman’s p<0.05. Tonsillar samples (#38-48) were obtained from the patients listed in the
Supplementary Table S1. Circles: CD16*; squares: CD16™.

Supplementary Table S1

# Sample Age Sex Cause of surgery
Tonsil 4y 4m Chronic snoring

-

Tonsil 4y 6m Apnea

Tonsil 5y 6m Apnea
Adenoid 7y 3m Chronic snoring
Adenoid 3y 4m N/A

Chronic snoring

Chronic snoring and apnea

2

3

4

5

6 Tonsil 5y 4m
7 Tonsil 5y 9m
8

9

Tonsil 4y 2m PFAPA syndrome
Tonsil Sy 7Tm Chronic snoring
10  Tonsil 6y 10m N/A
11 Adenoid 9y 10m Adenoid hypertrophy
12 Tonsil 4y 9m OSAHS
13  Tonsil 2y 6m OSAS

14  Tonsil 4y 10m
15 Adenoid 2y 11m
16  Tonsil 2y 6m
17  Tonsil 3y 9m
18  Tonsil 10y 5m
19  Tonsil 5y 9m
20 Adenoid 5y 6m
21 Tonsil 4y 3m
22 Adenoid 5y 3m
23 Adenoid 3y 7m
24  Tonsil 5y 8m
25 Tonsil 5y 8m
26  Tonsil 10y 1m
27  Tonsil 2y 5m
28  Tonsil 10y

29 Tonsil 6y 4m
30 Tonsil 7y 12m
31 Tonsil 4y 3m
32 Tonsil 9y 5m

Chronic snoring
Chronic snoring
OSAHS
Chronic snoring
Chronic snoring
Chronic snoring
Chronic snoring
Perforating wound and foreign body
Unspecified acute tonsillitis
N/A
Apnea
Chronic snoring and apnea
Chronic snoring and recurrent tonsillitis
N/A
OSAS and recurrent tonsillitis
Chronic snoring and apnea
Chronic snoring and apnea
Recurrent tonsillitis
Chronic snoring and apnea

T ELEEEEEEZEZEEEE MmN mEETNEEMETmEESEmMmETmETNENE

33 Tonsil 2y 9m Apnea

34 Tonsil 2y 4m Apnea

35 Tonsil 5y 9m N/A

36 Tonsil 12y 11m Recurrent acute tonsillitis
37 Tonsil 4y 2m Apnea

38 Tonsil 5y 8m Chronic snoring

39 Tonsil 6y 10m OSAS
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40  Tonsil 9y 5m OSAHS
41 Tonsil 4y 9m N/A
42  Tonsil 4y 4m N/A
43  Tonsil 16y 8m OSAHS

Recurrent tonsillitis
Peritonsillar abscess

44  Tonsil 10y 3m
45  Tonsil 15y

46  Tonsil 3y 5m OSAS

47  Tonsil 5y 5m OSAS

48  Tonsil 9y 12m OSAS

49 Adenoid 5y 8m Apnea

50 Tonsil 3y 9m N/A

51 Tonsil 4y 8m Chronic snoring
52  Tonsil 4y 9m OSAS

Chronic snoring and apnea
Chronic bilateral otorrea
Chronic snoring
Chronic snoring
Chronic snoring
Chronic snoring and apnea
Chronic snoring
Chronic snoring and apnea
Chronic snoring and apnea
N/A
Chronic snoring
Chronic snoring and apnea
Chronic snoring
Chronic snoring
Chronic snoring and apnea
OSAS

53  Tonsil 8y 10m
54  Tonsil 7y 8m
55  Tonsil 3y 7m
56  Tonsil 5y 5m
57 Tonsil 7y 4m
58  Tonsil 3y 9m
59  Tonsil 4y 3m
60 Tonsil 4y 10m
61 Tonsil 6y 8m
62  Tonsil 4y 2m
63  Tonsil 5y 11m
64  Tonsil 4y 10m
65 Tonsil 2y 11m
66  Tonsil 8y 5m
67  Tonsil 2y 3m
68  Tonsil 14y 7Tm

EEEEEnmEEEEZEEETNEEEEETNEEEESEETNEEETMNEE

Table S1. Donor characteristics of human lymphoid tissue samples.

y: year; m: month; M: male; F: female; OSAS: Obstructive Sleep Apnea Syndrome; OSAHS: Obstructive Sleep
Apnea-Hypopnea Syndrome; PFAPA: Periodic Fever, Aphthous Stomatitis, Pharyngitis, and Adenitis; N/A: not
available.
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Malgrat els avencos significatius que ha suposat la terapia antiretroviral combinada en frenar
la infeccio cronica per VIH-1 i millorar la qualitat de vida de les persones afectades, aquesta
infeccidé continua sent incurable. Una de les raons principals és que la infeccidé cronica
s'associa amb diverses alteracions del sistema immunitari, incloent-hi I'esgotament funcional
de cél-lules com les T CD8" i les NK, cosa que dificulta I'eliminacié completa de les cél-lules
latentment infectades, fins i tot en el cas que es desenvolupés una estratégia de reversio de
la laténcia totalment eficag. Per aquest motiu, en el TREBALL 1 s'ha posat l'accent en
identificar el paper de les célllules NK KLRG1* en la infeccié per VIH-1, amb l'objectiu de

restaurar-les a un estat de maxima funcionalitat.

