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CAPITULO 1

Receptores especificos para moléculas MHC de clase | en la infeccidn por

citomegalovirus



1. RECEPTORES ESPECIFICOS PARA MOLECULAS MHC DE CLASE |

Las funciones de los leucocitos estan reguladas por el equilibrio establecido entre sefiales inhibidoras
y activadoras, que contribuyen a mantener la homeostasis del sistema inmunitario' ™. Los receptores
y co-receptores estimuladores determinan la respuesta frente a antigenos extrafios o patdgenos
mientras que los receptores inhibidores bloquean la cascada de sefializacion iniciada por los
activadores, contribuyendo a limitarla y previniendo una respuesta contra antigenos propios Varios
grupos de receptores estdn implicados en el control de los diferentes tipos celulares del sistema
inmunitario. En los ultimos afios se han ido identificando varias familias de receptores de membrana,
de las superfamilias de las inmunoglobulinas (Ig) o de las lectinas de tipo C que se resumen en la
tabla 1 7.

La mayoria de estas familias de receptores incluyen tanto miembros con funcion activadora
como inhibidora y con excepciones se expresan exclusivamente en células de origen
hematopoyético. Algunos receptores como ILT/LIR (lg-like transcripts o leucocyte Ig-like
receptors), PIR-B (Paired Ig-like receptors-B), CD66a y LAIR ( inhibitory leukocyte-associated Ig-
like receptor-1) se encuentran ampliamente distribuidos en diferentes linajes de leucocitos, mientras
que otros como KIR (killer 1g-like receptors), CD94/NKG?2, FcyRIIB, CD22, CD72 y KLRG1 (killer
cell lectin-like receptor G1) tienen una distribucion mas restringida. Gran parte de los genes del
grupo de receptores tipo Ig se localizan en el cromosoma 19 humano (19q13.1-19q13.4), mientras
que sus ortologos se encuentran en la region sinténica del cromosoma 7 del ratén. A su vez, los
genes que codifican para los receptores de tipo lectina se localizan en el brazo corto del cromosoma

12 humano, y en la region sinténica del cromosoma 6 de raton.



Capitulo 1

Tabla 1. Receptores activadores e inhibidores en leucocitos humanos

Receptor Expresion Ligando Familia
Receptores inhibidores y activadores
FcyR Basofilos, mastocitos, monocitos, macrofagos, IgG Ig-SF
células B y NK
KIR Células NK y subpoblaciones de linfocitos T MHC de clase I Ig-SF
ILT/LIR Linfocitos y células linfoides MHC de clase I, UL18 Ig-SF
del citomegalovirus
humano (HCMV) y (?
CMRF35 Células NK, B, micloides y subpoblaciones de ? Ig-SF
linfocitos T
CD94/NKG2  Células NK y subpoblaciones de linfocitos T HLA-E Lectina
NKR-P1 Células NK y subpoblaciones de linfocitos T~ ;? Lectina
SIRP Células hematopoyéticas y no hematopoyéticas CD47 Ig-SF
Receptores inhibidores
LAIR-1 Linfocitos y células mieloides 4? Ig-SF
CD22 Células B a. sialico Ig-SF
SIGLECs Células mieloides, linfocitos T, B, NK a. sialico Ig-SF
CD66a Neutrofilos, células T y NK activadas, células CD66, CD62E Ig-SF
epiteliales y endoteliales
KILRGI1 Mastocitos, basofilos, células T y NK 4? Lectina
CD72 Células B .? Lectina
Receptores activadores
NKG2D Células NK, mieloides y subpoblaciones de MICA/B, ULBP1/2/3/4 Lectina
linfocitos T
NKP46/44/30  Células NK Hemaglutinina viricas, Ig-SF

pp65 (HCMV)y ¢?

Un mismo tipo de leucocito puede expresar simultineamente varios de estos receptores

activadores y/o inhibidores, confiriendo a la célula mecanismos alternativos/complementarios para

controlar el proceso de activacion en respuesta a diferentes ligandos. Asi, las células NK presentan
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Receptores especificos para moléculas MHC de clase I en la infeccion por citomegalovirus

KIR, ILT2 y/o CD94/NKG2, mientras que las células B emplean FcyRIIB, CD72, PIR-B, ILT2 y
CD22.

Los receptores activadores, especialmente el receptor de células T (TCR) y el receptor de
célula B (BCR), son esenciales para el reconocimiento de antigenos extrafios o patdgenos por el
sistema inmunitario. Estos receptores se componen de la unidad de unién al ligando y de proteinas
trasmembrana asociadas tales como CD3¢&, cadena y del FceRI o DAP12 (DNAX activating protein
of 12 kDa), que inician la cascada de sefializacion. Los dominios citoplasmaticos de estas proteinas
adaptadoras contienen dominios ITAM (immunoreceptor tyrosine-based activation motif) cuya
secuencia consenso es Yx(2)Lx(6-8)Yx(2)L (donde x representa cualquier aminoacido, y los otros
residuos estan representados por la letra coédigo correspondiente). Estas proteinas adaptadoras son
fosforiladas en sus ITAMs, probablemente por una quinasa de la familia src, reclutando las tirosina
quinasas ZAP70 y/o Syk que transducen sefales activadoras a través de la fosforilacion de proteinas
tales como fosfolipasa C-g (PLC-g), c-Cbl, p85 PI3K (phosphatidylinositol 3-kinase), Grb2, LAT
(linker of activation of T cells), Vav-1 y Vav-2, Rho, p38 MAPK (mitogen activated protein kinase)
y ERK (extracellular signal-regulated kinase), que activan las funciones efectoras de las células.
Algunos receptores activadores también se pueden asociar a la molécula adaptadora DAP10 (DNAX
activating protein of 10 kDa) que contiene el motivo YxxM, que al fosforilarse recluta la subunidad

p85 de la PI3K, implicando también a las proteinas Vavl, Rho, GTPasas y PLC (Figura 1) '*'".
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Figura 1. Sefializacion en las células NK. Representacion esquematica de las principales vias de
transduccion de sefiales tras la estimulacion de los receptores activadores acoplados a DAP10 o a

adaptadores con dominios ITAM !

La caracteristica comun de los receptores inhibidores es su capacidad para atenuar las sefales
iniciadas por los receptores activadores * . El mecanismo de transduccién de sefiales inhibidoras es
analogo para todos estos receptores, que contienen en su tallo citoplasmico un numero variable de
secuencias denominadas ITIM (immunoreceptor tyrosine-based inhibitory motif) cuya secuencia
consenso es V/IxYxxL/V. Al ser fosforilados por una tirosina quinasa de la familia src, los ITIM
ensamblan fosfatasas con dominios de homologia a src tipo II (SH2) que intervienen en la funcion
represora. De ellas, SHP-1 y SHP-2 tienen como substratos otras proteinas fosforiladas en tirosina,

mientras que SHIP actiia sobre fosfatos de inositol '*'"'* (Figura 2).
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Activating multimeric receptors
ITIM-bearing containing ITAM (TCR, BCR, FcR) ITIM-bearing
receptor receptor

SLP-76

® ®

Downstream effectors
PI3K

PLCy
Grb2
Vav
Chl
Nck

Figura 2. Esquema del funcionamiento de receptores que contienen dominios ITIM. Después de la

activacion de estos receptores, los dominios ITIM se fosforilan y reclutan fosfatasas como SHP-1. El

sustrato de la SHP-1 incluye varias proteinas fosforiladas en las tirosinas, tales como receptores que

contienen dominios ITAM, quinasas de la familia src o syk, o proteinas adaptadoras. La

desfosforilacion de estas proteinas conlleva a la extincion de las vias de sefializacion activadoras .

Aunque los receptores activadores e inhibidores reconocen ligandos diferentes en la

superficie celular, en ocasiones se encuentran pares de receptores activadores e inhibidores con

dominios extracelulares tan relacionados que unen ligandos similares aunque con distinta afinidad.
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Capitulo 1

Este es el caso de algunos receptores especificos para moléculas del complejo principal de
histocompatibilidad (MHC) de clase I que se describen a continuacién '* > "(figura 3A y 3B). La
funcion de estos receptores fue estudiada en primer lugar en las células natural killer, aunque
también controlan la respuesta adaptativa mediada por otros linfocitos y regulan parte del equilibrio
entre las senales inhibidoras y activadoras de diferentes tipos celulares tales como macréfagos,

. , ros s 7 4,1
monocitos y células dendriticas que también expresan estos receptores * 7.

IgG 4 ? HLA-Bw4? HLA-C? ? HLA-E MICA T
o c2:
c2} c2} c2t (c2: c2$

KIR3DS1 l KJMDES a
KARAP/ Karap DAP-10 FeRy
KARAP/ DAPI12 DAPI2
DAP12
KIR2DS1
S2
CD3; CD3g 83
FeyRIII NKpd6 NKp44 KIR-S NKG2C  NKG2D NKR-P1C
(CD16)
Immunoglobulin-like receptors Lectin-like receptors
U ITAM
Y PI3K

‘ docking site

Figura 3A. Receptores activadores expresados en células NK humanas .
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Figura 3B. Receptores inhibidores especificos para moléculas del complejo de histocompatibilidad

de clase I '8,

1.1 RECEPTORES DE LA SUPERFAMILIA DE LAS INMUNOGLOBULINAS

1.1.1 KIR

Los receptores de la familia KIR son proteinas tipo Ig cuyos genes se agrupan en el cromosoma
19q13.4, y que se expresan en células NK asi como en una subpoblacion de linfocitos T '*!. Se han
identificado 15 genes y dos pseudogenes pertenecientes a esta familia, algunos de los cuales
presentan polimorfismo alélico y diferentes isoformas generadas por procesamiento alternativo. Se

ha propuesto una clasificacion basada en sus caracteristicas estructurales (Tabla 2). Seglin el nimero
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Capitulo 1

de dominios de tipo Ig en la regioén extracelular se distinguen dos grupos de KIR, denominados
KIR2D y KIR3D; mientras que segtn la longitud citoplasmatica, estos receptores se subclasifican en
S (corta) o L (larga). Generalmente, los KIR con regiones cortas son receptores activadores, mientras
que aquellos con tallos citoplasmaticos largos son inhibidores. Los receptores con una region
citoplasmatica larga donde se localizan dos motivos ITIM responsables de su funcion inhibidora se
llaman KIR2DL y KIR3DL. Los receptores de tallo citoplasmatico corto se denominan KIR2DS y
KIR3DS, carecen de motivos ITIM y tienen un aminodcido cargado (Lys o Arg) en su region
transmembrana a través del cual se asocian electrostaticamente a la molécula adaptadora DAP12,
que contiene en su estructura ITAMs.

Se ha descrito que los clones NK pueden expresar varias combinaciones de diferentes
receptores KIR, definiéndose asi varias subpoblaciones de células NK cuyas proporciones varian en
diferentes individuos. Ademas el numero de genes KIR en el genoma de cada individuo varia en la
poblacion. Se han definido dos amplios grupos de haplotipos KIR. El haplotipo A contiene pocos
KIR y la mayoria incluyen KIR2DS4, y posiblemente KIR2DL4, como tnicos genes de receptores
activadores. El haplotipo B contiene diversas combinaciones de KIR activadores y muchos se
caracterizan por la presencia de KIR2DLS. En poblaciones caucasianas, los dos haplotipos se hallan
en frecuencias comparables '°.

Algunos KIR reconocen moléculas MHC de clase I que comparten determinados rasgos
estructurales en el domino al; en general, los KIR2D reconocen moléculas del locus C y los KIR3D
de los loci B y A; mientras que en otros casos, especialmente los activadores, no se ha identificado el
ligando. Los KIR activadores que interaccionan con moléculas MHC de clase I lo hacen con una
afinidad menor que sus homologos inhibidores "°. Existen indicios de que el reconocimiento por los
KIR podria estar condicionado por la naturaleza de los péptidos unidos al HLA de clase I, aunque no

, . 22
esté clara la relevancia bioldgica de esta observacion * .
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Tabla 2. Principales caracteristicas de los receptores KIR

KIR Nombre alternativo Funcion Ligando
2DL1 CD158a-forma larga, p58.1 Inhibidora HLA-C™*%
2DL2 CD158b-forma larga, p58.2 Inhibidora HLA-CA
2DL3  CDI158b, p58.2 Inhibidora HLA-CAs
2DL4 P49 Inhibidora (;,?) HLA-G1
2DL5 Ninguno Inhibidora 7

2DS1 CD158a-forma corta, p50.1 Activadora HLA-C %
2DS2 CD158b-forma corta, p50.2 Activadora HLA-C A5
2DS3 Ninguno Desconocida  (?

2DS4 p50.3 Activadora .7

2DS5 Ninguno Desconocida  (?

3DLI  p70,NKBI Inhibidora HLA-B®"
3DL2 p140 Inhibidora HLA-A3, All
3DSI Ninguno Desconocida  ;?

Durante los ultimos afios se ha observado que existen células T, tanto CD8+TCRa 3+ como

TCR&y+, que pueden expresar KIR * ?*. Las células T KIR+CDS8+ se pueden aislar en el bazo,

amigdalas, ganglios linfaticos y sangre periférica donde en un individuo adulto sano representan

hasta un 5% de las células T. Este porcentaje aumenta con la edad alcanzando hasta el 30% en la

poblacidn anciana. La mayoria de las células KIR+CD8+TCRa+ tienen un fenotipo de memoria

(CCR7- CD28- y CD27-). En donantes sanos las células T KIR+ representan expansiones mono u

oligoclonales, atendiendo al reordenamiento de la cadena B del TCR, variable en diferentes

individuos, lo que probablemente refleja un proceso de estimulacion cronica.

En roedores, que carecen de KIR, se ha encontrado una familia de receptores de la

superfamilia de las lectinas tipo C, denominada Ly49, homoéloga funcionalmente de los KIR* 2.

Esta familia incluye tanto receptores activadores como inhibidores. Algunos tienen especificidad

17



Capitulo 1

para moléculas MHC de clase I (H-2), y otros (Ly49H, Ly49I) reconocen la proteina m157 del

citomegalovirus murino (MCMV) %’

1.1.2 ILT/LIR/LILR

Se ha identificado otro grupo de receptores de la superfamilia de las Ig denominados ILT o LIR que
se caracterizan por tener cuatro dominios extracelulares de tipo Ig, excepto ILT3 que tiene dos, y
cuyos 13 genes se localizan adyacentes a los KIR en el cromosoma 19q13.4 (Tabla 3) ** *. Al igual
que en la familia KIR, se encuentran moléculas ILT inhibidoras (con 2 o 4 ITIMs citoplasmicos),
junto a otras con funcién activadora que se asocian a dimeros de la cadena y del FceRI, que contiene
ITAM *; ILT6 corresponde a una molécula soluble *'. A diferencia de los KIR, los receptores
ILT/LIR no son especificos de células NK y linfocitos T, sino que se expresan en otros linajes
hematopoyéticos, predominantemente en células del sistema mononuclear fagocitico como
monocitos, macrofagos y células dendriticas; algunos de estos receptores se encuentran también en
linfocitos B y granulocitos *%.

Se ha determinado que algunos ILT muestran una importante variabilidad alélica; por
ejemplo, se han descrito hasta 15 alelos diferentes de ILT5 **. En ratones se han encontrado dos
grupos de receptores homologos a los ILT denominados PIR ** y gp49 ** que también incluyen
receptores inhibidores y activadores.

Entre los ILT mejor caracterizados se encuentran los receptores inhibidores ILT2 e ILTA4.
Mientras que ILT2 se expresa en todas las células B y monocitos/macrofagos, y en una subpoblacion
de linfocitos T y células NK *, ILT4 se expresa selectivamente en monocitos/macréfagos *>. Ambos
receptores reconocen un amplio espectro de moléculas MHC de clase I y, ademas, ILT2 también
interacciona con la proteina del citomegalovirus humano (HCMV) UL18, homologa a MHC de clase
I con una alta afinidad hasta 1000 veces superior que la de los ligandos MHC de clase I°**’. Sin

embargo, se desconoce todavia la naturaleza de los ligandos para la mayoria de los LIR. La
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Receptores especificos para moléculas MHC de clase I en la infeccion por citomegalovirus

distribucion celular de ILT-2 e ILT-4 indica que las moléculas de HLA de clase I no s6lo modulan la

respuesta inmunitaria de las células NK y T *.

Tabla 3. Principales caracteristicas de algunos de los receptores LIR

LIR/ILT Nombre alternativo Sefalizacién Ligando

ILT2 LIR1, MIR1, CD85 4 ITIMs HLA-A, B vy GlI,
ULI8(HCMYV)

ILT4 LIR2, MIR10 3 ITIMs HLA-A, By Gl

ILTS LIR3, HL9 4 ITIMs L?

LIRS 2 ITIMs L?

ILT3 LIRS, HM18 3 ITIMs L?

ILTI LIR7 FcRy L?

ILT7 FcRy ?

LIR6a FcRy L?

ILTS8 FcRy L?

ILT6 LIR4, HM31, HM43 L?