Un altre obstacle important en la cura del VIH és l'existéncia de reservoris anatomics: teixits
on el VIH persisteix en cél-lules latentment infectades i on també es produeix una replicacio
continua a baix nivell, la qual és dificilment accessible tant per als antiretrovirals com per a
les cél-lules citotoxiques del sistema immunitari. Per aquesta rad, en el TREBALL 2 s'han
identificat les principals poblacions de cél-lules NK residents en teixit limfatic i el seu paper
en I'eliminacié de la infeccid del teixit per VIH-1. La seva importancia radica en el fet que
préviament s'ha demostrat que les cél-lules NK residents en teixit podrien posseir memoria

immunoldgica contra infeccions virals.

» El receptor KLRG1 en les cél-lules NK i CD4* com a potencial diana terapéutica en

la infeccié per VIH-1

La infeccidé per VIH-1 cronica s’associa amb una activacié immunoldgica elevada i una
resposta antiviral debilitada*32%4%3 En les ceél-lules citotoxiques clau de la immunitat
adaptativa, els limfocits T CD8*, s’ha observat una sobreexpressido de punts de control
immunologic, com ara PD-14%, LAG-3%% i TIGIT*%, que indiquen el seu esgotament funcional.
Atés que la TAR no aconsegueix normalitzar els nivells d’expressio d’ICs'534%, s’ha explorat
I's d’anticossos monoclonals bloquejants per a restaurar la funcid d’aquestes
cél-lules™3%74%  De manera similar, la infeccié per VIH també condueix a I'esgotament
funcional de les célllules NK?°33 j |la TAR tampoc restaura completament la seva
funcionalitat'®*. Per aixo, diversos estudis donen suport a I'is d’anticossos bloquejants d’ICs

per a recuperar la funcionalitat de les cél-lules NK?2°271,

A més de la sobreexpressio de receptors inhibidors, les cél-lules NK en la infeccié cronica

per VIH-1 també es veuen afectades per I'esgotament funcional dels limfocits T CD4", fet

155



IV. DISCUSSIO

que contribueix indirectament al seu malfuncionament?’2, Els limfocits T CD4* VIH-especifics
produeixen citocines essencials per a les cél-lules NK, com la IL-2, i el bloqueig de PD-1 i IL-

10 en les cél-lules T CD4* permet recuperar la seva funcio estimuladora’2.

A banda de la regulacio dels punts de control immunologic en cél-lules citotoxiques, cal
destacar les alteracions que el VIH-1 pot causar en els lligands d'aquests punts de control.
Un exemple és ['E-cadherina, que en condicions normals forma interaccions
homodimériques entre cél-lules epitelials?®2. Només quan I'E-cadherina queda lliure en forma
monomerica el receptor KLRG1 s’hi pot unir®*. Cal destacar que els monocits CD14* tenen
una elevada expressio d’E-cadherina, i en persones viremiques, el patré d’expressio d’E-
cadherina en colon esta alterat, fet que s’associa a un increment d’E-cadherina soluble en
plasma?¥’. Aixi, en aquestes condicions, el KLRG1 podria unir-se tant en sang com a l'intesti.
La infeccié cronica per VIH-1 augmenta I'expressié de KLRG1 en limfocits T CD8*%¥, i en
preséncia d’E-cadherina soluble, la seva funcié antiviral especifica es veu reduida®’. Un
fenomen similar es podria observar en les cél-lules NK KLRG17, ja que en altres infeccions
croniques com I'HCV, I'expansio de célllules NK KLRG1* amb funcié reduida ha estat

documentada®®".

En el TREBALL 1 hem demostrat que les cél-lules NK en sang de persones amb infeccio per
VIH, tant viremiques com tractades amb TAR, presenten una expressio elevada de KLRG1 a
la superficie. A més, la correlacio entre la carrega viral plasmatica i la freqiéncia de cél-lules
NK KLRG1* en sang suggereix una relacio entre la infeccio cronica i I'expressié de KLRG1,
ja que nivells elevats de carrega viral, tipics de la infeccido aguda, s’associen amb menys
KLRG1. En canvi, en persones amb carrega viral suprimida, I'expressié de KLRG1 en les
cél-lules NK esta directament relacionada amb les cél-lules T CD4* amb transcripci6 viral

activa.

També s’ha detectat la preséncia de cél-lules NK KLRG1* en els ganglis limfatics de PVV,
pero no de persones sanes. Tant pacients amb TAR com en virémics s’han observat cél-lules
NK KLRG1* en la zona T dels ganglis limfatics, perd només en virémics s’han trobat també
en la zona B, on es localitzen les cél-lules T helper fol-liculars. La sobreexpressié de KLRG1
en cel-lules NK dels ganglis limfatics en el context de la infeccié per VIH també s’ha observat
en ratolins humanitzats tres setmanes després de la infeccio, juntament amb altres punts de

control immunologic com TIGIT i PD-14",

Una analisi fenotipica detallada de les cél-lules NK que expressen KLRG1 ha revelat que la

infecci6 per VIH-1 expandeix poblacions KLRG1* terminalment diferenciades
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(KIR*CD57*NKG2A") amb caracteristiques de memoria (NKG2C™), i que la TAR no disminueix
aquesta poblacié. En consonancia amb aixd, Jost. et al. van observar que les cél-lules NK
especifiques contra el VIH tenen una expressio incrementada de KLRG1 i el receptor de
homing a I'intesti a4B7'%. Com que aquesta és una poblacié potencialment citotoxica, pero
amb una funcioé continguda per I'expressié de KLRG1, es va investigar I'efecte del bloqueig
de KLRG1 sobre la seva funcié general i especifica contra el VIH-1. Les cél-lules NK de
persones amb carrega viral suprimida per la TAR, tant KLRG1* com KLRG1~, eren capaces
de degranular i produir IFN-y enfront de les cél-lules diana K562, tot i que la resposta de les
KLRG1" era inferior. Aquests resultats indicaven que les cel-lules NK KLRG1* podrien tenir
una funcio alterada, per la qual cosa es va estudiar I'efecte del bloqueig de KLRG1 amb
anticossos monoclonals. Es va demostrar que el bloqueig de KLRG1 millora tant la
citotoxicitat natural com I’ADCC, afavorint I'eliminacio de cél-lules T CD4* autdlogues, tant

infectades ex vivo com amb VIH reactivat.

Es important destacar que aquest efecte va ser observat en un sistema de cocultiu aillat de
cél-lules NK contra T CD4" autdlogues, on les cél-lules T CD4* expressen nivells molt baixos
d’E-cadherina, tot i que es va detectar un lleuger enriquiment en les cél-lules infectades p24*.
A més, aproximadament un 5% de les cél-lules NK en sang expressen E-cadherina®®'. Per
tant, la millora en la funcié de les cél-lules NK pel bloqueig del KLRG1 podria deure’s, en
part, a l'inhibicié de la interaccié amb el lligand E-cadherina, perd no de manera exclusiva.
Aixd queda demostrat pel fet que un anticos anti-E-cadherina va mostrar una tendéncia
favorable a augmentar I'eliminacié de ceél-lules infectades. Una altra possibilitat és que les
cél-lules NK KLRG1* de persones amb VIH-1 tinguessin adherides molécules d’E-cadherina
soluble que I'anticos anti-KLRG1 podria desplagar del receptor. Una darrera explicacié
podria ser una activacio inespecifica directa a través de I'anticos anti-KLRG1; perd a I'estudi
de Wang et al. es va descartar que I'anticos anti-KLRG1 exercis els seus efectes per una
senyalitzacio positiva directa en lloc de bloquejar la senyalitzacié negativa®®'. Tot i aixo, cal
esmentar que el clon de I'anticds d’anti-KLRG1 utilitzat en aquest treball era diferent. En
qualsevol cas, vam poder demostrar que I'efecte era especific en les céllules NK KLRG1*
purificades, i a més, les cél-lules NK només tractades amb I'anticos anti-KLRG1 no van
mostrar un increment en la produccié de CD107a ni IFN-y. D’altra banda, s’ha descobert que
la senyalitzacié del receptor KLRG1 es desencadena per la dimeritzacio amb ponts disulfur
de molécules KLRG1 a la membrana cel-lular*®. El receptor de la transferrina és capag
d’acoblar-se i evitar ’lhomodimeritzacié de KLRG14%, fet que suggereix que un anticos anti-

KLRG1 podria tenir una funcié no neutralitzant similar.
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En la primera part del TREBALL 1 es va demostrar el potencial d’un anticos anti-KLRG1 per
millorar la fase de “kill” en una estratégia de cura funcional. Com que la literatura prévia ha
descrit que el bloqueig de diversos punts de control immunologic pot reactivar el VIH
integrat™?, també es va investigar la relacid entre el KLRG1 i les céllules latentment

infectades.

En PVV amb TAR, I'expressié de KLRG1 en els limfocits T CD4* correlacionava directament
amb els nivells intracel-lulars d’ARN viral. Tot i aixi, ’ADN viral total contingut en els limfocits
T CD4* KLRG1" era similar al de les KLRG1~, mentre que en ganglis limfatics, I'expressié de
KLRG1 s’associava amb cél-lules que presentaven produccié activa del virus. Es important
destacar que s’ha descrit que les cél-lules T CD4* dels ganglis limfatics que mostren una
expansié clonal amb provirus intactes estan enriquides en I'expressio de KLRG1%,
probablement perqué el KLRG1 s’ha relacionat amb la diferenciacio terminal i la senescéncia
celllular*’®. En el TREBALL 1, el bloqueig de KLRG1 amb anticossos anti-KLRG1 va
promoure la reactivacié viral, ja que va augmentar el nombre de copies d’ARN viral. Aquest
fet concorda amb el que s’ha descrit anteriorment, on només el bloqueig combinat de PD-1,
CTLA-4, TIM-3 i TIGIT s’ha mostrat més efectiu per revertir la laténcia que altres LRA, com

el vorinostat o la briostatina, quan s’utilitzen ailladament'.

La transduccio del senyal per KLRG1 implica la via de I'adenosine 5’-monophosphate (AMP)-
activated protein kinase (AMPK). Miller-Durovic et al. van trobar que el KLRG1 s’internaliza
després de lligar-se amb un anticos anti-KLRG1 agonista i s’'uneix directament a ’AMPK per
prevenir la seva fosforilacio inhibidora per les fosfatases 2C (PP2C)%°. Tedricament, la
internalitzacié del KLRG1 no podria océrrer quan s’uneix a I'E-cadherina a la superficie
d’altres ceél-lules, sind que només podria internalitzar-se quan s’uneix a I'E-cadherina soluble.
Aixi, 'E-cadherina soluble en persones viremiques podria afavorir la transcripcié viral i
augmentar la carrega viral. Cal esmentar que en la literatura ja s’ha plantejat la hipotesi que
activacio d’AMPK podria conduir a la reactivacié del VIH-1 latent a causa de I'activacio
cel-lular*'. A més, en els limfocits T CD4* de persones amb infeccié per HCV, Shi et al. van
trobar que el bloqueig del KLRG1 incrementava la fosforilacio d’Akt, comportant la inhibicio
de repressors del cicle cellular a causa d’'una minvada activitat de Foxo14'%. En
conseqiiéncia, es promou la progressio del cicle cel-lular en els limfocits T CD4* i la
proliferacié*'®. A més, Roux et al. van demostrar que la inhibicio in vitro de Foxo1 feia que
els limfocits T CD4" en repds es tornessin permissius a la infeccio per VIH-1 i indueix la