Las células T también pueden expresar el receptor LIR1/ILT2. Como en las células T KIR+,
LIRI se detecta en células de memoria y por consiguiente se expresa tras estimulacion por el
antigeno % El patron de reordenamiento del TCR de las células T LIR1+ es mas diverso que el de
las células T KIR+ sugiriendo que la expresion de LIR1 precede a la expresion de los KIR

inhibidores en las células T.

1.1.3 Receptores v co-receptores activadores no especificos para moléculas del MHC

Se han descrito 3 receptores activadores no especificos para moléculas MHC de clase I denominados
NKp46, NKp44 y NKp30, que pertenecen a la Ig-SF *» *°. Estos “receptores de citotoxicidad
natural” (NCR) se expresan en células NK en reposo y activadas, excepto NKp44 que se expresa

solo en las ultimas, y son los principales responsables de la lisis de células tumorales mediada por
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células NK. Cada NCR tiene un residuo cargado en el dominio transmembrana con capacidad para
unirse a diversas moléculas adaptadoras para iniciar la sefializacion. También se han descrito otras
moléculas de superficie tales como 2B4, NTBA, NKp80, DNAM-1 (DNAX accessory molecule-1) y
CDS59 cuya funcion activadora depende de la estimulacion simultanea de otro receptor activador !
(tabla 4).

Existe una relacion directa entre la expresion en superficie de los NCR y la capacidad de las
células NK para lisar a células tumorales que no expresan moléculas MHC de clase I°°. Los ligandos
celulares todavia se desconocen pero se han implicado en el reconocimiento de células infectadas
por virus. Se ha publicado que NKp46 y NKp44 reconocen la hemaglutinina del virus de la influenza
y la hemaglutinina-neuraminidasa del virus de la parainfluenza ** **. Recientemente se ha descrito
que el receptor NKp30 reconoce la proteina pp65 del HCMV **. Se requieren mas estudios que

confirmen estos ligandos viricos.

Tabla 4. Principales caracteristicas de los receptores/coreceptores activadores no especificos para

moléculas MHC

Receptor  Dominio extracelular ~ Proteina adaptadora Ligando

NKp46 21gC CD3(/FceRIy Hemaglutinina virica y ¢?
NKp30 IgV CD3(/FceRly pp65 (HCMV) y ;2
NKp44 IgV DAPI12 Hemaglutinina virica y ;?
2B4 IgC+IgV LAT CD48

NTBA IgC+IgV NTBA

DNAM-1 IgC+IgV CD155; Nectina-2
NKp80 Lectina L?

CD59 .?
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1.2 RECEPTORES DE LA SUPERFAMILIA DE LAS LECTINAS DE TIPO C

1.2.1 CD94/NKG2

CDY%4 y NKG2 son glicoproteinas tipo II con un dominio extracelular de reconocimiento de
carbohidratos cuyos genes se agrupan en el c.12p12-p13 y que se expresan en células NK y en
algunas subpoblaciones de linfocitos T ' *°.

La subunidad comun CD94 esta codificada por un gen unico no polimoérfico y se une
covalentemente por enlaces disulfuro a diferentes glicoproteinas de la familia NKG2 ***’. Su tallo
citoplasmatico carece de dominios funcionales conocidos por lo que se ha sugerido que actia como
una chaperona, permitiendo el transporte y ensamblaje de las moléculas NKG2 a la superficie
celular™,

La familia NKG2 consta de cuatro genes NKG2A, C, E y F. El procesamiento alternativo de
los RNA mensajeros A y E da lugar a las proteinas NKG2A/B y NKG2E/H respectivamente* *°. La
proteina NKG2F se expresa en el compartimento intracelular y no se asocia a CD94°.

Algunos receptores CD94/NKG2 tienen una funcion antagonica. Asi, aunque NKG2A y
NKG2C comparten un 94% de homologia en su region extracelular, al dimerizar con CD94 forman
respectivamente un receptor inhibidor y otro activador. La funcién inhibidora del receptor
CD94/NKG2A esta determinada por secuencias ITIM presentes en la region citoplasmatica del
NKG2A °"** (figura 4). Al contrario, NKG2C carece de ITIM y tiene en su region transmembrana
un aminoécido cargado (Lys) que le permite asociarse con el adaptador DAP12 ** ** (figura 4). El
entrecruzamiento del receptor CD94/NKG2C con AcM en clones NK activa tirosina quinasas como
pS6lck y ZAP-70, asi como la PI3K y la PLC-yl que promueve la generacion de inositol fosfato y
diacilglicerol’> *°. Los heterodimeros CD94/NKG2E y CD94/NKG2H también forman receptores

activadores (figura 4). Estos al igual que NKG2C, carecen de secuencias ITIM y se pueden asociar a
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Capitulo 1

moléculas sefializadoras a través de un residuo cargado presente en sus regiones transmembrana. En
este sentido se ha descrito la asociacién de CD94/NKG2H a DAP12 7. Hasta el momento, no se han
descrito AcM especificos contra estos receptores que permitan estudiar su expresion y funcion.
Aunque en general, las células expresan solo las formas activadoras o inhibidoras del
heterodimero CD94/NKG2, en algunos clones se ha comprobado por RT-PCR la co-expresion de

ambos tipos de receptores.

NKG2A/B NKG2C NKG2H NKG2ZE
CD9Y4 CD94 CD94 CD94 ]
K K K [
TTIM SHP.1 N ITAM N ITAM B
DAP12 DAP12
LIGANDO: HLA-E 29 29

Figura 4. Principales caracteristicas de los receptores CD94/NKG2

1.2.1.1 CD94/NKG2 y HLAE

Se ha demostrado que los receptores CD94/NKG2A y CD94/NKG2C reconocen la molécula del
MHC de clase Ib HLA-E **%. A diferencia de los KIR, este sistema de reconocimiento esta
conservado en primates y roedores. Se han aislado los ortdlogos de CD94/ NKG2 de ratén y rata; en
raton su ligando es la molécula Qa-1b, funcionalmente homologa a HLA-E °'. Aunque no se conoce
el ligando de los receptores CD94/NKG2E/H, se ha sugerido que podria ser diferente al de
CD94/NKG2C, ya que ambas moléculas difieren de su extremo carboxilo-terminal®.

HLA-E es un gen de clase Ib del MHC que se transcribe en todos los tejidos y lineas

celulares humanas analizadas ® aunque con un nivel de expresion bajo. Es muy poco polimérfico y
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se caracteriza por presentar un dimorfismo alélico ya que las variantes identificadas se diferencian
por tener una arginina HLA-E® (E*0103) (-E®) o una glicina HLA-E® (E*0101) (E®) en la posicion
107 .

HLA-E se estabiliza en la superficie tras asociarse en el reticulo endoplasmico, por un
mecanismo dependiente de transportadores en la presentacion de antigenos (TAP), a nondmeros
hidrofébicos derivados de la secuencia sefial de otras moléculas HLA de clase I°> ; la presencia de
una metionina en posicion 2 del péptido parece critica para la asociacion y, de hecho, los alotipos
HLA que contienen treonina no estabilizan adecuadamente HLA-E. Los péptidos que estabilizan a
HLA-E se encuentran en la secuencia sefial de la mayoria de alotipos de los loci HLA-A y -C asi
como en un tercio de los HLA-B y HLA-G. Sin embargo, estan ausentes en HLA-F, HLA-E y en la
mayoria de los alotipos del locus HLA-B.

Los ensayos de citotoxicidad con transfectantes de HLA de clase I indican que HLA-E es
reconocido por el receptor CD94/NKG2A y que la estructura del péptido asociado a HLA-E puede
condicionar la eficiencia del reconocimiento, afectando la afinidad de la interaccion con los
receptores > .

Los heterodimeros CD94/NKG2C también reconocen HLA-E. Sin embargo el aumento de la
actividad citotoxica de clones CD94/NKG2C+ es muy modesto comparado con el efecto inhibidor
de clones CD94/NKG2A+ frente a los mismos péptidos estabilizadores de HLA-E, a excepcién del
efecto activador observado con el péptido derivado de la secuencia sefial de HLA-G®’. Estos datos
indicativos de que el KLR (receptor de células citotoxicas tipo lectina) activador CD94/NKG2C
presenta menor afinidad que su homodlogo CD94/NKG2A por los mismos ligandos fueron
verificados estudiando la cinética de interaccién de HLA-E con CD94/NKG2A y CD94/NKG2C .

Los alelos de HLA-E se expresan de forma diferente en la superficie celular. En la mayoria
de los casos, ¢ independientemente del péptido, el alelo HLA-E® se expresa mas en la superficie

celular que el alelo HLA-E® en células humanas transfectadas ** 7. Sin embargo no se observan
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peculiaridades en la estructura de ambos alelos que sugieran una interaccion diferente con los
heterodimeros CD94/NKG2 .

Se han descrito otros péptidos que estabilizan HLA-E y que no derivan de las secuencias
sefial de moléculas HLA de clase I. Estos péptidos provienen de proteinas viricas o de otras
proteinas endogenas, y su capacidad de interaccionar con el receptor CD94/NKG2A e inhibir a la
célula es variable. Uno de estos péptidos, derivado de la HSP-60 (heat shock protein-60), compite
con los nondmeros endogenos derivados de moléculas MHC de clase I para unirse y estabilizar
HLA-E. Este complejo no es reconocido por el receptor CD94/NKG2A dejando a las células
sometidas a estrés, que expresan HSP-60, vulnerables al ataque por las células NK . De la misma
manera un péptido derivado de la proteina BZLF1 del virus Epstein Barr (EBV) que interacciona
con HLA-E no inhibe a la célula NK 7*. Recientemente se ha descrito que el péptido aa35-44 de la
proteina core del virus de la hepatitis C (HCV) estabiliza HLA-E y es reconocido por el receptor

CD94/NKG2A inhibiendo a la célula NK 7,

1.2.2 NKG2D

NKG2D es otra molécula tipo lectina, conservada en humanos y ratones, cuyo gen se localiza junto a

la familia NKG2 en el cromosoma 12. Sin embargo la homologia entre este receptor y el resto de

moléculas NKG2 es muy limitada, y no se asocia con la molécula CD94 sino que se expresa como

homodimeros en células NK, células NKT (natural killer T), T ¥, T CD8+ y macrofagos .
Recientemente se ha demostrado en células NK de raton la existencia de isoformas de

NKG2D que se pueden asociar a DAP12 o a DAP10, que senaliza por la PI3K. Asi pues, el mismo

75, 76
> En las

receptor puede ejercer diferentes funciones (activaciéon primaria o coestimulacion)
células NK y T humanas el receptor NKG2D se asocia tinicamente a DAP10.

El receptor NKG2D interacciona con varias moléculas relacionadas con el MHC de clase I

inducidas por estrés "’. Al receptor humano se le conocen seis ligandos: MICA, MICB, ULBPI,
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ULBP2, ULBP3, ULBP4. MICA y MICB estan codificadas por genes en la region de HLA de clase
I préoximos al locus HLA-B. Se describieron en el epitelio intestinal, pero su expresion puede ser
inducida en otros tipos celulares en situacion de estrés, asi como por infecciones viricas o
transformacion tumoral. La familia de proteinas llamadas “UL-16 binding protein/ retinoic acid early
induced transcript-1” (ULBP/RAET1) comprende 10 genes relacionados, seis de los cuales codifican

glicoproteinas potencialmente funcionales y cuatro son pseudogenes.

1.2.3 Otros receptores de la superfamilia de las lectinas de tipo C

KLRGT1 es un receptor inhibidor que contiene dominios ITIM en la region citoplasmatica, que se
expresa en células T CD4+ y CD8+, asi como en las células NK, y cuyo ligando se desconoce. Se ha
descrito que la mayoria de células T CDS8+ especificas para infecciones viricas cronicas (EBV,

HCMYV) expresan este receptor78.

2. REGULACION DE LA RESPUESTA INMUNITARIA EN CELULAS NK POR

RECEPTORES ESPECIFICOS DE MHC DE CLASE |

Las células NK se identificaron originalmente por su capacidad de lisar algunos tumores sin
necesidad de una inmunizacién previa. Se definen como linfocitos citotoxicos que no expresan en su
superficie receptores para antigeno (TCR o BCR), y pueden diferenciarse a partir de un tipo de
progenitor compartido con el linaje linfoide . A diferencia de las células T, su desarrollo es
extratimico y no se afecta en ratones SCID (Severe Combined Immunodeficiency Disease) ni en
ratones deficientes en RAG (Recombinase Activator Gene), lo que indica que durante su
diferenciacion los procesos de reordenamiento génico no son esenciales®®. De las multiples citocinas

que estan implicadas en el desarrollo de las células NK, la interleucina 15 (IL-15) juega un papel
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crucial. Esta citocina también esta implicada en la homeostasis de las células NK maduras, siendo
necesaria para su proliferacion y supervivencia® .

Las células NK se hallan sobre todo en la sangre periférica, bazo y médula 6sea, pero pueden
migrar hacia los tejidos inflamados, participando en la primera linea defensiva frente a infecciones
por algunos virus, parasitos y bacterias ** *. Ademas participan en el control del crecimiento
tumoral y previenen la diseminacion de tumores metastaticos en modelos murinos® .

Una vez activadas, las células NK desarrollan funciones efectoras e inmunoreguladoras. Su
actividad citotdxica depende principalmente de la secrecion de proteinas como la perforina y las
granzimas (serina esterasas) asi como de Fas-L. Sus funciones inmunomoduladoras se basan en la
secrecion de citocinas (IFN-y (interferon-y), TNF-a (tumor necrosis factor-«) y GM-CSF
(granulocyte/macrophage colony stimulation factor)) y quimiocinas (MIB-1p (beta chemokines
macrophage inflammatory protein 14), MIP-1a (macrophage inflammatory protein 1) y RANTES
(factor regulated on activation normal T cell expressed and secreted)) que promueven una respuesta
inflamatoria, modulan la hematopoyesis, controlan la funcién de monocitos y granulocitos, y
favorecen el desarrollo de una respuesta Th1%* *7*°. Recientemente se ha demostrado que las células
NK interaccionan con las células dendriticas (DC) influyendo tanto la respuesta inmunitaria innata
en los tejidos periféricos inflamados, como en la respuesta inmunitaria adaptativa en los érganos

o . 9092
linfoides secundarios

. Las DC activadas por los patégenos contribuyen a la activacion de las
células NK mediante citocinas. Se ha propuesto que la interaccion de las células NK con las células
dendriticas inmaduras (iDC) puede promover efectos contrapuestos. Por una parte secretan citocinas
que favorecen la maduracion de las DC, aumentando la expresion de HLA-E, que protege a las DC
de las lisis por parte de las células NK CD94-NKG2A+ vy, por otra, pueden lisar a las iDC que

expresan bajos niveles de HLA-E, a través del receptor NKP30, interfiriendo indirectamente con la

respuesta de las células T.
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Lanier et al han descrito que la expresion de ligandos coestimuladores OX40L en las células
NK activadas tras el entrecuzamiento con los receptores CD16, KIR2DS2 o NKG2D pueden ayudar
a la proliferaciéon y produccién de citocinas inducida por el TCR en clones T CD4+ autologos . La
posibilidad de que las células NK puedan interaccionar directamente con las células T CD4+ se
sugiri6 al observar que las células NK activadas expresan MHC de clase I y que clones NK
humanos son capaces de internalizar un antigeno y presentarlo via MHC clase II a las células T
CD4+ %%,

Ademas se ha descrito que algunas células NK humanas estdn presentes en los organos
linfoides secundarios. Se han localizado en areas parafoliculares de ganglios linfaticos humanos
donde seria posible su interaccion con las células T. Se ha sugerido que el IFN-y secretado por las
células NK induce la secrecion de IL-12 por las células dendriticas maduras (mDC) en los 6rganos
linfoides secundarios lo que favoreceria el desarrollo de una respuesta Th1°%. Recientemente se ha
descrito un subgrupo especializado de células NK que pueden ir al ganglio linfatico y participar
directamente en el proceso de estimulacion antigénica de las células T mediante la secrecion de
IEN-y *°.

La activacion de las células NK se produce por tres mecanismos principales. La
citotoxicidad celular dependiente de anticuerpo (ADCC) se desencadena mediante el
entrecruzamiento del receptor FcyR-III (CD16) por anticuerpos unidos a células infectadas,
tumorales o alogénicas *’. Por otra parte las citocinas secretadas por macrofagos o células dendriticas
tales como IFNa/B, IL-12, IL-15, IL-18 o IL-21 inducen la proliferacion, citotoxicidad y secrecion
de citocinas®®. Sin embargo, la activacion de las células NK se produce sobre todo por contacto
directo con la célula diana mediante receptores que desencadenan la citotoxicidad natural ”> 2> **- %,
A diferencia de las células T y B pero de manera similar a otras células del sistema inmunitario
innato, las células NK pueden ser activadas a través de diferentes receptores que pueden actuar

individualmente o en combinaciéon, dependiendo de los ligandos presentes en la célula diana. No
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existe un unico receptor activador dominante en las células NK, sino que participan multiples
receptores y co-receptores (ej. NKp30, NKG2D, NKG2C) que reconocen diferentes ligandos:
algunos ligandos se expresan basalmente en células normales, como las moléculas MHC de clase I;
otros se inducen en células sometidas a estrés; y otros son todavia desconocidos’. En la activacién
también participan moléculas de adhesion tales como la integrina LFA-1y CD2 %°.