reactivacio de cél-lules latentment infectades*'.
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En conclusio, s’ha demostrat que el bloqueig del KLRG1 amb anticossos monoclonals podria
tenir un efecte tant sobre la fase de “shock” com la de “kill” en una estratégia de cura
funcional. En aquest sentit, la companyia Abcuro, Inc. (Newton, USA) esta actualment
desenvolupant anticossos anti-KLRG1. En la seva cartera de farmacs en estudi, han
dissenyat un anti-KLRG1 bloquejant per al tractament de multiples tumors solids (programa
preclinic ABC-015) i podria ser d’utilitat per la cura funcional del VIH-1. A més, han
desenvolupat un altre anticds anti-KLRG1 que depleciona les cél-lules KLRG1* amb la finalitat
de tractar malalties autoimmunes (programa preclinic ABC-008), perd també podria ser

d’utilitat per a reduir el reservori viral de VIH-1.

» Paper de les cél-lules NK residents en amigdala en el control de la infeccié per VIH-
1

A causa de I'elevada replicacio viral en els reservoris anatdmics, és crucial investigar la
resposta antiviral de les cél-lules NK ja residents en el teixit, ja que serien de les primeres
céllules NK en enfrontar-se al VIH de manera local. Aquestes cél-lules NK ofereixen una
resposta contundent contra reinfeccions!'2221.222381 | mostren caracteristiques de memoria
en persones vacunades??2?2, Concretament, s’ha descrit aquesta funcié de memoria en les
céllules NK CD16"CD49a* residents, i sovint s’associa a I'expressié de KIRs i NKG2C,
independent de I'estat serologic per a HCMV?%. Aixo planteja la possibilitat que la infeccié
per VIH també indueixi memoria en aquestes ceél-lules NK residents, la qual cosa les fa

candidates per estratégies vacunals contra el VIH.

En la infecci6 per VIH, s'ha observat que en ratolins humanitzats BLT vacunats amb cel-lules
dendritiques singéniques carregades amb la proteina d'envolta Env del VIH, les cél-lules NK
residents al fetge eliminen especificament les cél-lules diana amb els péptids vacunals 14
dies després de la vacunacié??!. De manera similar, en models d'infeccié amb SHIVsg1ezps i
SIVmac2s1 €N primats no humans, s'ha detectat I'expansié de les cel-lules NK residents al
fetge®®', que llisen especificament les cél-lules dendritiques autdlogues que han capturat
peptids Env i Gag*'®. Aquest efecte també s'ha observat en macacos vacunats amb Ad26,
on les cél-lules NK residents al fetge llisen les cél-lules diana amb antigens coincidents fins
a 5 anys després de la vacunaci6*'®. En aquest cas, el bloqueig amb anticossos monoclonals
va demostrar que la citotoxicitat especifica estava mediada pels receptors NKG2A i
NKG2C*"®. A més, la infecci6é per SIV en micos verds africans va confirmar I'expansié de
cél-lules NK NKG2A"" en organs limfatics secundaris, les quals responen especificament a

peptids SIV Env presentats per HLA-E®**. Recentment, s'ha confirmat que les cél-lules NK
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humanes especifiques d'antigen de la sang utilitzen l'eix NKG2C-HLA-E per eliminar

cel-lules infectades pels virus del VIH i la grip'®.

Es important destacar que, tot i que els models animals ofereixen una comprensié detallada
de la dinamica de les cél-lules ILCs i NK en diferents teixits i les seves respostes davant
diverses patologies, poden existir diferéncies significatives entre espécies que limiten la seva
aplicabilitat directa als humans. Com a alternativa als models animals, els cultius d'explants
de teixit huma s'han convertit en una eina valuosa. En el TREBALL 2, s’ha utilitzat aquest
model amb reseccions d’amigdales humanes, un teixit limfatic secundari, per explorar la
funcionalitat de les cél-lules NK. Es va dur a terme una caracteritzacié fenotipica i funcional
d'aquestes cél-lules, observant-se diferéncies importants entre les subpoblacions de
célllules NK CD16* i CD167, tot i que ambdues subpoblacions CD69* coexpressen CD49a
i/o CD103.

Per exemple, les cél-lules NK CD16~ SP mostren una expressio basal elevada del marcador
de degranulacio CD107a en comparacio amb les seves equivalents CD16* SP. A més, les
cél-lules NK CD16"CD49a" degranulen (CD107a*) i produeixen IFN-y de manera més eficient
que les CD16* quan es cocultiven amb cél-lules diana K562. La preséncia de receptors KIRs
en les CD16-, especialment en les CD49a*, identifica célllules que produeixen grans
quantitats d’IFN-y. Encara que tant les cél-lules NK CD16~ DP com les TP produeixen nivells
similars d’IFN-y, difereixen en I'expressié de receptors clau. Cal destacar que les cél-lules
NK CD103" (CD49a"") de les amigdales sén majoritariament NKp44*, una poblacio
préviament identificada com a intraepithelial-like ILC1s, amb una elevada capacitat citotoxica

i proinflamatoria quan s'estimulen amb IL-12 i IL-15"7°.

D'altra banda, una possible explicacio per a la resposta diferencial entre les cél-lules CD16*
i CD16™ podria estar relacionada amb l'expressido predominant dels receptors inhibidors
NKG2A i TIGIT en les cél-lules NK CD16*. En canvi, les cél-lules NK CD16~ presenten un
patré d'expressié del NKG2A que varia en funcié de I'expressié dels receptors de residencia
analitzats, amb les CD16~ SP mostrant nivells més baixos d'aquest receptor. Per contra,
I'expressio del receptor inhibidor de col-lagen LAIR-1 és abundant en les cél-lules NK SP.
Aquesta inversio en l'expressio dels receptors NKG2A i LAIR-1 podria reflectir els diferents

rols funcionals de les cel-lules NK residents segons la seva localitzacié tissular.

Degut a la naturalesa tissular d’aquestes cél-lules NK i a la seva expressid de receptors de
col-lagen com el LAIR-1 i CD49a, s’ha investigat la possible implicacié dels col-lagens I i IV

en la funcionalitat de les cél-lules NK residents a les amigdales. La literatura prévia ha descrit
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que els limfocits CD49a* mostren una gran mobilitat a través de les fibres de col-lagen,
mentre que les cél-lules CD103* es mantenen retingudes en preséncia d’E-cadherina®3. En
el TREBALL 2, s’ha confirmat que les cél-lules NK CD16"CD49a* s’adapten a I'arquitectura
tissular, ja que els andamis de col-lagen potencien la seva polifuncionalitat, probablement
gracies a una major migracio i un major nombre de contactes amb cel-lules diana. El CD49a,
un receptor amb alta afinitat pel col-lagen IV, que recobreix I'endoteli i I'epiteli, facilita la
migracié de les célllules NK en aquests espais®®*4'®, Les cél-lules NK CD16"CD49a* sén
conegudes per la seva hiperproduccio d’IFN-y en diversos teixits i patologies?'"??, tot i que
mostren una funcié citotoxica reduida’"2'8253 No obstant aixo, poden adquirir una funcié
citotoxica en resposta a I'estimulacié amb la citocina IL-15%8, la produccié de la qual
augmenta durant les infeccions actives de teixit*'”. De fet, entre les multiples funcions de la
citocina pliotropica IFN-y, s’inclou I'activacio de cél-lules dendritiques®® i epitelials mitjangcant
IRF13%, que pot induir la produccié d’IL-15 i establir una retroalimentacié positiva. Aixo
suggereix que la produccio d’IFN-y podria servir com a senyal d’alerta per a infeccions
emergents, i que, si la infeccio es cronifica, les cél-lules NK residents podrien desenvolupar
una major capacitat citotoxica®®. A més, I'IFN-y autocri augmenta directament la citotoxicitat
i motilitat®”®, i pot exercir una citotoxicitat directa contra cél-lules tumorals que expressen el
receptor d’IFN-y (IFN-yR)#'®. Malauradament, en el cas del VIH, les cél-lules infectades sén
les T CD4", que expressen naturalment IFN-yR, facilitant la seva activacio i diferenciacio en
Th149,

La hipdtesi inicial plantejava que les cél-lules NK CD16"CD49a*KIRs"NKG2C* podrien jugar
un paper crucial en la resposta contra la infeccio hiperaguda per VIH-1 en el teixit limfatic. A
més de mostrar una gran polifuncionalitat i adaptabilitat a la migracié tissular, hem observat
que aquestes ceél-lules presenten I'expressiéo més alta de CXCRS5. EI CXCR5 és un receptor
clau per a la migracié cap als follicles B, on es localitzen els limfocits Tfh que repliquen el
VIH-1 profusament®:92, En concordanga, Massoni-Badosa et al. van trobar que els fol-licles
B estan delimitats per limfocits CD49a*?*°. No obstant aix0, cal destacar que les cél-lules
CD49a" es localitzen principalment a la periféria dels fol-licles B, i no dins dels centres
germinals, on es troben principalment les cél-lules Tth. A més, els fol-licles B estan envoltats
per una capa densa de col-lagen®, la qual podria limitar la penetracié de les cél-lules NK

CD49a* en aquestes zones.

Gracies al model d’infeccio ex vivo en amigdales, s’ha pogut establir una connexio entre les
diverses subpoblacions de cel-lules NK residents i la replicacié viral en el teixit limfatic.

Encara que no es van observar canvis significatius en les freqiéncies generals de les
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cél-lules NK CD16*~ a nivell poblacional, es va detectar un augment en I'expressio de KIRs
en les cél-lules NK CD16* DP. A més, es va observar una expansio de les ielLC1s cinc dies
després de la infeccio ex vivo. Aquesta expansio podria suggerir que la resposta global en
els explants afavoreix la secrecié de citocines com la IL-12, IL-15 i TGF-B, les quals son

determinants en I'expressié de CD49a i CD103 i en la generaci6 de les ielLC1s'70:398:420,

Pel que fa a la funcionalitat de les cél-lules NK en el model d’explants, es va observar una
pérdua completa en la produccio d’IFN-y per part de les cél-lules NK estimulades. No obstant
aixd, es mantenien les subpoblacions de cél-lules NK residents que, en condicions fresques,
esdevenien CD107a* quan es cocultivaven amb les K562. Les cél-lules NK CD16* TP KIRs™*
ilo NKG2C™ es correlacionaven amb una infeccio reduida ex vivo, mentre que I'expressio de
punts de control immunologic en aquestes cel-lules tenia un impacte negatiu. La repeticio
de I'assaig funcional amb cél-lules NK exposades ex vivo al VIH-1 va revelar que la poblacié
general de cél-lules NK CD16*CD49a* estava esgotada funcionalment. Aquests resultats son
coherents amb els observats en ratolins humanitzats, on tres setmanes després de la
infeccio, les cél-lules NK de diversos teixits com el fetge, la melsa i els ganglis limfatics
mostraven un augment en I'expressié de KLRG1, PD-1 i TIGIT*?". En canvi, la poblacio
general de cél-lules NK CD16~ SP va mostrar una activacié amb la infeccié ex vivo, mentre
que les ceéllules NK CD16~ SP KIRs* van augmentar la seva capacitat maxima de
degranulacié alhora que disminuien I'expressié de LAIR-1 i TIGIT. A més, una major
abundancia de cél-lules NK CD16~ SP KIRs* en els explants es correlacionava amb nivells
més baixos d’infeccid ex vivo, i la poblacié total de cel-lules NK SP presentava la maxima

citotoxicitat contra cél-lules T CD4* autologues recentment infectades.