Los receptores especificos para MHC de clase I se definieron en primer lugar en las células
NK '. La funcién de las células NK estd controlada por un delicado equilibrio entre sefiales
activadoras e inhibidoras. Los receptores activadores estimulan la citotoxicidad natural y secrecion
de citocinas, mientras que los receptores inhibidores reconocen principalmente moléculas MHC de
clase I ** ', Asi, los niveles normales de moléculas MHC de clase I protegen frente al ataque por
las células NK que son controladas por los receptores inhibidores. El reconocimiento de moléculas
MHC no opera a través de un unico receptor universal que detecta todas las moléculas de MHC sino
que las células NK tienen en su superficie multiples receptores de distintas familias descritas que
reconocen diferentes grupos de moléculas de HLA de clase I tanto clasicas (HLA-A, B, C) como no
clasicas (HLA-E, G...). Se admite que para prevenir la autorreactividad contra células normales cada
célula NK madura debe adquirir al menos un receptor inhibidor (KIR o CD94/NKG2A) especifico
para una molécula MHC de clase I del propio individuo '*.

Sin embargo, las células NK no lisan eritrocitos, que carecen de moléculas MHC de clase 1,
ni otros tipos celulares con niveles bajos de expresion de las mismas (ej. hepatocitos, fibroblastos).
Se interpreta que la célula NK puede ser inhibida por otros receptores cuyos ligandos no son
moléculas MHC (ej. CEACAM) y/o no se activa porque la célula diana no presenta ligandos para
receptores activadores no especificos para HLA ** ', Asi pues, la célula NK puede activarse (figura
5): a) cuando en las células tumorales o infectadas se incrementa la expresion o la afinidad de
ligandos para receptores activadores, b) cuando intervienen receptores activadores para ligandos que

se expresan constitutivamente en las células y éstas pierden/reducen la expresion de moléculas MHC
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de clase I en condiciones patoldgicas, o carecen de moléculas HLA reconocibles por los receptores

inhibidores que expresa la célula NK (células alogénicas o xenogénicas).

A Inhibitory receptar

Mo MHC
class | Mo response

Mo activating
ligands

Activating receplor

Mo response
y
+ No MHC
o MK attacks
Activating target cell
ligands
DOutcome
determined by
'ﬁ‘;;:ﬁ:' i balance of signals

Figura 5. Descripcion de las posibles respuestas tras el encuentro de la célula NK y la célula diana.
La cantidad de receptores activadores e inhibidores en las células NK y la cantidad de ligandos en la
célula diana asi como las diferencias cualitativas en las sefiales transducidas, determinan la respuesta

de la célula NK*2.

El papel de los receptores activadores que reconocen las moléculas de HLA es incierto. Dado
que la afinidad de los receptores activadores por las moléculas MHC es baja, se supone que so6lo

pueden operar en situaciones en las que el control por los receptores inhibidores disminuya bajo un
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umbral critico, o en el caso de que se produzca un incremento de la avidez del receptor activador por
su ligando. La primera situacion puede ocurrir en células infectadas por virus o células tumorales,
por lo que estos receptores activadores contribuirian a eliminar estas células patologicas; no hay

datos que respalden la segunda posibilidad.

3. REGULACION DE LA RESPUESTA INMUNITARIA EN LINFOCITOS T POR

RECEPTORES ESPECIFICOS DE MHC DE CLASE |

3.1 Regulacién de la respuesta inmunitaria por receptores inhibidores especificos de MHC de clase 1

Se han propuesto varias teorias no excluyentes para interpretar la funcién de los receptores

inhibidores especificos de HLA en las células T'® >

. Por una parte estos receptores servirian para
modular la respuesta de las células T, aumentando o disminuyendo la respuesta a través del TCR.
Muchos estudios han demostrado que la funcion efectora —citotoxica o secretora de citocinas- o la
reorganizacion del citoesqueleto inducida por el TCR puede ser regulada por los receptores KIR,
ILT2 o0 CD94/NKG2A.

Otras teorias sugieren que los receptores inhibidores se inducen en los linfocitos T
citotoxicos (CTL) como un mecanismo de tolerancia periférica; también se ha propuesto que se
expresan en células T como consecuencia de una estimulacion prolongada como es el caso de células
T especificas de virus tras una infeccion cronica, y que representaria un mecanismo para evitar la
sobreestimulacion de esas células. Por otra parte se ha descrito la posibilidad que algunas células T
CD8+ puedan estimularse a través de receptores activadores diferentes al TCR (ej. KIR,
CD94/NKG2C). En este caso la expresion paralela de receptores inhibidores tendria la misma
funcién que en las células NK previniendo la agresion contra células sanas. Finalmente, se ha

sugerido que la expresion de estos receptores podria contribuir a prevenir la apoptosis, propiciando

el mantenimiento de las CTL de memoria.
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Se sabe poco de los mecanismos que controlan la expresion de los NKR (natural Killer
receptors) inhibidores en las células T. La de los KIR en células NK maduras parece constitutiva y
estable, ya que el fenotipo no se modifica como consecuencia de la activacion y proliferacion in
vitro. Se desconocen los mecanismos que regulan la expresion de los receptores tipo Ig (KIR, ILT2)
en células T. Por el contrario, la del complejo CD94/NKG2A se induce en células T humanas
después de su activacion mediante el TCR y estimulacion por citocinas tales como TGFp, IL15, IL-

2,1L-12 0 IL-10 "'y hay indicios de que puede también inducirse en células NK ',

3.2 Regulacion de la respuesta inmunitaria por receptores activadores especificos de MHC de clase |

En general se acepta la idea de que la funcion de estos receptores es diferente en las células T y NK.
En las células NK cada NKR activador es una unidad independiente que puede activar directamente
la citotoxicidad y la produccion de citocinas. Sin embargo, en las células T los NKR actlian como

, . . . - o 107-
moléculas coestimuladoras potenciando la respuesta a una estimulacion subdptima por el TCR

109,

Las subpoblaciones de linfocitos T CD8+ que expresan NKR son efectoras y de memoria, y
se caracterizan por ser CD28-, tener un repertorio del TCR restringido y telomeros cortos lo que
implica una extensa expansion clonal **. Estos linfocitos NKR+ pueden recibir sefales
coestimuladoras de receptores activadores especificos de moléculas de clase I tales como NKG2D,
CD94/NKG2C o receptores de la familia KIR ''°. Sin embargo en algunas circunstancias se ha
observado que los NKR funcionan en células T como unidades independientes al TCR ' '',

El mecanismo por el que los KIR actian como estimuladores o coestimuladores parece
relacionado con el adaptador al que se asocian ''. Las células NK expresan tanto DAP10 como
DAP12, mientras que las células T en general s6lo expresan DAP10, por lo que se ha sugerido que

DAPI12 media la funcién activadora en las células NK, mientras que DAP10 es responsable de la

actividad coestimuladora en las células T. En las células NK los KIR activadores se asocian a
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DAPI12 y, mediante la participacion de tirosina quinasas, estimulan la citotoxicidad y secrecion de
citocinas implicando la activacion de la PLC-g y ERK. Por el contrario, la estimulacion de los KIR
en la mayoria de las células T que no expresan DAP12, no induce fosforilacion de ERK pero activa
JNK (cJun N-terminal kinase), que constituye una via de sefializacion asociada a otras moléculas
coestimuladoras; por el momento se desconoce el mecanismo de acoplamiento entre KIR y la ruta de
JNK. Aunque la mayoria de células T no expresan DAP12, existen ciertas subpoblaciones en donde
se ha descrito su expresion por RT-PCR'"® 0 FACS''?. Se ha sugerido que la expresion de DAP12 en
esas células T proporciona a los NKR activadores el potencial para funcionar como receptores

. 11
autonomos 0.

4. RECEPTORES ESPECIFICOS PARA HLA EN LA RESPUESTA INMUNITARIA A

CITOMEGALOVIRUS.

4.1 La infeccion por HCMV

El citomegalovirus humano forma parte de la familia herpesvirus y posee un genoma de DNA de
doble cadena lineal de 230 kpb, que presenta aproximadamente 200 fases de lectura abiertas (ORF)
114

. Las ORF se enumeran secuencialmente y se denominan por su localizacion en las regiones

unicas (UL, US) o repetidas (TRL/IRL, TRS/IRS) del genoma viral (figura 6).
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TRL IRL/IRS TRS
| | N
< Region UL | <« Region US P

Figura 6. Estructura del genoma del HCMV. Las secuencias unicas larga (UL) y corta (US) estan

flanqueadas por las secuencias repetidas terminales (TR) e internas (IR).

El virion que contiene 30 a 40 proteinas consiste en una capside icosahédrica (7 proteinas),
tegumento (unas 25 proteinas entre las cuales estd la UL83 (pp65)) y una envuelta lipidica (que

contiene una serie de glicoproteinas) (figura 7).

nucleocapsid
tegument

genome

membrane
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Figura 7. Estructura del virién del HCMV.

El HCMV infecta diferentes tipos celulares tales como fibroblastos, células endoteliales,
epiteliales, del musculo liso y células hematopoyéticas. La expresion de los genes en las células
permisivas es secuencial, en tres fases denominadas inmediata-temprana, temprana y tardia,
causando al final un efecto citopatico. Las células de origen mielomonocitico y algunas células

endoteliales son consideradas como el principal reservorio del HCMV.
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La prevalencia de la infeccion por HCMV en la poblacion adulta es elevada (50-100%) y a
menudo se adquiere en la infancia transmitida por secreciones ''>. La sintomatologia clinica es en
general leve aunque puede causar una embriopatia grave durante el embarazo. La caracteristica
principal de la respuesta inmunitaria frente a este virus, al igual que frente a otros herpesvirus, es que
es capaz de controlar al patdégeno pero no de erradicarlo, manteniéndose latente en los individuos
inmunocompetentes que se convierten en portadores. En sujetos sanos se pueden observar
reactivaciones ocasionales del HCMV con incrementos de DNA virico y linfocitos T especificos en
la sangre. Cabe sefialar que algunas citocinas proinflamatorias (ej. TNF-a e IFN-y) pueden favorecer
el proceso de reactivacion en macrofagos. La persistencia de células T especificas después de la
primoinfeccion posiblemente refleja el impacto de este proceso, aunque las reactivaciones pasen
clinicamente desapercibidas. Esta situacion de control se altera en el caso de inmunodepresion,
donde la reactivacion puede causar patologia grave como retinitis en enfermos con SIDA o
neumonitis intersticial en receptores de transplantes de progenitores hematopoyéticos alogénicos. El
HCMYV también puede participar en el rechazo crénico de transplantes de organos solidos, y
contribuir como cofactor en el desarrollo de la aterosclerosis y de la reestenosis coronaria tras una
angioplastia.

El modelo murino se ha usado extensamente para estudiar la biologia y patogénesis del
HCMV. A pesar de su clara divergencia, el MCMV comparte muchas caracteristicas con el HCMV
como la replicacion en la infeccion aguda, su tropismo tisular y el establecimiento de latencia y
reactivacion ''® . Ademas el HCMV y MCMV comparten una organizacion similar del genoma y
codifica productos génicos homologos ' %,

Los estudios realizados en modelos murinos han mostrado que el control de la infeccion por
CMV requiere la participacion de la respuesta inmunitaria tanto innata como adaptativa, implicando

89, 119, 120

respectivamente a células NK y linfocitos T citotoxicos especificos . Por su parte, el virus ha

adoptado diferentes estrategias para evadir la respuesta inmunitaria del huésped '*''** (tabla 5).
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Entre las complejas interacciones que se establecen entre el sistema inmunitario y las células
infectadas por CMV el reconocimiento especifico de MHC de clase I y de moléculas relacionadas,

derivadas del huésped o del propio virus, parecen particularmente relevantes en la interfase de estos

dos sistemas'?’.

Tabla 5. Genes del HCMV y MCMV que participan en la evasion de la respuesta inmunitaria

FUNCION

Gen HCMV

Gen MCMV

Disminucion de MHC clase 1
Disminucion de MHC clase 11

Inhibir la presentacion de IE1 a células T

Homoéloga MHC clase |
Evasion células NK
Receptor de quimiocina
Receptores 7TM adicionales
Homologo receptor TNF
Homodlogo IL-10
Quimiocina

Interferencia via del IFNI, II
Inhibidor de apoptosis

US2,US3,US6, US11
US2

ULS3

ULI8

UL40, UL16, UL141
US28

UL33, UL78, US27
UL144

ULll1la

UL146, UL147

UL36, UL37

mO04, m06, m152

ml44

ml55, m145, m152, m157
M33

M78

ml31
M27
M36, m41

4.2 Control de las infecciones viricas por la respuesta inmunitaria innata y adaptativa

La relacion entre el virus y el huésped es un proceso dindmico en el cual el virus intenta minimizar
su visibilidad mientras que el huésped intenta prevenir y erradicar la infeccion con un dafio colateral
minimo. Al principio el virus debe reconocer, unirse y entrar en la célula diana, migrando al
compartimiento celular apropiado. Aqui el genoma se transcribe, se traduce y se replica,
permitiendo el ensamblaje y exportacion de nuevos viriones necesarios para que la infeccion se
pueda extender a otras células y diseminarse a otros huéspedes. La mayoria de tipos celulares son
capaces de detectar moléculas de doble cadena de RNA (dsRNA) que se producen durante la
replicacion de muchos virus DNA o RNA. La deteccion de dsRNA implica la induccion de citocinas

antiviricas tales como los IFN tipo I (IFN-o/) que inhiben uno o mas pasos del ciclo virico y
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contribuyen a activar la respuesta inmunitaria. La induccién de IFN-o/ ocurre a las pocas horas
después de la infeccion virica. Algunos virus activan rapidamente los macrofagos y la secrecion de
otras citocinas tales como quimiocinas y TNF-a. Las citocinas reclutan leucocitos en el tejido
infectado, activan sus funciones efectoras, incrementan la expresion de moléculas MHC, asi como el
procesamiento y transporte de péptidos viricos para que puedan ser presentados eficientemente por
las moléculas MHC en la superficie de las células infectadas. Las células que son atraidas por las
citocinas y que constituyen la primera linea de defensa son los granulocitos, células NK y
probablemente las células NKT '%°.

Los macrofagos y las DC del huésped también juegan un papel en el control temprano de la
infeccion secretando citocinas, tales como la IL-12 y IL-18, que pueden inducir IFN-y, y otras (IL-1,
IL-6). Todos estos procesos contribuyen al desarrollo de la respuesta inmunitaria adaptativa al virus
que tiene lugar en los ganglios linfaticos regionales donde los antigenos han sido transportados por
las células dendriticas. La poblacion T especifica puede migrar otra vez al tejido infectado y realizar
sus funciones efectoras, incluyendo la produccion de citocinas tales como IFN-y y TNF-a que
juegan un papel importante en el control de la infeccion. Finalmente, los anticuerpos especificos para
antigenos viricos se detectan mas tardiamente en la mayoria de infecciones y se cree que son
responsables de prevenir la diseminacion y de la resistencia a las reinfecciones' .

En ocasiones el huésped no es capaz de eliminar completamente al patdégeno que puede

desarrollar una infeccion cronica o quedar latente, como es el caso del citomegalovirus.

4.3 Respuesta frente al HCMV mediada por linfocitos T. Mecanismos de evasion

En la primoinfeccion por HCMV las células CD4+ especificas para CMV se hacen patentes en
sangre periférica a los diez dias de la deteccion de DNA virico, la cual es posible a la semana de la
infeccion. Posteriormente, se detectan anticuerpos especificos y finalmente células T CD8+

’ 12
especificas '
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Tanto los anticuerpos neutralizantes como los CTL son importantes en el control de la
infeccion por citomegalovirus. Ambas respuestas son dependientes de las células T CD4+
cooperadoras y, en modelos murinos, se ha demostrado que un déficit selectivo de éstas determina la
persistencia de la replicacion virica. La participacion de los linfocitos T CD4+ durante la respuesta
primaria asegura el establecimiento de la poblacién de memoria '**. Durante la infeccion por CMV
se produce una respuesta sostenida que conlleva la presencia en sangre de células T CD4+ y CD8+
especificas. Estimulando PBL con antigenos de HCMV y detectando la produccion de IFN-y
intracelular se ha estimado que un 1-4% de los linfocitos T, CD4+ y CD8+, son especificos para
CMV'® aumentando el porcentaje con la edad hasta un 10% en individuos mayores de 60 afios '*°.