Donada la funcionalitat dual que promovia la infeccio ex vivo per VIH, es va avaluar si aquesta
infeccio tenia implicacions directes en la capacitat d'eliminar cél-lules infectades. Els assajos
funcionals, que comparaven cel-lules NK exposades i no exposades al VIH-1 en els explants,
no van mostrar ni millores ni deterioraments significatius en I'eliminacié de cél-lules
infectades. Malgrat que I'exposicio al VIH en els explants originava alteracions especifiques
en diverses subpoblacions de cel-lules NK residents, només es va poder estudiar la capacitat
citotoxica global de les ceél-lules NK d’amigdala exposades al VIH, ja que el nombre de
cél-lules disponibles era técnicament insuficient per realitzar assajos detallats d’eliminacio
de cél-lules T CD4" infectades autdlogues. Aquesta limitacié destaca la necessitat d'emprar
técniques amb una resolucié més alta per determinar la citotoxicitat especifica de les
diferents cél-lules NK residents contra les cél-lules T CD4" infectades, com les técniques de

microfluidica que permeten analitzar I'efecte citotoxic individual de cada cel-lula NK*2',
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D’altra banda, les cél-lules NK CD16~ CD103*, que inclouen les ielLC1s, també es van
associar amb el control de la infeccié ex vivo dels explants, perd van mostrar una baixa
activitat anti-VIH directa. A més, el cocultiu prolongat de 5 dies en suspensio es va realitzar
en preséncia d'lL-2, una citocina que promou la supervivéncia de les cel-lules T CD4" i NK
in vitro. Tanmateix, I'lL-2 utilitzada per al manteniment podria haver estimulat les cél-lules
NK, ja que es coneix que aquesta citocina pot provocar una sobreexpressio de receptors
d’activacié®, alterant aixi el comportament natural de les cél-lules NK residents a les
amigdales. A més, la preséncia de cél-lules accessories en els explants d’amigdala podria
haver influit en la resposta de les ielLC1s, per exemple, a través de la produccio d’IL-152093%,

augmentant aixi la seva resposta davant la infeccio.

Aquestes ielLC1s es localitzen principalment en els epitelis de les criptes i la superficie de
les amigdales'”, un organ limfatic secundari especialitzat amb una naturalesa mucosa i
funcio de barrera, atés que esta exposat a la cavitat oral. En canvi, els ganglis limfatics, que
no presenten un epiteli protector, no contenen cél-lules NKp44*CD103*'"°. La correlacio
observada entre les ielLC1s i una menor infeccio en els explants podria ser atribuida a la
técnica d’infeccié ex vivo, en la qual el virus s’aplica directament sobre la superficie dels
blocs d’amigdala. Aixd implica que una part de I'epiteli de les amigdales queda exposat
directament al VIH-1, mentre que en una infeccid sistémica natural, el VIH-1 accedeix a
través de les venules d’endoteli alt i els vasos limfatics*?2. Tot i que les amigdales estan
exposades a I'exterior, la transmissié del VIH-1 per la orofaringe és molt poc frequent en
humans*?®. Quan es segella I'epiteli en estudis ex vivo amb explants d’amigdala, el VIH-1 pot
infectar els limfocits localitzats a I'epiteli, perd0 no mostra signes de progressid més
endins***425, No obstant, en models de transmissio oral de SIV en macacs rhesus, si que s’ha
observat la infeccid de limfocits T CD4* presents en I'epiteli de les criptes d’amigdala“®?.
L’epiteli amigdalari, de naturalesa plana i estratificada*?’, ofereix multiples capes de barrera.
Altres virus, com el virus del papil-loma huma (VPH), poden infectar directament I'epiteli de
I’amigdala*?®4?, i les ielLC1s han demostrat ser beneficioses contra el cancer oral promogut
per VPH?'°. En el cas del VIH-1, les ielLC1s, presents també en la mucosa intestinal, podrien
jugar un paper clau en combatre I'entrada del VIH a través d'aquesta via. L’epiteli rectal, a
diferéncia de la mucosa amigdalaria, és una monocapa columnar simple*®, i la infeccié per

via rectal esta molt més frequient*3'.

Les discrepancies entre la citotoxicitat observada in vitro i el comportament en el teixit també
es van evidenciar en els experiments amb cocultius tridimensionals, que simulen la matriu