Estos linfocitos presentan un fenotipo CD45RO+, CCR7-, CD62L-, perforina+, CD28-,

: . . 128, 131
CD27- correspondiente a células efectoras/memoria =

. Se ha descrito que las células T CD8+

especificas de CMV expresan en su superficie ILT2 y NKG2D, pero carecen de KIR y CD94'%2 '3
Los linfocitos T especificos reconocen epitopos derivados de diferentes antigenos del HCMV

tales como las proteinas estructurales UL83 (pp65) y UL32 (pp150), asi como el transactivador

inmediatamente-temprano UL123 (IE-1; pp72)'"*

. Recientemente se ha descrito en algunos donantes
un subgrupo de células T NKR+CD8+TCRaf+, denominado NK-CTL, que reconocen a través del
TCR la molécula HLA-E asociada con péptidos endogenos'**. La secuencia de uno de estos péptidos
coincide con un péptido de la secuencia sefial de la proteina UL40 del HCMV'*®. Estas células T
presentan un patron de reordenamiento del TCR oligoclonal, se caracterizan por tener un fenotipo de
memoria (CD45R0+, CD28-), expresan en superficie NKR inhibidores (CD94/NKG2A, ILT2,
KIR2DL1, KIR2DL2/3, KIR3DL2, KIR3DL1) y ejercen una actividad tipo NK'*°,

Para interferir con la presentacion antigénica a las células T el citomegalovirus dispone de
varios mecanismos. En primer lugar la expresion de la proteina pp65 en la célula infectada por

HCMV inhibe la generacion de células T especificas para epitopos derivados de la proteina IE1 .

Por otra parte el HCMV reduce la expresion de moléculas de HLA. Varias proteinas estan
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implicadas en el proceso actuando a través de distintos mecanismos en diferentes estadios del ciclo
replicativo '**. US6, que se expresa tardiamente, se une a TAP impidiendo el transporte de los
péptidos al reticulo endoplasmico (RE) y su ensamblaje con moléculas de HLA de clase I '*°. US3,
es una proteina inmediatamente temprana que retiene las moléculas de HLA de clase I en el RE ',
Finalmente US2 y US11, que se expresan en las fases temprana y tardia del ciclo también se unen a
las cadenas pesadas de las moléculas de clase I en el RE, translociandolas al citosol donde son
degradadas por el proteosoma '*'. En un sistema en el que se compard el efecto de US2, US6 y US11
en la expresion de HLA de clase Ia y HLA-E en una linea celular B (RPMI 8866), se observo que no
todos los genes US afectan de manera comparable la expresion de las moléculas de HLA de clase
', En este sistema, US6 disminuy6 la expresion de todas las moléculas de HLA, mientras que
US11 preservo selectivamente la expresion de HLA-E, y US2 no afecté HLA-B ni HLA-E '*; otros

. . . . .. 143. 144
estudios en sistemas diferentes obtienen resultados distintos '+ '*,

Otros dos genes adicionales
adyacentes, US8 y US10, codifican glicoproteinas que unen cadenas pesadas de MHC de clase I,
aunque no parecen alterar su expresion en superficie '*. US2 y US3 también pueden interferir con la
presentacion antigénica por MHC de clase II '

La redundancia de los mecanismos que tienen como objetivo disminuir la expresion de MHC

de clase I para interferir con la presentacién antigénica a linfocitos T probablemente refleja la

importancia de esta estrategia de evasion de la respuesta inmunitaria.

4.4 Respuesta frente al HCMV mediada por células NK. Mecanismos de evasién

Las células NK parecen jugar un papel importante en el control de algunas infecciones viricas en
particular por herpesvirus'*’. Se ha descrito que los raros casos de deficiencias de células NK sufren
infecciones graves recurrentes por este grupo de virus '**. Igualmente, los ratones deficientes en
células NK tiene mayor susceptibilidad a las infecciones por citomegalovirus '*°. Las células NK

utilizan al menos dos funciones efectoras que pueden contribuir al control de la infeccion: pueden

38



Receptores especificos para moléculas MHC de clase I en la infeccion por citomegalovirus

matar a las células infectadas, usando perforina/granzima y/o FAS-L, y secretan citocinas
inflamatorias con actividad antivirica, especialmente IFN-y °°. En ratones se ha observado como se
inducen rapidamente la proliferacion, secrecion de IFN-y, y citotoxicidad de las células NK después
de la infeccion por MCMV. Biron et al describieron que la activacion de las células NK, valorada
por el incremento del tamafio celular (“blastogenesis”), durante la infeccion por el citomegalovirus
murino se correlacionaba con el incremento del nimero de células NK en el bazo y el higado.
Estudios mas recientes usando el método de marcaje con BrdU han demostrado una proliferacion
general de células NK al inicio de la infeccion por MCMYV atribuible a la accion de la IL-15, seguida
de una expansion preferente de la poblacion Ly49H+, sugiriendo que en esa fase las células NK que
expresan el receptor activador reconocen y responden frente a las células infectadas, desarrollando
una expansion clonal analoga a que experimentan los linfocitos T '*°.

Aunque se ha demostrado que el IFN o/p incrementa la capacidad citotoxica de las células
NK, no esté clara la importancia de la citotoxicidad en la respuesta frente al CMV. Por el contrario,
la produccion de IFN-y juega un papel importante. Ciertas funciones del IFN-y tales como
incrementar el procesamiento y transporte antigénico, y la expresion del MHC se superponen a las
del IFN-a/B. Otras funciones con accion antivirica directa son especificas del IFN-y, como la
induccion del enzima NOS (nitric oxide synthase) que promueve la produccion de NO el cual puede
modificar moléculas necesarias para la replicacion virica; o la inducciéon de MIP-1a que induce la
secrecion de la quimiocina CX3CL1 muy efectica en el reclutamiento de linfocitos activados'*” "',

Tanto la proliferacion, como la citotoxicidad y la secrecion de IFN-y estdn reguladas por
otras citocinas tales como IFN-a/B, IL-12, IL-15 y IL-18 que son secretadas por células infectadas, o
por DC activadas y macrofagos, y que activan las respuestas de las células NK'*” 2. En ratones se
ha visto que la interaccion coordinada entre diferentes citocinas que incrementan sus niveles durante

las infecciones viricas activa la respuesta mediada por las células NK. Asi, la IL-12 es critica para la

expresion de IFN-y, mientras que IFN-o/B se requiere para estimular la citotoxicidad. La
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acumulacion/supervivencia de las células NK que proliferan es independiente de la IL-12, pero
requiere la induccion de IL-15 por IFN-a/p '>°.

Como se ha expuesto anteriormente, las funciones de las células NK estan también sometidas
al control de receptores especificos expresados en la superficie de las células NK que, tras la
interaccion con sus ligandos, regulan su capacidad citotdxica, proliferacion y/o produccion de IFN-y.
Estos incluyen receptores activadores que reconocen una gran variedad de ligandos, muchos de ellos
desconocidos y receptores inhibidores que reconocen moléculas de clase I del MHC. Las células NK
pueden reconocer a los patdégenos intracelulares mediante uno o mas de los siguientes mecanismos:
a) reconocimiento directo de una proteina virica; b) disminucion de ligandos para receptores
inhibidores de las células NK; c¢) induccioén o incremento de la expresion de ligandos propios para
receptores activadores de la célula NK. Sin embargo, la respuesta de las células NK durante la
infeccion por CMV puede ser contrarrestada por mecanismos de evasion especificos (tabla 6 y

121-124, 154

Figura 8)

Tabla 6. Genes del HCMV y MCMYV que participan en la evasion de la respuesta de las células NK

Virus  Gen Ligando del Efecto en lacélula Consecuencia en las
virico receptor en NK diana células NK
HCMV  UL40 HLA-ET
UL16 MIC-B!; ULBP-1,2! | activacion por NKG2D
ULI18 ILT2 Inhibicién por ILT2
1 activacion por DNAM-1
UL141 CD155!
1 adhesion por CD96
MCMV  ml57 Inhibicion por Ly491
ml52 Raell; H60! 1 activacion por NKG2D
ml55 H60! 1 activacion por NKG2D
m145 MULT-14 lactivacion por NKG2D
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Figura 8. Posibles interacciones entre los diferentes receptores inhibidores (rojos) y activadores
(verdes) expresados en células NK y CTL, con sus ligandos, en células infectadas por HCMV (A) o
MCMYV (B)
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4.4.1 Reconocimiento directo de una proteina virica

El sistema inmunitario innato estd dotado de diferentes tipos de receptores que le permiten
responder frente a patrones moleculares asociados a patogenos (PAMP), tales como los TLR (Toll-

like receptores)'®

. Se ha descrito que las células NK, independientemente de su estado de
activacion, expresan TLR3 y 9 que reconocen respectivamente RNA de doble hebra (dsRNA) y
secuencias ricas en CpG desmetiladas, abundantes en el DNA bacteriano y virico "¢, por lo que las
células NK pueden responder a esas moléculas.

En células NK de raton se describid un receptor activador, denominado Ly49H, que reconoce
directamente una proteina virica (m157) que se expresa durante la infeccion del MCMV 7 18 E]

caracter hereditario denominado Cmv-1'°

, que determinaba la susceptibilidad a la infeccion por
MCMV en algunas cepas de raton, se identifico con el gen Ly49H'®. Este miembro de la familia
Ly49 se asocia a DAP12 y juega un papel importante en la defensa contra células infectadas por
MCMV'® | estimulando las funciones NK al interaccionar con la proteina virica m157. Se ha
sugerido que este receptor Ly49H activador representaria una adaptacion evolutiva del huésped para
contrarrestar el efecto de m157 como mecanismo de evasion, ya que se ha constatado que también

se une al receptor inhibidor Ly491'%%,

Por otra parte, hay evidencia de que bajo la presion de las
células NK Ly49H+ se seleccionan variantes del virus con mutaciones en la proteina m157, que
impiden el reconocimiento por Ly49H '®. La combinaciéon de Ly49P con H-2D* también confiere
resistencia la infeccion por MCMV aunque se desconoce por el momento el posible ligando de
Ly49P ',

Recientemente se ha descrito el reconocimiento de la proteina pp65 del HCMV por el

receptor NKp30. Pese a tratarse de un receptor activador, la interaccioén con el ligando pp65 inhibe a

la célula promoviendo, aparentemente, la disociacién del receptor y su adaptador **.
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4.4.2 Disminucion de ligandos para receptores inhibidores especificos para HLA

El CMV disminuye la expresion de moléculas MHC para evadirse de la respuesta mediada por
células T. Como consecuencia las células NK quedan liberadas del control que ejercen los receptores
inhibidores especificos para moléculas de clase I y pueden mediar citotoxicidad y secrecion de
citocinas contra las células infectadas. Sin embargo, en estudios in vitro los fibroblastos infectados
con CMV mantienen cierta resistencia a la lisis por células NK lo que sugiere que existen
mecanismos de evasion '®.

Para escapar del control por las células NK, el virus puede mantener los receptores
inhibidores activos, interfiriendo de manera selectiva con la expresion de las moléculas MHC de
clase I o presentando moléculas homélogas a éstas en las células infectadas '**.

El CMV podria escapar tanto de las células NK y T preservando la expresion de moléculas
con un papel limitado en la presentacion antigénica pero que constituyen ligandos importantes para
receptores inhibidores (HLA-E y HLA-C). Al respecto, se ha demostrado que las proteinas US2 o
US11 interfieren selectivamente con la expresion de moléculas MHC de clase I, preservando HLA-E

142 La posibilidad de que HCMV pueda preservar HLA-C para escapar del control de KIR, como se

propuso originalmente para la proteina nef del virus de la inmunodeficiencia humana (VIH) '°°, no

se ha demostrado.

Respecto al segundo mecanismo de evasion mencionado se han descrito dos proteinas del
HCMV que pueden contribuir a evadir la respuesta mediada por las células NK:

a) UL-40 y CD94/NKG2A

Dos laboratorios describieron que un nonamero derivado de la secuencia sefial de la proteina
del HCMV ULA40 es idéntico al proveniente de la molécula del HLA-Cw03 que se une a HLA-E, por

lo que puede estabilizar su expresion '°” ' Se ha postulado que la sintesis de UL40 durante la
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infeccion virica puede preservar la expresion de HLA-E, confiriendo proteccion contra las células
NK que expresan el receptor inhibidor CD94/NKG2A. Esta hipotesis se vio respaldada al observar
que fibroblastos infectados con un mutante de la cepa AD169 deficiente en la proteina UL40 eran
mas susceptibles a la lisis por lineas primarias y células NK CD94/NKG2A+ ', Sin embargo, otro
grupo ha cuestionado que la molécula HLA-E se mantenga a lo largo de la infeccion por HCMV y
que efectivamente permita evadir la respuesta de las células NK ™.

Para que las células infectadas por HCMV preserven HLA-E, ésta deberia ser refractaria a la
accion de otras proteinas viricas que inhiben la expresion de moléculas de clase I (ej. US2, US3,
US6 y US11). La presentacion del nondmero derivado de UL40 por HLA-E es independiente de
TAP y resistente a US6 '*. Ademas tanto US2 como US11 preservan los niveles de superficie de
HLA-E'* por lo que, junto a la presentacion del péptido derivado de UL40, pueden contribuir a
mantener la expresion de HLA-E en la superficie durante la infeccion y proteger a los fibroblastos
infectados de la lisis mediada por células NK CD94/NKG2A+.

Se ha observado que un péptido derivado de la proteina HSP-60, que se expresa en células
sometidas a estrés, puede estabilizar HLA-E pero impide su union a CD94/NKG2A por lo que la

célula es susceptible a la lisis "'. La HSP-60 al competir con los péptidos endégenos propiciaria la

lisis de células en situaciones patologicas.

b) UL18-1LT2

La proteina del HCMV ULI18 es homologa a HLA de clase I, se une a b2-microglobulina,
puede unir péptidos y se expresa en la superficie de las células '"'. La glicoproteina UL18 se une al
receptor inhibidor ILT2 con una afinidad superior que las moléculas MHC de clase I ***’. Aunque
resulta razonable, la hipotesis de que UL18 pueda interferir con la actividad de las células NK no se
ha demostrado. Algunos trabajos han propuesto que la reducida susceptibilidad a la lisis mediada por

172
8

células NK de las células infectadas por HCMV es independiente de la expresion de ULI y que,
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paradéjicamente, UL18 podria incrementar la susceptibilidad a la actividad NK '”. Recientemente,
Ciccone et al, han publicado que los linfocitos T CD8+ pueden lisar de manera independiente del
TCR células UL18+, interpretando que la interaccion UL18-ILT2 podria estimular las funciones
efectoras en células T '7*. Se requieren mas datos experimentales para evaluar la hipotesis.

El hecho de que no todas las variantes polimorficas de UL18 expresadas en diferentes
aislados viricos se unan con la misma afinidad a ILT2 '™, la posibilidad que UL18 pueda ser ligando
de otro receptor activador o que opere sobre otros tipos celulares ILT2+, como
monocitos/macréfagos, deben tenerse en cuenta para resolver las incognitas sobre su papel en la

infeccion.

4.4.3 Induccion o incremento de la expresion de ligandos propios para receptores activadores de

células NK

Hay datos a favor de que NKG2D estd implicado en la respuesta al HCMV. Por una parte, la
infeccion por HCMV aumenta la expresion en superficie de MICA/B y ULBP, ligandos del receptor
NKG2D "’y por otra el receptor, que se expresa en la mayoria de células T CD8+ especificas para
HCMV, funciona como una molécula coestimuladora aumentando la citotoxicidad y secrecion de
citocinas mediada por el TCR '®. Ademas, la existencia de mecanismos tanto en el HCMV como en
MCMV para disminuir el efecto del receptor NKG2D sugiere que este receptor tiene un papel
importante en la respuesta al virus. La glicoproteina del HCMV UL16, que se expresa temprano
durante la infeccion, retiene a nivel intracelular MICB, ULBP1 y ULBP2, inhibiendo su expresion
en superficie e interfiriendo con la respuesta mediada por NKG2D'"""'”; por el contrario MICA,
ULBP3 y ULBP4 parecen resistentes a UL16. Los fibroblastos infectados con un mutante de la cepa
ADI169 que no expresa la proteina UL16 son mas susceptibles a la lisis por células NK '**. En el
MCMV las glicoproteinas m152, m155 y ml145 disminuyen los ligandos del receptor NKG2D

. 181-184
murino 817184,
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Se ha descrito recientemente que la proteina UL141 del HCMV disminuye la expresion de
los ligandos CD112 y CD155 del coreceptor activador DNAMI1 '*°, lo que sugiere que este receptor

también estd implicado en la respuesta frente al HCMV.
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NK Cell Receptors Involved in the Response to Human Cytomegalovirus Infection

Summary

Human cytomegalovirus (HCMV) infection is a paradigm of the complexity reached by host-
pathogen interactions. To avoid recognition by cytotoxic T lymphocytes (CTL) HCMYV inhibits the
expression of HLA class I molecules. As a consequence, engagement of inhibitory KIR,
CD94/NKG2A and CD85j (ILT2 or LIR-1) natural killer receptors (NKR) specific for HLA class I
molecules is impaired, and infected cells become vulnerable to an NK cell response driven by
activating receptors. In addition to the well-defined role of the NKG2D lectin-like molecule, the
involvement of other triggering receptors (i.e. activating KIR, CD94/NKG2C, NKp46, NKp44 and
NKp30) in the response to HCMV is being explored. To escape from NK cell-mediated surveillance,
HCMV interferes with the expression of NKG2D ligands in infected cells. In addition, the virus may
keep NK inhibitory receptors engaged preserving HLA class I molecules with a limited role in
antigen presentation (i.e. HLA-E) or, alternatively, displaying class I surrogates. Despite a
considerable progress in the field, a number of issues regarding the involvement of NKR in the

innate immune response to HCMV remain uncertain.
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Human cytomegalovirus (HCMV) is a prototypic betaherpesvirus that infects with a high
prevalence all human populations (PASS 2001). Primary infection in healthy immunocompetent
individuals is usually mild or asymptomatic. Replicating HCMYV is eventually cleared by the host
immune response, but the virus remains in a lifelong latent state. Reactivation of HCMV, associated
with unapparent shedding, can sporadically occur in seropositive carriers facilitating the spread of
the virus to additional hosts. The long-term persistence after primary infection of circulating T cells
specific for viral antigens, presumably reflects the impact of this recurrent process on the immune
system. By contrast, primary infection, reinfection or reactivation of HCMV may cause a significant
morbidity in individuals with immature or compromised immune systems. In transplant recipients,
HCMV infection can lead to severe complications such as pneumonia, hepatitis or graft failure.
Retinitis is a common HCMV-induced pathology in human immunodeficiency virus (HIV)-infected
patients. In addition, HCMYV is the leading viral cause of congenital disorders such as hearing loss,
chorioretinitis or mental retardation. Several studies have also implicated HCMV infection as a co-
factor contributing to atherosclerosis and coronary restenosis following angioplasty.

HCMV is a large enveloped double-stranded DNA virus; its 230-kb genome encodes for
around 200 open reading frames, a vast number of which have not yet been related to any specific
functional role during infection (MOCARSKI and COURCELLE 2001). HCMV exhibits strict
species specificity, a relatively slow replication cycle, and a narrow cell tropism in tissue culture.
Despite that HCMV infects different cell types in the host (i.e. fibroblasts, hepatocytes, epithelial,
endothelial, smooth muscle, stromal, neuronal and hematopoietic cells), complete productive
infection in vitro is mainly sustained in fibroblasts and, less efficiently, in endothelial and
differentiated myelomonocytic cells. Expression of HCMV genes in fully permissive cells follows a
temporally ordered cascade in which three phases, designated as immediate-early, early and late, can
be distinguished. Viral gene expression is limited in some cell types, where only a restricted/abortive

HCMV infection takes place, thus representing potential sites of viral persistence in vivo. In
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particular, myelomonocytic cells harboring HCMV genomes are thought to serve as reservoirs of
latent virus. Under specific stimuli, such as proinflammatory cytokines, monocytes may differentiate
into mature macrophages allowing productive HCMV replication and dissemination.

The majority of in vitro studies on HCMV have been performed with laboratory strains (i.e.
AD169, Towne) which have been subjected to extensive passages on human fibroblast cell lines.
This manipulation results in genetic deletions and, in fact, at least an extra 15 kb region containing
more than 19 ORFs is only present in freshly isolated clinical strains of HCMV (CHA et al. 1996).
Genetic polymorphisms have also been reported in HCMV clinical isolates (PIGNATELLI et al.
2004); yet, the relevance of HCMV genetic variability in the context of viral immunopathogenesis
and disease outcome is still poorly understood (CERBONI et al. 2000). A powerful approach to
study the function of individual CMV genes is the generation and analysis of viral mutants carrying
specific genome deletions. The introduction of full-length CMV genomes into E. coli as an artificial
chromosome (BAC) clone (ADLER et al. 2003) has facilitated efficient and reliable targeted
mutagenesis.

Experimental animal models, mainly using murine CMV (MCMYV), have been extensively
employed to provide insights into HCMV biology and pathogenesis. Despite a significant
divergence, MCMYV shares many features with its human counterpart in terms of replication during
acute infection, tissue tropism, establishment of latency and reactivation (HO 1991). In addition,
human and murine viruses exhibit a similar genetic organization and encode homologous gene
products (CHEE et al. 1990; RAWLINSON et al. 1996).

Early studies in animal models revealed that an effective defence against CMV requires the
coordinated participation of the innate and adaptive immune responses, mainly involving NK cells
and specific CTL (BIRON and BROSSAY 2001; FRENCH and YOKOYAMA 2003; SCALZO
2002); reciprocally, CMV have adopted a variety of immune evasion strategies. Human CTL

recognize peptide epitopes derived from different HCMV antigens such as the UL83 (pp65) and
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UL32 (pp150) structural proteins, as well as the immediate-early transactivator UL123 (IE-1; pp72)
(MOCARSKI and COURCELLE 2001). In order to interfere with antigen presentation, HCMV
impairs the expression of HLA class I molecules, employing several proteins encoded by a gene
cluster located in the unique short (US) region of the HCMV genome (HENGEL et al. 1999;
TORTORELLA et al. 2000). Among them, US2 and US11 are expressed at early-late stages of the
viral replication cycle and translocate class I heavy chains from the ER to the cytosol where they are
degraded. US3 is an immediate-early protein that retains class I molecules at the endoplasmic
reticulum (ER), whereas the late US6 protein impairs TAP-mediated peptide transport. Two
additional genes in the US region, US8 and US10, encode glycoproteins that bind MHC class I
heavy chains, although they do not appear to drastically alter processing and cell surface expression
of the MHC class I molecules (FURMAN et al. 2002; TIRABASSI and PLOEGH 2002).
Remarkably, US2 and US3 may also interfere with MHC class II antigen presentation (HEGDE et
al. 2003).

The redundant mechanisms aimed to inhibit HLA class I expression likely reflect the
importance of this immune evasion strategy. As a consequence, NK cells are released from the
control exerted by inhibitory receptors specific for class I molecules, and can mediate cytotoxicity
and cytokine production against infected cells. To escape from NK cell-mediated surveillance,
HCMYV impairs the expression of ligands for activating receptors. Alternatively, the virus may keep
NK inhibitory receptors engaged, either preserving ligands with a limited role in antigen presentation
(i.e. HLA-E and HLA-C) or displaying class I surrogates in infected cells (LOPEZ-BOTET et al.

2004).

Involvement of inhibitory NKR in the response to HCMV

NK cells express several inhibitory receptors such as killer immunoglobulin-like receptors (KIR),

the CD94/NKG2A Kkiller lectin-like receptor (KLR) and CD85j (ILT2 or LIR-1) (COLONNA et al.
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1999; LOPEZ-BOTET and BELLON 1999; MORETTA and MORETTA 2004), that are also
expressed by some T lymphocytes (VIVIER and ANFOSSI 2004). The spectra of class I HLA
molecules covered by inhibitory KIR and, indirectly, by CD94/NKG2A are partially overlapping.
Both receptor systems complement each other to monitor the surface expression of most class I
molecules, which are also broadly recognized by CD85j. The heterogeneous distribution of NK cell
receptors (NKR) in distinct NK cell subsets enables the system to react against variable alterations of

HLA class I expression, provided that activating signals do overcome the inhibitory threshold.

CD94/NKG2A
CD9%4 and NKQG2 are lectin-like membrane glycoproteins encoded at the NK gene complex (NKC) in
human chromosome 12 (CHANG et al. 1995; HOUCHINS et al. 1991). The CD94/NKG2A
heterodimer constitutes an inhibitory receptor that recruits the SHP-1 tyrosine phosphatase through
the Immunoreceptor Tyrosine-based inhibition motif (ITIM)-bearing NKG2A subunit. By contrast,
CD94/NKG2C forms a triggering receptor linked to KARAP/DAP12, an Immunoreceptor Tyrosine-
based Activation Motif (ITAM)-bearing adapter molecule that connects these receptors to a protein
tyrosine kinase (PTK) activation pathway (LANIER 2003; LOPEZ-BOTET and BELLON 1999).
The function of other putative activating molecules encoded by the NKG2E gene (YABE et al.
1993) remains unknown. HLA-E was shown to be a specific ligand for both CD94/NKG2A and
CD94/NKG2C receptors, presenting peptides derived from the signal sequences of other HLA class I
molecules (BORREGO et al. 1998; BRAUD et al. 1998; LEE et al. 1998). HLA-E is dimorphic at
position 107, where the few allotypes identified display either an Arg (HLA-E®) or a Gly (HLA-E®)
(STRONG et al. 2003). Resolution of the crystal structure of HLA-E revealed the basis of its affinity
for hydrophobic leader sequence-derived peptides (O'CALLAGHAN et al. 1998).

Detection of HLA-E by CD94/NKG2A is currently viewed as a sensor mechanism that

probes the status of HLA class I biosynthesis. Yet, there is evidence supporting that HLA-E may bind
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to hydrophobic peptides from other proteins; some of these sequences are very similar to those derived
from HLA class I molecules whereas others appear completely unrelated. Among the first group, a
peptide from the HSP60 was shown to potentially compete with endogenous class I-derived nonamers
for binding to HLA-E (MICHAELSSON et al. 2002); the complex was not recognized by
CD94/NKG2A, rendering stressed cells vulnerable to an NK-mediated attack. The biological relevance
of this observation in the context of the immune response against virus-infected targets is still uncertain.

On the other hand, a nonamer derived from the leader sequence of the UL40 HCMV protein
was also reported to interact with HLA-E (TOMASEC et al. 2000; ULBRECHT et al. 2000).
Expression of the class Ib molecule was preserved in infected cells, conferring protection against a
CD94/NKG2A+ NK cell line. Moreover, fibroblasts infected by a UL40-deletion mutant of the AD169
HCMV strain were killed by CD94/NKG2A+ primary NK cell lines more efficiently than cells infected
by the wild-type virus (WANG et al. 2002). The possibility that HLA-E may be maintained along
HCMYV infection to effectively evade the NK response has been questioned by another study (FALK
et al. 2002); some differences between both experimental approaches may explain the discrepancy.

In order to be preserved in HCMV-infected cells, HLA-E should be refractory to the action of
viral proteins that target class I molecules (i.e. US2, US3, US6 and US11). Indeed, HLA-E
presentation of the UL40-derived nonamer was confirmed to be TAP-independent and resistant to
US6 (TOMASEC et al. 2000). We compared the effect of US2, US6 or US11 on the endogenous
HLA-E and HLA class Ia expression in a human B cell lymphoma line, assessing in parallel their
influence on target susceptibility to NK cell clones (LLANO et al. 2003). In this system, US6
downregulated all class I molecules, whereas US11 selectively preserved HLA-E. This rendered
US11+ cells sensitive to NK clones under the control of KIR2DL2 and/or CD85j receptors,
maintaining resistance to CD94/NKG2A+ KIR2DL2- cells. US2 also spared HLA-E though it
selectively targeted class Ia molecules, inhibiting HLA-A and HLA-C but not HLA-B expression.

Altogether these observations support the hypothesis that US6-resistant presentation of the UL40-
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derived peptide together with the restricted action of US2 and US11 may contribute to maintain
HLA-E expression during the infection. In that way, the virus should be able to interfere with HLA
class Ia antigen presentation to CD8+ lymphocytes, concomitantly protecting infected cells against
CD94/NKG2A+ effectors.

Recent observations suggest that the immune system may counteract this evasion strategy. In
this regard, it has been shown that some CTL may specifically recognize HLA-E (GARCIA et al.
2002; MORETTA et al. 2003; PIETRA et al. 2001). We originally demonstrated binding of HLA-E
tetramers to the TCR of a T cell clone, which specifically killed cells expressing the class Ib
molecule associated to some HLA class I and virus-derived peptides (i.e. BZLF1 from EBV)
(GARCIA et al. 2002). Mingari et al. have extended these studies, proposing that CTL recognizing
HLA-E bound to the UL40 nonamer might have a relevant role in the response against HCMV-

infected cells (PIETRA et al. 2003).

KIR
The killer immunoglobulin-like receptor (KIR) gene family is located in human chromosome 19q13.4;
different KIR haplotypes that include partially overlapping sets of genes have been identified
(MORETTA and MORETTA 2004; VILCHES and PARHAM 2002). A group of KIRs (i.e. KIR2DL
and KIR3DL) display cytoplasmic ITIM which once phosphorylated become docking sites for the SHP-
1 protein tyrosine phosphatase involved in inhibitory signalling. Other KIR bear shorter
intracytoplasmic domains lacking ITIMs (i.e. KIR2DS/3DS) and, similarly to NKG2C, contain a
charged transmembrane residue (Lys) interacting with KARAP/DAP12. Some KIR specifically interact
with sets of HLA class Ia allotypes that share structural features at the o1 domain, whereas the ligands
for other KIR still remain unknown.

The possibility that HCMV infected cells might preserve HLA-C to escape from KIR-

mediated surveillance, as originally proposed for HIV (COHEN et al. 1999), remains unclear. On
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one hand, US2 was shown to bind HLA-A but not HLA-E, -B7, -B27 nor HLA-Cw4 molecules
(GEWURZ et al. 2001); moreover, HLA-C appeared resistant to US2 and US11 when expressed in a
trophoblast cell line (SCHUST et al. 1998). By contrast, endogenous HLA-Cw7 was downregulated
in US2+ and US11+ transfected cells (LLANO et al. 2003), and Huard et al described that US11+
targets were sensitive to KIR2DL+ NK cells, indirectly supporting that HLA-C expression was
inhibited (HUARD and FRUH 2000). In the same line, Falk et al. reported that downregulation of
HLA class I molecules, including HLA-C, did not occur in fibroblasts infected with a deletion

mutant lacking the US2-US11 region (FALK et al. 2002).

CD85j (ILT2, LIR-1)

The Ig-like transcript (ILT) or leukocyte Ig-like receptor (LIR) gene family flanks the KIR locus at
chromosome 19p13.4, encoding for molecules preferentially expressed by the myeloid lineage
(COLONNA et al. 1999). Some ILT (LIR, CD85) molecules contain cytoplasmic ITIM that recruit
SHP phosphatases, whereas others display a charged transmembrane residue (Arg) and associate to
the FceRychain. Among the first group, ILT2 (LIR-1, CD85j) and ILT4 (LIR-2) broadly interact with
HLA class I molecules (COLONNA et al. 1997; COSMAN et al. 1997). ILT2 is detected on NK and T
cell subsets, as well as on B cells and monocytes/macrophages, whereas ILT4 expression is restricted to
the latter.

Engagement of inhibitory receptors by HLA class I surrogates expressed in CMV-infected
cells constitutes a potential way to subvert the NK cell response. In this regard, the ILT2 receptor
was reported to bind the UL18 HCMV HLA class I-like molecule with an affinity higher than that
for class I molecules (CHAPMAN et al. 2000; COSMAN et al. 1997). Yet, the hypothesis that UL18
may interfere with NK cell activity during HCMV infection has not received consistent experimental

support. Moreover, a reduced susceptibility to NK cell-mediated lysis of HCMV-infected cells was
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shown to be independent of UL18 expression (ODEBERG et al. 2002). The possibility that UL18
may act on other CD85j+ cell types (i.e. monocytes/macrophages) should be envisaged.

Remarkably, Leong et al. observed that, rather than conferring protection, UL18 increased
susceptibility to NK-mediated lysis; yet, ILT2 was not analysed in that study (LEONG et al. 1998).
More recently, Ciccone et al. (SAVERINO et al. 2004) reported that CD8+ T lymphocytes killed in
an MHC-unrestricted and TCR-independent manner UL18+ cells; moreover, fibroblasts infected by
an HCMV deletion mutant lacking UL18 were resistant to lysis. Strikingly, T cell-mediated
cytotoxicity of HCMV+ fibroblasts was inhibited by UL18 and CD85j-specific mAbs though,
though only at very late stages of infection (i.e. 6 days). These functional data were interpreted as an
indirect indication that a cognate UL18-CD85j interaction might trigger T cell effector functions.
This hypothesis requires further experimental support to confirm the ability of CD85j to activate T
lymphocytes and, eventually, to define the signalling pathway(s) involved. The identification of
other triggering receptor(s) specific for UL18 might also contribute to explain the observations. It is
of note that CD85j expression was shown to be increased in PBL from patients undergoing HCMV
infection after lung transplantation (BERG et al. 2003); in the same line, we observed that the
proportions of CD85j+ T lymphocytes were raised in HCMV+ individuals (GUMA et al. 2004). The
mechanisms underlying the impact of HCMV infection on CD85j expression should be explored.
UL18 polymorphisms have been reported to influence its interaction with ILT2 (VALES-GOMEZ et
al. 2005)

Preliminary reports point out that HCMV may synthesize additional class I-like molecules to
interfere with the NK-mediated response (Sissons et al. and Wang et al. reported at the 29" Annual
International Herpesvirus Workshop, Reno, Nevada. July 2004); whether these proteins engage
inhibitory NKR is as yet unknown. It is of note that the corresponding genes (i.e. UL141 and

UL142) can be found in HCMYV clinical isolates but are deleted in commonly used laboratory strains
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(i.e. AD169 and Towne). Recently, UL141 has been described to exert a blocking effect on the

expression of CD155, a ligand for the DNAM-1 activating receptor (TOMASEC et al. 2005)

Activating NK cell receptors in the response to HCMV

The nature of the cellular ligands for triggering human NK cell receptors has been only partially
unraveled. Some of them appear to be constitutively expressed by target cells (i.e. HLA class I
molecules), others are inducible under stress conditions and can be detected in virus-infected and
tumour cells (i.e. MICA/B), whereas a third category remains unknown. Although the possibility
that MHC class I molecules bound to foreign peptides may be efficiently recognized by triggering
NKR remains theoretical, studies in mice point out that some NK activating receptors may recognize

pathogen-derived molecules.