intersticial dels teixits. En aquests models, la preséncia de col-lagen dens va impedir la
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degranulacid i la produccio d'IFN-y per part de les cél-lules NK d’amigdala. Mentre que el
col-lagen IV també va inhibir la mort de les cél-lules K562, el col-lagen | no va mostrar aquest
efecte. Aquesta inhibicié funcional podria estar relacionada amb I'elevada expressio del
receptor LAIR-1. No obstant aixo, les cél-lules NK podrien seguir matant les K662 mitjangant
mecanismes independents de la degranulacié, com la mort cel-lular induida pels lligands
FasL o TRAIL. A més, mentre que el col-lagen | forma naturalment la matriu intersticial
tridimensional, el col-lagen IV forma una barrera densa en dues dimensions a la membrana
basal que recobreix epitelis i endotelis. En contrast, el col-lagen IV tridimensional es troba
sovint en tumors*¥24%, on pot dificultar la infiltracio de limfocits citotoxics. De manera similar,
en el teixit limfatic®27534 i en l'intesti'®?1%3, s’ha observat que la infeccié per VIH-1 provoca
la deposicio de col-lagen, la qual podria interferir amb I'accioé de les cél-lules NK. Aixi, és
important considerar l'adaptacié al microambient que podrien tenir les cél-lules NK residents,
més enlla de la seva capacitat citotoxica directa observada in vitro. Per exemple, s’ha
demostrat que els limfocits citotoxics poden migrar per la matriu intersticial perforant
tunels®*, i I'alliberament focalitzat de granzima B facilita el travessament de la membrana

basal®®®.

Per tant, el model d’infeccié en explants d’amigdala ha revelat els primers signes
d’alteracions en les cél-lules NK residents, perd un periode de només 5 dies podria ser
insuficient per detectar canvis més profunds. Les cél-lules NK presents de manera natural
en el teixit limfatic podrien no reaccionar amb prou rapidesa a la infeccio per VIH-1, cosa
que permetria I'establiment de la replicacié viral. Les amigdales, a més, sén reconegudes
com a organ crucial per a la maduracié i diferenciacié de les cél-lules NK'°2%° Aixi doncs,
tant les vacunes terapéutiques com les preventives haurien d’enfocar-se en garantir una
infiltracio sostinguda de cél-lules NK madures i citotoxiques, ja sigui mitjancant el reclutament
de ceéllules NK des de la circulacio cap al teixit limfatic o potenciant la citotoxicitat de les

cél-lules NK ja presents en el teixit.

En aquesta direccio, I'estratégia més investigada és I'administracié de la citocina IL-15,
especialment en forma de complex superagonista amb el receptor transpresentador IL-
15Ra. In vitro, aquest superagonista ha demostrat millorar el metabolisme energétic de les
célllules NK?¢ i equipar-les amb molécules citotoxiques en diferents teixits?'826°,
Principalment, el complex superagonista IL-15/IL-15Ra aconsegueix rescatar la citotoxicitat
de les cellules NK contrarestant I'efecte immunosupressor del TGF-B?'2. També s’ha
observat que la IL-15 administrada a ratolins humanitzats inhibeix I'infeccié aguda per VIH-

143, A més, I'administracié subcutania del superagonista d’IL-15 N-803 mobilitza cél-lules
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IV. DISCUSSIO

NK i T CD8"* de la sang periférica cap als fol-licles B en macacos rhesus infectats amb SHIV
sota tractament antiretroviral®®. En la infeccid natural per SIV en micos verds africans
existeixen celllules NK terminalment diferenciades amb baixa expressio d’NKG2A, que
s’acumulen en els 6rgans limfatics secundaris i poden evadir la inhibicié6 promoguda per
I'HLA-E present en cél-lules T CD4* infectades?®*. Donada la rellevancia d’aquesta expansié
de cél-lules NK amb baixa expressié d’NKG2A, i el fet que precisament hem observat una
elevada expressio d’NKG2A en les céllules NK residents en teixit limfatic, convindria
dissenyar terapies dirigides a bloquejar I'eix inhibidor NKG2A-HLA-E. En aquest sentit, s’han
generat complexes que combinen un anticos anti-NKG2A amb el superagonista d’IL-15, que
ha demostrat augmentar la capacitat de les cél-lules NK d’eliminar cel-lules infectades per
VIH-1 in vitro™’. Actualment, el superagonista d’IL-15 N-803 es troba en investigacié en
diversos assaigs clinics, tant per al tractament de tumors (NCT01946789, NCT06239220,
NCT04247282) com per avaluar els seus efectes en el reclutament de CTLs als fol-licles B
(NCT04808908) i per combatre la persistencia del VIH-1 en ganglis limfatics durant la
infeccio aguda (NCT04505501).

Finalment, podem concloure que els punts de control immunologic apareixen en etapes
especifiques durant la infeccioé per VIH-1. En el TREBALL 1, es va observar que les cél-lules
NK KLRG1* només es trobaven en els ganglis limfatics de persones amb infeccié cronica
per VIH. En el TREBALL 2, es va identificar que les cél-lules NK CD16*CD49a* rapidament
perden funcionalitat i sobreexpressen PD-1 5 dies després de la infeccid. En contrast, els
receptors inhibidors NKG2A, LAIR-1 i TIGIT es mantenen altament expressats de manera
constitutiva en les cél-lules NK residents al teixit limfatic. Aixi, el bloqueig d’aquests receptors
inhibidors podria esdevenir clau en una estratégia “shock and kill” mediada per cél-lules NK
i dirigida als reservoris anatomics. A més, la inhibicié de TGF-27727943543¢ podria ajudar a
reduir la immunosupressio general que es produeix en el teixit infectat, mentre que
’administracié conjunta d’IL-15 seria fonamental per mobilitzar les cél-lules NK cap als
fol-licles B#82%7, De fet, la IL-15 augmenta I'expressio del CD49a2%83973% i nosaltres hem
observat que les cél-lules NK CD49a*KIRs*NKG2C* mostren una alta expressio de CXCR5*,
indicant el seu potencial per combatre la infeccio per VIH-1 en teixits limfatics. A més, atés
que aquestes céllules poden adquirir memoria immunoldgica contra infeccions
virals!12:221222381 ' |5 seva manipulacié podria ser decisiva per blindar els fol-licles B de la

infeccid per VIH-1.
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Les cél-lules NK KLRG1* estan enriquides en pacients amb VIH virémics, i la terapia

antiretroviral (TAR) no restableix I'expressio de KLRG1 als nivells normals.