NKG2D
Human NKG2D (hNKG2D) is a lectin-like molecule expressed by NK and T cells, that is coupled to
a PI3K signalling pathway through the DAP10 adapter (VIVIER et al. 2002; WU et al. 1999).
NKG2D has been reported to function either as a triggering receptor (BILLADEAU et al. 2003), or a
costimulatory molecule in conjunction with other PTK-linked receptors (GROH et al. 2001; WU et
al. 2002). Like its murine homologue, hNKG2D interacts with stress-inducible molecules, which are
also detected in some transformed and virus-infected cells. Several class I-related ligands have been
defined for human NKG2D, including the polymorphic MICA/B molecules and a family of proteins
termed "UL16-binding proteins" (ULBP) or retinoic acid early inducible-1 (RAE-1)-like (BACON
et al. 2004; BAUER et al. 1999; CHALUPNY et al. 2003; COSMAN et al. 2001; RAULET 2003).
NKG2D ligands are expressed in CMV-infected cells and co-stimulate virus-specific CTL
(GROH et al. 2001; RAULET 2003). The existence of viral escape mechanisms that target NKG2D

function indirectly illustrates the importance of this mechanism of response to HCMV. In this
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regard, the UL16 glycoprotein inhibits surface expression of MICB, ULBP1, ULBP2 (VALES-
GOMEZ et al. 2003; WELTE et al. 2003) and also interacts with RAET1G (BACON et al. 2004),
thus potentially interfering with the NKG2D-mediated response. Upon infection with a UL16
deletion mutant, all ULBP molecules were expressed at the cell surface leading to an increase in
NKG2D-mediated lysis (ROLLE et al. 2003). On the other hand, Oderberg et al. have proposed that
ULI16 may also exert a direct protective effect against cytolytic mediators released by NK cells

(ODEBERG et al. 2003).

Natural cytotoxicity receptors (NCR)

Several Ig-like natural cytotoxicity receptors (NCR) connected to PTK signaling pathways have
been shown to trigger NK cell functions (MORETTA et al. 2001). NKp46 is coupled to the  or y
adapters, activating cytotoxicity and cytokine production upon recognition of still undefined cellular
ligand(s). The nature of the molecules recognized by the DAP12-associated NKp44 and the C-linked
NKp30 NCR also remain unknown. Although the role of NCR in the defense against HCMV
remains uncertain, the putative expression of NCR ligands by different cell types suggests that these
receptors might contribute to the response against virus-infected cells that have downregulated HLA
class I molecules. On the other hand, the possibility that quantitative/qualitative changes in
expression of NCR ligands may take place during HCMV infection cannot be excluded. The
involvement of additional activating receptors (MORETTA et al. 2004) in the response to HCMV
should be also explored. Recently, pp65 has been shown to interact with NKp30, inhibiting NK cell

function (ARNON et al. 2005).

CD94/NKG2C
Most inhibitory receptor families include activating molecules whose physiological role remains

unclear. It has been hypothesized that KIR2DS/3DS and CD94/NKG2C receptors may contribute to
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trigger cytotoxicity and cytokine production when the dominant control by inhibitory receptors falls
beneath a critical threshold (LOPEZ-BOTET et al. 2000). As the affinity of stimulatory NKR for class I
molecules appears lower than that of the inhibitory counterparts, either a selective down-modulation of
the inhibitory ligand and/or an increase of the activating NKR avidity for their ligands would be
required. The first situation may take place in HCMV-infected cells, where HLA-E molecules appear to
be selectively spared from the action of US proteins. With regard to the second possibility, there is no
evidence for the existence of class I-peptide complexes or other ligands recognized with high affinity by
the activating NKR. Nevertheless, the hypothesis that some activating NKR may directly interact with
microbial products has gained experimental support. Ly49H associates to DAP12 and plays a pivotal
role in the defence against MCMYV infected cells, triggering NK cell functions upon its interaction with
the m157 viral protein (ARASE et al. 2002; SMITH et al. 2002).

As observed for Ly49H expression during MCMV infection (DOKUN et al. 2001), it is
conceivable that HCMV might shape the NKR repertoire and the distribution of NK cell subsets. In this
regard, increased proportions of CD94/NKG2C+ NK and T cells were detected in HCMV+ individuals
(GUMA et al. 2004), presumably reflecting the challenge exerted by the virus on the innate immune
system, and suggesting that they might participate in the response to the pathogen. In contrast to the
CD94/NKG2A+ subset, most CD94/NKG2C+ cells co-expressed KIR and CD85j, displaying lower
levels of NCR. Detection of CD85j+ CD94/NKG2C- cells suggests that both phenotypic features are
independently associated to HCMYV infection.

CD94/NKG2C+ T lymphocytes populations generally displayed a TCRap+ CD8+ CD56+
CD28- phenotype and appear to be oligoclonal; yet, NKG2C+ TCRaf} and rare NKG2C+ CD4+ cells
were also detectable in some donors (GUMA et al. 2005). The antigen specificity of NKG2C+ cells is
uncertain. It is of note that most HCMV-specific CTL identified with HLA-A*0201/pp65 tetramers did

not express NKG2C (GUMA et al. 2004). Moreover, despite that some CD94/NKG2C+ cells may
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correspond to HLA-E-specific CTL (GARCIA et al. 2002), this association is not a general finding as
NKG2C was reported to be undetectable in HLA-E-specific CTL (PIETRA et al. 2003).

Comparably to the response induced in NK cells, specific engagement of the CD94/NKG2C
lectin-like receptor was observed to trigger the proliferation and effector functions of a subset of
CD94/NKG2C+ CD8&+ T cells; moreover, the KARAP/DAP12 adapter protein was detected in
CD94/NKG2C+ T cell clones (GUMA et al. 2005). Altogether these results supported that the KLR
may potentially constitute an autonomous activation pathway alternative to the TCR, stimulating the
response of NKG2C+ T lymphocytes against HCMV infected cells.

Several mechanisms may account for the variable increase of CD94/NKG2C+ cells in HCMV+
individuals. First, changes in the NKR repertoire might result from alterations in the cytokine network
secondary to the viral infection. IL-21 has been shown to promote the expression of NCR and NKR
during the NK cell differentiation from CD34+ precursors (SIVORI et al. 2003); moreover, TGF[] and
IL-15 induce CD94/NKG2A expression in T cells (MINGARI et al. 1998). On the other hand, as
observed for Ly49H+ cells, CD94/NKG2C-mediated recognition of HCMV-infected cells could
promote the expansion/survival of the corresponding NK and T cell subsets. As stressed above, this
would require an increased avidity of the KLLR-ligand interaction and/or a selective loss of ligands for
inhibitory receptors co-expressed by CD94/NKG2C+ cells (i.e. KIR, ILT2). The preservation of HLA-E
bound to the UL40-derived peptide in HCMV-infected cells could favour a response of
CD94/NKG2C+ lymphocytes; studies are in progress to address these key questions.

Though HCMV and MCMYV are quite disparate, CD94/NKG2 receptors are conserved in mice
and specifically recognize Qal®, a functional homologue of HLA-E (VANCE et al. 1999). Studies are
required to evaluate whether MCMYV infection may target the expression of Qal or have any impact on

the expression of NKG2C.
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Concluding remarks

A number of questions regarding the involvement of NKR in the innate immune response to HCMV
remain open. Among them, the existence of human triggering receptors capable of driving the NK
cell response to HCMV upon recognition of virus-encoded proteins or peptides is uncertain. The
identification of NCR ligands becomes essential to define their putative participation in the response
against HCMV. The analysis of CD94/NKG2C expression may become an additional useful
parameter to explore the host-pathogen relationship, and studies of the NKR repertoire in clinical
settings involving HCMV are warranted. On the other hand, further studies are required to
understand the implications of the UL18-CD85j interaction in the response to HCMV, and the role in

immune evasion of the other class I-like genes deserves attention.
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Objetivos

1.- Analizar la expresion de receptores de células NK en relacion con la infeccién por

citomegalovirus

2.- Estudiar el papel del receptor CD94/NKG2C en la infeccion por citomegalovirus.

3.- Estudiar la expresion y funcion del receptor CD94/NKG2C en células Taf+CD8+.
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ABSTRACT

Expression of the activating CD94/NKG2C killer lectin-like receptor (KLR) specific for HLA-E was
analysed in peripheral blood lymphocytes (PBL) from healthy adult blood donors; the expression of
other NK cell receptors (i.e. CD94/NKG2A, KIR, CD85j, CD161, NKp44, NKp46, NKp30 and
NKG2D) was also studied. Human cytomegalovirus (HCMYV) infection, as well as the HLA-E and
KIR genotypes were considered as potentially relevant variables associated with CD94/NKG2C
expression. The proportion of NKG2C+ lymphocytes varied within a wide range (<0.1-22.1%), and
a significant correlation (r=0.83; p<0.001) between NKG2C+ NK and T cells was noticed. The
HLA-E genotype and the number of activating KIR genes of the donors were not significantly
related to the % of NKG2C+ lymphocytes. By contrast, a positive serology for HCMV, but not for
other herpesviruses (i.e. Epstein-Barr and Herpes Simplex), turned out to be strongly associated
(p<0.001) with increased proportions of NKG2C+ NK and T cells. Remarkably, the CD94/NKG2C+
population expressed lower levels of NCR (i.e. NKp30, NKp46) and included higher proportions of
KIR+ and CD85j+ cells than CD94/NKG2A+ cells. Altogether, these data support that HCMV

infection selectively shapes the NKR repertoire of NK and T cells from healthy carrier individuals.
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INTRODUCTION

Killer immunoglobulin-like receptors (KIR), CD94/NKG2 killer lectin-like receptors (KLR) and
CD85j (ILT2, LIR1, LILRB1) specifically recognize HLA class I molecules and are expressed by
Natural Killer and T cell subsets ™. Single cells bear variable combinations of these NK cell
receptors (NKR), presumably resulting from stochastic gene activation/silencing events that take
place during their maturation °. The diversity of NKR observed in different individuals is in part

! On the other

genetically determined, as distinct KIR haplotypes include variable sets of genes
hand, there is evidence that microbial infections may also influence the NKR repertoire. In this
regard, murine cytomegalovirus (MCMYV) promotes an expansion of NK cells bearing the Ly49H
receptor specific for the m157 viral glycoprotein °, that play a crucial role in the immune response to
infection ™. Moreover, increased proportions of CD8+ T cells with an effector/memory phenotype
bearing inhibitory NKR (i.e. CD94/NKG2A) have been observed in mice infected by different

1012 a5 well as in human immunodeficiency virus (HIV)-infected patients .

viruses

CDY%4, NKG2A and NKG2C are C-type lectins encoded at the NK gene complex (NKC) in
human chromosome 12 '*; surface expression of NKG2A/C molecules requires their covalent
assembly with CD94 * '>'°. The CD94/NKG2A heterodimer constitutes an inhibitory receptor that
recruits the SHP-1 tyrosine phosphatase through the ITIM-bearing NKG2A subunit, whereas
CD94/NKG2C is coupled to a tyrosine kinase activation pathway through the DAP12 adapter ' '*.
In humans, both NKR specifically recognize HLA-E, that presents peptides derived from the signal
sequences of other HLA class I molecules '***; HLA-E allotypes contain either an Arg (HLA-E®'”)
or a Gly (HLA-E®'"") at position 107 **. The biological relevance of such structural dimorphism

24, 2 .
> Pand its

remains unclear but it may affect surface expression levels of the class Ib molecule
interaction with CD94/NK G2 receptors .
A number of studies have addressed the characterization of CD94/NKG2A in NK and T

cells, whereas little is known about the biological role of the CD94/NKG2C dimer. According to the
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current hypotheses proposed to interpret the function of activating NKR, either a selective down-
modulation of the ligands for inhibitory receptors expressed by CD94/NKG2C+ cells or/and an
increased avidity of CD94/NKG2C interaction with infected cells might favour NK cell activation
through that pathway *. In support of the first possibility, HLA-E appears selectively preserved from
the action of some human cytomegalovirus (HCMV) proteins that interfere with HLA class Ia
expression 2" **. Moreover, the class Ib molecule can be stabilized by a peptide derived from the
UL40 HCMV protein 2 *, potentially allowing the pathogen to evade the response mediated by
CDY94/NKG2A+ cells.

In the present study we analysed CD94/NKG2C expression in peripheral blood mononuclear
cells (PBL) from healthy adult blood donors; moreover, other NKR (i.e. CD94/NKG2A, KIR,
CDS85j, CD161, NKG2D) and triggering NKp46 and NKp30 Natural Cytotoxicity Receptors (NCR)
31 were also studied. HCMV infection as well as the HLA-E and KIR genotypes were assessed as
potentially relevant variables related to CD94/NKG2C expression. Our observations support that
HCMV, but not other herpesviruses (Epstein-Barr, EBV; and Herpes Simplex, HSV), shapes the
NKR repertoire of healthy carrier individuals promoting an expansion of CD94/NKG2C+ NK and T

cells.

80



Imprint of human cytomegalovirus infection on the NK cell receptor repertoire

MATERIALS AND METHODS

Subjects.

Blood samples derived from a cohort of 70 healthy adult individuals, including 51 males and 19
females (age:20-56 years, median=27) were analysed. Written informed consent was obtained from
every donor, and the study protocol was fully approved by the Ethics Committee. Standard clinical
diagnostic tests were used to analyse serum samples from blood donors for circulating IgG
antibodies against CMV (Abbot Laboratories, Abbot Park, IL), HSV and EBV (Trinity Biotech Plc,

Jamestown, NY).

Antibodies and reagents.

HP-3B1 anti-CD94, HP-1F7 anti-HLA-class I, HP-MA3 anti-KIR2DL1/S1, HP-3G10 anti CD161 and
HP-F1 anti-CD85j mAbs were generated in our laboratory and have been previously reported ****. Z199
anti-CD94/NKG2A ", p25 anti-CD94/NKG2A/NKG2C **, C218 anti-CD56, KD anti-CD16, AZ20
anti-NKp30, Bab281 anti-NKp46, and OM72 anti-NKG2D mAbs were generously provided by Dr. A.
Moretta (University of Genova, Italy) *'. Dx9 anti-KIR3DL1 mAb was provided by Dr. L. Lanier
(UCSF, San Francisco, CA, USA). CH-L anti-KIR2DL2/S2/L3 was provided by Dr. S. Ferrini
(University of Genova, Italy). Anti NKG2C mAb (MABI1381) was from R&D systems Inc
(Minneapolis, MN); biotin-labeling of MAB1381 was carried out using EZ-Link Sulfo-NHS-Biotin
(Pierce. Rockford, IL) according to the manufacturer instructions. Z199 (anti-NKG2A) mAb was
conjugated to Fluorescein isothiocyanate (FITC) (Sigma, St Louis, MO). Indirect immunofluorescence
analysis was carried out with Phycoerythrin (PE) or Fluorescein isothiocyanate (FITC)-tagged F(ab’)2
rabbit anti-mouse Ig antibodies (Dakopatts, Glostrup, Denmark). Anti CD3-Pcep, CD56-PE and

streptavidin-FITC were from BD Biosciences Pharmingen (San Jose, CA).

81



Capitulo 4

CMV-specific T cells were detected with an R-phycoerythrin-labelled HLA-A*0201 tetramer
bound to the HLA A*0201-restricted NLVPMVATYV peptide (amino acids 495-503 of the lower

matrix protein, pp65) (Proimmune, Oxford, UK).

Immunofluorescence and flow cytometry analysis.