Les cél-lules NK KLRG1* es localitzen especificament en els ganglis limfatics de les
persones amb VIH, i només en individus amb virémia es poden trobar presents dins els

fol-licles B.

L'expressio de KLRG1 en cél-lules NK de sang periférica correlaciona directament amb
la transcripcid activa del VIH en pacients amb TAR, essent un indicador de I'estat de la

infeccid cronica.

L'expressio de KLRG1 es troba especialment enriquida en cél-lules NK diferenciades

terminalment i de memoria (NKG2C").

Les cél-lules NK KLRG1* presenten una capacitat citotoxica i proinflamatoria reduida en

comparacié amb les cél-lules NK KLRG1~.

El bloqueig de KLRG1 amb un anticos monoclonal restaura la polifuncionalitat

exclusivament en les cél-lules NK KLRG1*.

El bloqueig de KLRG1 augmenta I'eliminacio per cél-lules NK de cél-lules T CD4*

infectades ex vivo i de cél-lules latentment infectades amb VIH reactivat.

L'expressio de KLRG1 es troba enriquida en cél-lules T CD4* amb infeccié productiva del
VIH.

El bloqueig de KLRG1 incrementa la transcripcié viral en cél-lules T CD4* infectades.

L'anticos anti-KLRG1 té el potencial de funcionar com una eina dual en l'estratégia de
"shock and kill".

Les cellules NK residents en les amigdales humanes mostren una diversitat funcional
influenciada per l'expressid de diferents marcadors de residéncia i punts de control

immunologic.

Les cél-lules NK CD16CD49a*KIRs* d’amigdala exhibeixen la maxima resposta
polifuncional, amb una diversificaci6 de funcions influenciada per la preséncia

d'elements de la matriu extracel-lular.

El model d'infeccio ex vivo en explants d'amigdales permet analitzar els canvis en les

cél-lules NK induits per la infeccié pel VIH.
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V. CONCLUSIONS

L'elevada preséncia de cél-lules NK CD16" TP KIRs*/NKG2C*, CD16~ SP KIRs* i CD16~
CD103" s6n factors predictius d'una replicacio viral atenuada en un model d'explants

d'amigdala.

Les cél-lules NK SP presenten la maxima citotoxicitat dirigida contra limfocits T CD4*

infectats entre les diferents subpoblacions residents.

Les cél-lules NK CD103* presenten una citotoxicitat directa disminuida contra limfocits T
CD4" infectats, i la infeccio ex vivo expandeix la fraccié CD16"NKp44*CD103* (ielLC1s).

La infeccid per VIH ex vivo provoca una rapida expressid de KIRs en les cél-lules

CD167CD49a", tot i que es detecta una tendéncia al seu esgotament funcional.

La infeccio per VIH ex vivo estimula moderadament la capacitat funcional de les cél-lules
NK CD16~ SP KIRs".

L'exposicio al VIH-1 en explants d'amigdales durant 5 dies no indueix canvis significatius
en la capacitat de les cél-lules NK residents d'eliminar directament cél-lules T CD4*

autologues infectades.
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Els resultats obtinguts a partir d’aquests estudis han obert noves vies d’exploracio. Atesa
I’elevada expressio de TIGIT, NKG2A i LAIR-1 en les cél-lules NK del teixit limfatic, i tenint en
consideracio la idoneitat dels anticossos anti-KLRG1 per a I'estrategia “shock and kill”, podria
ser beneficids considerar una terapia combinada que integri un superagonista d’IL-15 amb
anticossos bloquejants d’aquests receptors inhibidors per desbloquejar el maxim potencial
citotoxic de les cél-lules NK residents. En aquest sentit, hem desenvolupat un anticdos huma
biespecific contra KLRG1 i TIGIT, el qual actualment es troba en fase d’estudi. Tot i la
prometedora naturalesa d’aquesta terapia combinada d’immunoterapia, caldria avaluar amb
detall les possibles reaccions adverses d’autoimmunitat, ja que la inhibicié d’aquests

receptors podria desregular la resposta immune inespecifica en cél-lules NK no educades.

Donat que I'exposicio al VIH en explants d’amigdala ha revelat efectes variats en la capacitat
funcional de les cél-lules NK residents, es continuara investigant aquests efectes amb més
profunditat. Seguint aquesta linia, s’esta treballant en [I'optimitzaci6 de la técnica
experimental per mesurar I’eliminacio dels limfocits T CD4* infectats. D’altra banda, estem
mesurant les citocines produides pels explants infectats que podrien influir en les cél-lules
NK residents. Per tal de detectar possibles canvis subtils que podrien ser inapreciables per
citometria, hem generat dades de single-cell RNA-seq de les cél-lules NK exposades al VIH

en els explants, les quals actualment estem interpretant.

Paral-lelament, al laboratori també estem investigant les diverses poblacions de cél-lules NK
residents al colon, un reservori principal i lloc d’entrada del VIH-1. Les cél-lules NK CD49a*
i CD103* podrien ser clau en la resposta inicial a la infeccié per VIH-1, donat que es localitzen
al llarg de I'epiteli i a nivell intraepitelial. No obstant aix0, el seu potencial citotoxic podria
estar limitat. Per tant, sera essencial desenvolupar estratégies per generar cél-lules NK
residents de memoria contra el VIH-1, com les cél-lules NK CD49a*KIRs*NKG2C*, que

podrien constituir la primera linia de defensa a la barrera epitelial intestinal.
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