Heparinized peripheral blood was obtained by venous puncture. Peripheral blood mononuclear cell
(PBMC) were isolated using a Ficoll-Hypaque (Axis-Shield PoC AS, Oslo, Norway) density
gradient centrifugation. For indirect immunofluorescence staining, cells were pretreated with
saturating concentrations of human aggregated Ig to block FcR, and subsequently labeled with
saturating concentrations of the different mAb according to the protocols detailed below. Samples
were subsequently analyzed by flow cytometry (FACScan, Becton Dickinson, Mountain View, CA).
For multicolor staining the following procedures were used: Protocol 1- Cells were incubated with
anti NKG2A/C (p25) mAb followed by washing and labelling with PE-tagged F(ab’)2 rabbit anti-
mouse Ig antibody (Dako); subsequently, samples were incubated with anti the Z199 anti NKG2A-
FITC and anti CD3Pcep (BD Biosciences Pharmingen). Protocol 2- Cells were incubated with
individual anti NKR or NCR MAbs followed by washing and labelling with FITC-tagged F(ab’)2
rabbit anti-mouse Ig antibody (Dako); subsequently samples were incubated with anti CD56-PE and
anti CD3Pcep (BD Biosciences Pharmingen). Protocol 3- Cells were incubated with either anti
NKp46, NKp30, CD85j, NKG2D or a mixture of anti KIR (2DL1/S1, 2DL2/S2/L3 and 3DL1)
mAbs, followed by washing and labelling with PE-tagged F(ab’)2 rabbit anti-mouse Ig antibody
(Dako); subsequently samples cells were incubated with either anti-NKG2A-FITC or anti-NKG2C-
Biotint+streptavidin-FITC (BD Biosciences Pharmingen) and with anti CD3-Pcep (BD Biosciences

Pharmingen).
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Extraction, amplification of genomic DNA and DNA Sequencing
DNA was isolated from total blood using the Genomic DNA Purification Kit (Gentra Systems,
Minneapolis, Minnesota). An HLA-E gene sequence comprised between exons 2 and 3 was
amplified by the polymerase chain reaction (PCR) using the following primers: 2FHLAE 5° CGC
ACA GAT TTT CCG AGT GAA 3’ and 382-ALL-AS 5° CCG CCT CAG AGG CAT CATTTG 3’
2 PCR reactions were run at 94°C for 1 min, at 64° for 30 seconds, and 72° C for 30 seconds for 35
cycles, with a final 10-min extension at 72°C. DNA sequencing was performed using BigDye
Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA) and a 3100 ABI
automatic sequencer.

The NKG2C gene sequence comprised between intronl and exon 3 was amplified using the
following primers: FNKG2C 5° GGC ATT GTT CAA CTG TAA TCT GCG 3’ and RNKG2C 5’
ACC TTT CTG CGT TCT TGT ATT CGG 3’. PCR amplifications were run at 94°C for 1 min, at

61° for 30 seconds, and 72° C for 1 min 30 for 35 cycles, with a final 10-min extension at 72°C.

KIR and HLA genotyping

KIR gene typing was performed using the PCR-SSP method (PCR with sequence-specific primers)
as previously described *°. Mutant KIR2DS4 alleles bearing a 22-bp deletion in exon 5 were
distinguished from normal ones by PCR, using primers that produce amplicons of different lengths
for each of these allotypes (Carlos Vilches, unpublished). The mutant KIR2DS4 alleles were not
taken into account for estimating the number of activating KIR of each donor. The HLA-A alleles

were analysed using the PCR-SSO method (Dynal Biotech Ltd., Wirral, UK).

Statistical analysis
Kolmogorov-Smirnov non-parametric test was applied to check the normal distribution of the

continuous variables, and either Pearson or Spearman correlation coefficients were computed to
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compare levels of continuous variables. To assess the relationship between a categorical variable
with two levels and normally or non-normally distributed quantitative variables, Student’s and
Mann-Whitney U tests were applied, respectively. To determine the independence of HLA-E and
CD94/NKG2C expression and the serological status for HCMV, the Kruskall-Wallis and chi-square
tests were applied, respectively. Multivariate lineal regression was chosen to assess the relationship
between CD94/NKG2C expression and HCMV status considering age as potential confounding
variable. The model was then stratified by HLA-E genotypes. Analyses were performed with SPSS
9.0 (SPSS Inc., Chicago, IL, 1999) statistical package. Results were considered significant at the two-

sided p of 0.05 level.
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RESULTS

CD94/NKG2C expression was studied in PBL from a cohort of 70 healthy adult blood donors (51
males and 19 females; age: 20-56, median: 27). To circumvent the unavailability of NKG2C specific
reagents, we initially used a combination of anti NKG2A mAb (Z199) and NKG2A/C (p25) mAbs;
in that way the relative expression of the inhibitory and triggering CD94/NKG2 receptors was
simultaneously assessed. As the NKG2C gene is deleted in some individuals *°, genomic analysis
was required to interpret the phenotypic data; NKG2C appeared undetectable by PCR in 2 out of 70
donors that were thus separately considered.

NKG2C+ cells, indirectly defined as p25+ Z199-, were observed to vary within a wide range
(£0.1-22%; meantSD=1.943.5%), being virtually undetectable in approximately 40% of the donors.
Three-color immunofluorescence analysis confirmed that the lectin-like dimer was expressed by
both CD3+ (<£0.1-5%; 0.6£0.8%) and CD3- (£0.1-45%; 4.5£8.2%) lymphocyte subsets, the latter
including NK cells. Figure 1A shows the distribution of p25+Z199+ and p25+Z199- lymphocytes in
two representative donors, illustrating the marked variability of CD94/NKG2C expression.

A commercial NKG2C-specific mAb (MAB1381) became recently available, allowing to
compare its staining pattern with that obtained with the Z199/p25 mAb pair in samples from 21
individuals. MAB1381 brightly stained a cell population that did not co-express NKG2A (Fig 1B),
and no significant differences were substantiated between the proportions of NKG2C+ cells, defined
either as p25+ Z199- or MABI1381°" NKG2C+ NK cells, identified as CD3-CD56+
MAB1381°M9M represented 25.3+25.1% of total NK cells (range: 2.5-80). This approach revealed
that most NKG2A+ PBL do not detectably co-express the NKG2C protein, an important question
that could not be solved using the p25/Z199 mAb combination. A minor fraction of dull-stained
MAB1381+ cells was also observed even in samples in which p25+Z199- lymphocytes were
undetectable (Fig 1B); yet, the significance of this observation is unclear and requires further

characterization of the commercial mAb. Interestingly, a significant correlation (r=0.83, p<0.001)
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between the proportions of NKG2C+CD3+ and either NKG2C+CD3- or NKG2C+CD3-CD56+ cells
was observed, suggesting that the regulatory event(s) controlling the expression of the activating
KLR act concomitantly on both NK and T cell lineages; conversely, such a correlation was not

substantiated for NKG2A+ cells.

0.3

NKG2A/C
NKG2C

NKG2A/C

o e
FLIH

s

Figure 1. Comparative analysis of CD94/NKG2C and CD94/NKG2A expression in PBL from
normal blood donors. (A) PBL were stained with anti NKG2A/C mAb (p25), NKG2A (Z199) and
CD3 mAbs (see protocol 1). Samples were analyzed by flow cytometry and the proportions of
NKG2A+ and NKG2C+ cells (p25+ Z199-) were calculated in total PBL, as well as in gated CD3+
and CD3- populations. The staining patterns in samples from two different individuals (upper and
lower histograms), representative of the variability in NKG2C expression are displayed. (B) PBL
stained with a combination of anti NKG2A (Z199) and either NKG2A/C (p25) or NKG2C-specific
(MAB1381) mAbs (see protocols 1 and 2) were comparatively analyzed by flow cytometry. The

staining patterns observed in two different individuals (upper and lower panels) are displayed.
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Blood donors were classified according to the detection of HCMV-specific circulating 1gG
into two groups: HCMV+ (n=34) and HCMV- (n=34); it is of note that according to previous studies
some carriers may appear seronegative ° *. A striking association between the detection of
NKG2C+ cells and HCMV-specific antibodies was noticed (p<0.001). As shown in Table I and
Figure 2, the proportions of NKG2C+ cells, including CD3- and CD3+ subsets, were significantly
increased in HCMV+ donors; by contrast, no relationship was observed between the serological
status for HCMV and the percentage of NKG2A+ or CD94+ cells (data not shown). Consequently,
the NKG2A/NKG2C ratio also varied within a broad range and appeared significantly reduced
among HCMV+ individuals (Table I). Despite the strong association between the serological status
for HCMV and expression of the activating KLR, NKG2C+ cells were <0.5% in 9 HCMV+ and
>0.5% in 5 HCMV- donors, the latter eventually corresponding to seronegative carriers. Thus, a
clear-cut threshold in the proportions of NKG2C+ cells discriminating HCMV+ and HCMV-
subjects could not be precisely established. A significant correlation was observed between donor
age and the percentage of NKG2C+ cells (p=0.026), although it disappeared when the HCMV
variable was jointly considered in the model (p=0.232).

The clear-cut relationship between HCMV serology and increased proportions of circulating
NKG2C+ NK and T cells indirectly supported that the viral infection may shape the NKR repertoire
in healthy carriers. Remarkably, analyses performed in PBL from 31 individuals, including HCMV+
(n=17) and HCMV- (n=14), indicated that the numbers of circulating NKG2C+ cells were unrelated
to the serological status for EBV or HSV (Table II) and, in fact, all HCMV- cases were either EBV+
and/or HSV+. These results point out that the driving force(s) that underlie the expansion of

NKG2C+ cells do not operate as a general response to all latent herpesvirus infections.
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Figure 2. Expansion of CD94/NKG2C+ cells in PBL from HCMV+ donors. Blood donors were
classified in two groups (HCMV+ and HCMV-) according to the detection of circulating HCMV-
specific IgG; PBL samples were analyzed as described (see Figure 1). (A-B) The proportions of
NKG2A+ (Z199+) and NKG2C+ (p25+Z199-) cells detected in total PBL, as well as in gated CD3+
and CD3- subsets, from 68 different individuals are shown (mean + SEM). (C) The % of NK cells
(CD3- CD56+) expressing NKG2A or NKG2C in PBL from 21 HCMV+ and HCMV- donors are
displayed (mean = SEM). Statistical analysis was carried out as described in Material and Methods;

(*) p<0.05, (**) p<0.01, (***) p <0.001 .
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Table I. Relation of CD94/NKG2C expression and HCMV serology.

Receptor’ Subset” HCMV n  %stained cells® p’
status®
NKG2A Total Negative 34 11.144.5 (4.3-23)
Positive 34 9.54+4.2 (1.3-18) 0.2
CD3+ Negative 34 47434 (1.2-18)
Positive 34 4.613 (1-14) 0.8
CD3- Negative 34 25.6+8.7 (10-44)
Positive 34 25.1+11.3 (1.6- 0.8
56)
CD3- Negative 1T 45.4+12.5 (23.5-
CD56+ 62.7)
Positive 8  37.8421 (12.3-75) 0.4
NKG2C Total Negative 34 0.33+0.4 (0.1-1.7)
Positive 34 3.5+4.4(0.1-22.1) <0.001
CD3+ Negative 34 0.3+x0.5(0.1-1.9)
Positive 34 0.9+1(0.1-5) <0.001
CD3- Negative 34 0.9+1(0.1-5.9)
Positive 34 8.2+10.4 (0.1-45) <0.001
CD3- Negative 1T 1.7+1.6 (0.1-6)
CD56+
Positive 10 253+25.1 (2.5- <0.001
80)
NKG2A/NKG2C Total Negative 34 60.7+44.5 (6.4-
163)
ratio Positive 34 16.1£29.4 (0.29-  <0.001
161)

(1) NKG2A+ (Z199+) and NKG2C+ (p25+ Z199- or MAB1381+) cell subsets were defined by flow
cytometry.

(2) Donors were classified in two groups according to the detection of serum HCMV-specific IgG
(3) Mean + sd (range)

(4) Statistical analysis according to the Mann Whitney U test
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Table I1. Expression of CD94/NKG2C is unrelated to HSV or EBV serology

Serological N % CD94/NKG2C+ p’
status®
HCMV
Negative 34 0.3+0.4
0.2 [0.1-1.7] <0.001
Positive 34 3.5+4.4
2.2[0.1-22.3]
HSV
Negative 8 3.0+4.8
0.6 [0.1—11] 0.39
Positive 23 1.5+2.1
0.3 [0.1 - 6.5]
EBV
Negative 6 3.414.1
1.9[0.1 - 10.4] 0.21
Positive 25 1.5+2.6
0.2[0.1-11]

(1) Detection of serum IgG specific for HCMV, HSV and EBV
(2) NKG2C+ PBL were defined by flow cytometry. Mean + sd / median [range]
(3) Analysis according to the Mann Whitney U test.

HLA-E allotypes contain either arginine (HLA-E?'"") or glycine (HLA-E%'”) at position
107. It has been reported that these allotypes differ in their expression levels, their sensitivity to the
action of the US6 HCMYV protein, as well as in their ability to interact with CD94/NKG2 receptors
426 Thus, the possibility that the HLA-E genotype might influence the expression of CD94/NKG2C
was also addressed. The HLA-E allotypes were defined by sequencing the specific PCR products
amplified from genomic DNA. While HLA-E genotypes were not associated either with the
percentage of NKG2C+ cells nor with HCMYV serology (Table III), the correlation between NKG2C
expression and HCMV serology among HLA-E®'”” donors was not as strong as among the other

HLA-E genotypes: p=1.3 (p=0.097) versus p=3.1 (p=0.010) for HLA-E?'”" and B=4.4 (p=0.020)
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for HLA-ES'""" HLA-E?"Y. Yet, the small sample size of the HLA-E®'”" group impairs the
interpretation of this result, further studies in a larger population being required to precisely evaluate

this effect.

Table I111. CD94/NKG2C expression and HCMYV serology according to the HLA-E genotypes

HLA-E genotypes’

HLA-ER  |HLA-ERHLA-| HLA-E® p*
(n=25) EC® (n=10)
(n=29)
%NKG2C?
Mean (sd)| 1 97 (2.88) 2.54 (4.77) 0.60 (1.10) 0.15
HCMV’
Pos. 11 16 6 0.60
Neg. 14 13 4

(1) HLA-E typing was carried out as described in Methods

(2) % NKG2C+ cells defined by flow cytometry.

(3) Donors were classified in two groups according to the detection of serum HCMV-specific IgG
(4) Analysis according to the to the Kruskal-Wallis test.

The number and identity of KIR encoded in the human genome varies greatly in different
individuals, the variation being greatest for activating KIR '. Whilst the combination of KIR expressed
by NK cell clones appears to be completely stochastic, a bias towards increased expression of
CD94/NKG2A has been reported in individuals having lower numbers of functional inhibitory KIR
(i.e., lower numbers of self-HLA ligands for the inhibitory KIR encoded in their genomes). To test the
possibility of a reciprocal increase of NKG2C expression in individuals having lower numbers of
activating KIR, we determined the KIR genotypes of 31 individuals (16 HCMV- and 15 HCMV+)

having diverse proportions of NKG2C+ cells (range: <0.1-22.3%). Neither a correlation between the

number of activating KIR genes of each individual and the proportions of NKG2C+ cells, nor
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appreciable deviations between the KIR-gene frequencies of HCMV+ and HCMV- subjects were
observed (data not shown). KIR2DS3 was underrepresented among donors carrying <0.5% NKG2C+
cells in comparison with those having higher numbers of these cells (3/29 vs. 11/25), but this deviation

was not statistically significant.
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Figure 3. CD85j and KIR expression in lymphocytes from HCMV+ individuals. PBL from
HCMV+ (n=11) and HCMV- donors (n=13) were stained with CD3 and CD56- specific mAbs in
combination with either anti CD85j, KIR3DLI1, KIR2DL1/S1 or KIR2DL2/S2/LL3 mAbs (see
protocol 2). Samples were analyzed by flow cytometry, and the proportions of T (CD3+) and NK
(CD3- CD56+) cells expressing the different NKR were calculated (mean + SEM). According to
their KIR genotype, donors lacking KIR2DL1/S1 or KIR2DL2/S2/L3 genes were excluded.
Statistical analysis was carried out as described in Material and Methods; (*) p<0.05, (**) p<0.01,
(***) p <0.001.

To explore whether HCMV infection was associated with additional features of the NKR
expression pattern, three-colour FACS analysis was performed employing anti CD3 and CD56
mAbs in combination with a panel of reagents specific for NKR (i.e. CD85j, KIR2DL1/SI,

KIR2DL2/S2/L3, KIR3DL1, NKG2D, CD161) and NCR (i.e. NKp46, NKp30). The impossibility to
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discriminate by flow cytometry between homologous KIR2DL and KIR2DS molecules, due to the
cross-reactivity of available mAbs, somehow limits the interpretation of the phenotypic data. The
proportions of NK and T cells bearing KIR3DL1 (Figure 3), NKG2D (Figure 4) and CD161 (data
not shown) were comparable in HCMV- and HCMV+ subjects. By contrast, a significant increase in
the minor fraction of T cells expressing CD85j or KIR2D was observed in samples from HCMV+
individuals (Figure 3B), that tended to display as well higher proportions of CD85j+ and KIR2D+

NK cells (Figure 3A).
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Figure 4. Expression of NKG2D and NCR in NK cells from HCMV+ individuals. PBL from
HCMV+ (n=11) and HCMV- donors (n= 13) were stained with anti CD3 and CD56- specific mAbs
in combination with either NKG2D, NKp46 or NKp30-specific mAbs and subsequently analyzed by
flow cytometry (see protocol 2). (A) The different staining patterns of CD3- CD56+ (NK) cells
observed with anti NKp46 and NKp30 mAbs are shown, corresponding to samples from three
representative donors (D1-D3). (B) The proportions (mean + SEM) of NKG2D+, NKp46°€"'+ and
NKp30*"€"" NK cells are displayed for each group. The % of NKG2D+ T cells were comparable in
HCMV+ and HCMV- donors (data not shown). Statistical analysis was carried out as described in
Material and Methods; (*) p<0.05, (**) p<0.01, (***) p <0.001.
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NKp46 and NKp30 have been reported to be expressed on virtually all NK cells, but some
NK cell subsets have been shown to bear low levels of these NCR and to mediate inefficient
cytotoxicity against tumor cells *°. Thus, the staining intensity with NCR-specific mAbs was
considered; Figure 4A shows the different staining patterns observed with NKp46 and NKp30
mAbs. It is of note that NK cells from all HCMV- donors expressed pattern D1, whereas samples
from HCMV+ individuals displayed either patterns D1, D2 or D3. Altogether, HCMV+ donors
tended to display significantly lower proportions of NKp46 *€" and NKp30 *€" NK cells (Figure

4B).
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Figure 5. Comparative analysis of NCR expression in NKG2C+ and NKG2A+ NK cells. PBL
were stained with anti CD3 and either anti NKG2C or NKG2A mAbs, in combination with anti
NKp46 or NKp44-specific mAbs. NCR expression was analysed gating on CD3-NKG2C+ and CD3-
NKG2A+ cells (see protocol 3). (A) The staining pattern observed in representative case is
displayed. (B) The proportions (mean + SEM) of NKp46”€" and NKp30™&"" NK cells in PBL
samples from 5 different donors are shown. Statistical analysis was carried out as described in

Material and Methods; (*) p<0.05, (**) p<0.01, (***) p <0.001.
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These data raised the question as to whether the features observed in the NKR repertoire
from HCMV+ donors might constitute independent events or rather reflect a coordinated distribution
of the other receptors with NKG2C. To address this issue, three-colour flow cytometry analysis was
carried out in PBL from 5 HCMV+ donors using the biotin-labeled anti NKG2C mAb in
combination with anti CD3 and either NCR, CD85j or KIR-specific mAbs. Remarkably, as
compared to NKG2A+ lymphocytes from the same individuals, NKG2C+ cells displayed lower
levels of NKp30 and NKp46 NCR (Figure 5) and included higher proportions of KIR+ and CD85j+

lymphocytes (Figure 6), thus supporting the second possibility.
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Figure 6. Comparative analysis of CD85) and KIR expression in NKG2C+ and NKG2A+ NK
cells. PBL were stained with anti CD3 and either anti NKG2C or NKG2A mAbs, in combination
with anti CD85j or a mixture of KIR-specific mAbs (KIR3DL1, 2DL1/S1, and 2DL2/S2/L3). NKR
expression was selectively analysed in NKG2C+ and NKG2A+ cells, gating on CD3+ and CD3-
cells (see protocol 3). (A) The staining pattern observed in a representative case is displayed. (B)
The proportions (mean = SEM) of CD85j+ and KIR+ cells detected in PBL samples from 5 different
donors are shown. Statistical analysis was carried out as described in Material and Methods; (*)

p<0.05, (**) p<0.01, (***) p <0.001
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The detection of CD94/NKG2C in T lymphocytes from HCMV+ donors raised the question
as to whether such cells might correspond to an expansion of CTL specific for viral antigens. To
address this issue, we selected 10 HLA-A*0201 HCMV+ donors and analysed by flow cytometry
the expression of NKG2C in T cells stained by HLA-A*0201 tetramers refolded with an
immunodominant peptide epitope from the pp65 HCMV lower matrix protein. In every case, most T
lymphocytes binding the tetramer did not co-express NKG2C (data not shown). These data do not
entirely exclude that the CD94/NKG2C might be preferentially co-expressed by CTL subsets
specific for other viral antigens, but strongly suggest that the NKG2C+ cell expansion may occur

independently of the TcR specificity.
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DISCUSSION

HCMV infection is quite prevalent (50-100%) in most populations and it generally follows an
indolent course. Yet, HCMV may cause a severe congenital disease and important disorders in
immunocompromised individuals; moreover, the virus has been proposed to constitute a co-factor in
the development of artheriosclerosis **. HCMV infects different cell types and tends to remain latent
in immunocompetent hosts, where occasional reactivation allows its dissemination. An effective
defence against CMV requires the participation of both NK cells and T cells ** *'. HCMV-specific
antibodies and circulating CTL specific for viral peptides reflect the adaptive immune response to
the virus, thus constituting conventional parameters to assess exposure and response to the pathogen
384293 Our data provide a first evidence indicating that HCMV infection may selectively shape the
NKR repertoire of healthy individuals and, moreover, that the driving force(s) leading to the
expansion of NKG2C+ cells may act co-ordinately on NK and T cell lineages. These observations
suggest that both lymphocyte subsets could participate in the response to HCMV, possibly involving
the KLR itself.

The increased proportions of NKG2C+ cells likely reflect the challenge exerted by HCMV
on the innate immune system, and thus may become another useful parameter to explore the
complex host-pathogen relation during the course of infection and latency. The selective imprint of
HCMYV on the NKR repertoire is reminiscent of the expansion of CTL specific for viral antigens
during the adaptive immune response. Preliminary longitudinal analyses carried out in some donors
pointed out that the distribution pattern of NKG2C+ and NKG2A+ subsets tended to remain rather
stable along time (data not shown). Yet, an increase of the KLR expression should predictably
follow primary infection, and oscillations in the proportions of circulating NKG2C+ cells may occur
in HCMV+ donors. The basis for the wide variability in the numbers of NKG2C+ cells observed
among HCMV+ individuals needs to be addressed. Furthermore, a prospective follow-up of the

NKR repertoire should be carried out in the context of different clinical settings in which HCMYV is

97



Capitulo 4

involved. Little is known about the expression and function of the murine CD94/NKG2C receptor

specific for Qal®

, the functional homologue of HLA-E; moreover, the influence of MCMV
infection on Qal® and CD94/NKG2C expression is also uncertain.

There is limited information on the function played by activating NKR (i.e. CD94/NKG2C
and KIR) in CTL, and it has been proposed that they might play a co-stimulatory role, rather than
directly triggering T cell effector functions *. The expansion of NKG2C+ T cells in HCMV+ donors
raised the question as to whether they might be CTL specific for viral antigens. Arguing against that
possibility, we observed in HCMV+ HLA-A*0201 donors that most T cells specifically stained by
HLA-A*0201 tetramers bound to an immunodominant pp65-derived epitope peptide did not co-
express CD94/NKG2C; consistent with this observation others have reported that HCMV-specific
CTL were CD94-negative **. As an alternative, we also considered the possibility that
CD94/NKG2C+ cells might correspond to HLA-E-specific T cells. We previously described a
CD94/NKG2C+ T cell clone that recognized HLA-E via the TcR *°. Moreover, Mingari and
colleagues also identified HLA-E-specific T cells, bearing the CD94/NKG2A inhibitory receptor,
and provided evidence supporting that they recognize peptides derived from the UL40 HCMV
protein ¥ **, CD94/NKG2C+ T cell clones were tested for their ability to kill the HLA-E-transfected
721221 cells (221-AEH) **. In every case, the enhanced lysis against .221-AEH cells was
completely prevented by an anti CD94 mAb, consistent with an involvement of the activating KLLR
rather than of the TcR (M. Guma and M. Lopez-Botet, unpublished results); yet, further studies are
required to precisely assess the frequency of CD94/NKG2C+ T cells bearing an HLA-E-specific
TcR.

Several mechanisms may account for the variable increase of CD94/NKG2C+ cells in
HCMV+ individuals. First, changes in the NKR distribution might result from alterations in the

cytokine network secondary to the viral infection. In this regard, CD94/NKG2A has been reported to

be inducible in T cells by TGFp and IL-15 *. Recently, IL-21 was shown to promote the
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differentiation of CD34+ precursors to NK cells and their sequential acquisition of NCR and NKR
0. yet, there is no evidence that cytokines may regulate differential NKR expression during
maturation. Alternatively, signalling by NKR may control not only lymphocyte effector functions
but also the proliferation and/or survival of NK cells subset(s) that participate in ligand recognition,
as shown for the expansion of Ly49H+ cells in MCMV-infected mice °. Thus, NKG2C-mediated
recognition of HCMV-induced alterations in infected cells could lead to the expansion of the
corresponding NK and T cell subsets. Based on the current view of NKR biology, this might happen
either upon an increased avidity of the KLR-ligand interaction, or/and secondarily to a selective loss
of the ligands for inhibitory receptors (i.e. KIR, ILT2) expressed by CD94/NKG2C+ cells. Thus far,
there is no evidence supporting that CD94/NKG2C may recognize HLA-E-bound microbial peptides
nor viral molecules, as shown for Ly49H " ®. Though HLA-E bound to an HSP60-derived peptide
interacts with CD94/NKG2A °', there is no either information as to whether this complex may
efficiently engage CD94/NKG2C. Regarding the second possibility, a nonamer derived from the
UL40 HCMV protein binds to HLA-E and favors its TAP-independent and US6-resistant expression
29:39 Moreover, the US11 and US2 HCMV proteins reduced the surface levels of class Ia molecules
but did not affect HLA-E *®. Thus, preservation of the class Ib molecule to maintain HCMV-infected
cells resistant against CD94/NKG2A+ subsets might promote their recognition by NKG2C+ cells.
Differences between the surface levels of HLA-E allotypes and their interaction with
CD94/NKG2 receptors have been reported. Moreover, the HLA-E®'”’ transfected in the HLA-
negative K562 cell line was shown to be insensitive to the US6 HCMV protein ***°. When
individually analysed, the HLA-E allotypes/genotypes were not significantly associated either with
the proportions of circulating NKG2C+ cells nor to the serological status for HCMV. Yet, the
possibility that the HLA-E genotype may influence the impact of HCMV infection on the
proportions of NKG2C+ cells cannot be entirely excluded, requiring further studies in a larger

population.
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The effect of HCMYV infection on the expression of other NKR and NCR was also addressed.
Human NKG2D is coupled to PI3-K signalling pathways through the DAP10 adapter and interacts
with stress-inducible class I-related molecules, including MICA/B and "UL16 binding proteins"
(ULBP) or RAET! (Rae-1 like transcripts) > >*. Expression of NKG2D ligands in CMV infected
cells has been shown to co-stimulate virus-specific CTL >*. Moreover, the HCMV UL16
glycoprotein impairs the expression of MICB, ULBP1 and ULBP2, presumably constituting a
mechanism to escape from the NKG2D-mediated response > °* *’. According to our data, the
NKG2D expression was comparable in HCMV+ and HCMV- donors, as well as among the
NKG2C+ and NKG2A+ cell subsets.

A putative involvement of natural cytotoxicity receptors (NCR) of the IgSF (i.e. NKp46,
NKp44 and NKp30) *' in the response to HCMYV is uncertain. Though their cellular ligands have not
yet been defined, there is indirect evidence that they are widely distributed in different tissues and,
thus, NCR might contribute to the NK cell response against some virus-infected cells in which the
expression of HLA class I molecules has been down-regulated. Paradoxically, lower proportions of
NKp30+ and NKp46+ "bright" NK cells were detected in HCMV+ individuals; consistent with this
observation, NKG2C+ NK cells displayed significantly lower levels of these NCR than NKG2A+
cells from the same donors. This is in line with a previous study showing that the NKG2A+ cells

6™¢" subset *°. A low expression of NCR has been recently reported in

were confined to the NKp4
NK cells from viremic HIV+ patients, and the putative influence of HCMV infection on the NKR
repertoire of HIV+ individuals should be addressed **.

CDS85j (ILT2/LIR-1) is an inhibitory receptor of the Ig-SF expressed by different leukocyte
lineages that interacts with a broad spectrum of HLA class I molecules and binds with high affinity to
the class I-like UL18 HCMV glycoprotein > °'. The hypothesis that UL18 may interfere with NK cell

activity during HCMV infection has not yet received a convincing experimental support >’. However,

CD85j expression was reported to increase in lymphocytes from patients undergoing HCMV
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infection after lung transplantation ®*. In line with this finding, we observed that the proportions of
CD85j+ and KIR2D+ cells tended to be raised in HCMV+ individuals. This association reflected
the higher co-expression of CD85j and KIR in NKG2C+ cells, as compared to the NKG2A+ subset.
Such coordinated distribution of NKR suggests that CD94/NKG2C+ lymphocytes displaying low
levels of NCR that co-express inhibitory NKR (i.e. CD85j and KIR) may be preferentially selected
during maturation, preventing their potential autoreactivity against normal HLA-E+ cells. Further
studies are required to assess whether indeed NKG2C preferentially associates to inhibitory KIR. No
relation could be established between the KIR genotype and either HCMV infection or
CD94/NKG2C expression, ruling out that the activating KLR may be preferentially associated to
haplotypes containing fewer activating KIR genes.

Altogether, our results support that HCMV shapes the NKR repertoire expanding NKG2C+
NK and T cell subsets that co-express CD85j and KIR and display low levels of NCR. The driving
force(s) that determine the HCMYV imprint on the NKR repertoire are being currently explored at the

cellular and molecular levels, with a special attention to the role played by CD94/NKG2C itself.
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ABSTRACT

CD94/NKG2C+ NK cells are increased in healthy individuals infected with human cytomegalovirus
(HCMYV), suggesting that HCMV infection may shape the NK cell receptor repertoire. To address this
question, we analysed the distribution of NK cell subsets in PBL co-cultured with HCMV-infected
fibroblasts. A substantial increase of NK cells was detected by day 10 in samples from a group of
HCMV+ donors, and CD94/NKG2C+ cells outnumbered the CD94/NKG2A+ subset. Fibroblast
infection was required to induce the preferential expansion of CD94/NKG2C+ NK cells, that was
comparable with allogeneic or autologous fibroblasts, and different virus strains. A CD94-specific mAb
abrogated the effect, supporting an involvement of the lectin-like receptor. Purified CD56+ populations
stimulated with HCMV-infected cells did not proliferate, but the expansion of the CD94/NKG2C+
subset was detected in the presence of IL-15. Experiments with HCMV deletion mutants indicated that
the response of CD94/NKG2C+ NK cells was independent of the UL16, UL18 and UL40 HCMV
genes, but was impaired when cells were infected with a mutant lacking the US2-11 gene region. Taken
together the data support that the interaction of CD94/NKG2C with HCMV-infected fibroblasts,
concomitant to the inhibition of HLA class I expression, promotes an outgrowth of CD94/NKG2C+ NK

cells.
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INTRODUCTION

Human cytomegalovirus (HCMV) infection generally follows a subclinical course but may lead to
severe disorders in immunocompromised individuals and is a main cause of infectious congenital
diseases. HCMV remains latent in immunocompetent hosts, undergoing occasional reactivation'.
Studies in murine models revealed that an effective defence against CMV requires the participation of
NK and T cells**. Detection of antibodies and CD8+ T lymphocytes specific for HCMV antigens allow
to assess the adaptive immune response to the pathogen® °. To escape from CD8+ T cells, HCMV
inhibits the expression of HLA class I molecules and interferes with antigen presentation using a set of
glycoproteins (US2, US3, US6, US10 and US11) whose genes are clustered within the unique short
(US) region of the virus genome®®. The loss of HLA class I molecules in HCMV-infected cells impairs
the engagement of inhibitory receptors and prompts the activation of NK cell effector functions;
reciprocally the virus has developed several strategies to evade NK-mediated recognition’.

The nature of receptor-ligand interactions involved in the NK cell response to CMV-infected
cells is incompletely understood. In strains of mice expressing the Ly49H receptor, NK cell functions
are triggered upon recognition of the m157 mouse CMV (MCMYV) glycoprotein, becoming essential to
control replication'” ''; by contrast, human activating NK cell receptors (NKR) specific for HCMV
molecules have not been identified. The involvement of activating killer Ig-like receptors (KIR) and
natural cytotoxicity receptors (NCR) (i.e. NKp46, NKp30 and NKp44) in the response to HCMV is
uncertain. The interaction of the pp65 HCMV tegument protein with NKp30 has been reported to
inhibit rather than to activate NK cell functions'?. The ability of the UL16 HCMV molecule to interfere

13-15

with the surface expression of NKG2D ligands ™, and the evidence that similar evasion mechanisms

operate in MCMYV infection'® "’

, support an important role for this killer lectin-like receptor (KLR) in
the anti-viral defence'®. Recently, the UL141 HCMV molecule has been shown to inhibit the expression

in infected cells of CD155, a ligand for the DNAM-1 stimulating receptor .
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HCMV may also escape NK-mediated surveillance keeping inhibitory receptors for HLA class |
molecules engaged. The viral UL18 molecule binds with high affinity to the ILT2 (CD85j) inhibitory

20:21 " though its role in immune evasion has not been precisely elucidated’. On the other hand,

receptor
HLA-E appears constitutively resistant to the action of US2 and US11% and it becomes as well
refractory to the action of US6 when bound to a peptide from the leader sequence of the HCMV UL40

. 23;24
protein >

. Thus, the HLA class Ib molecule may be preserved in infected cells and interfere with the
NK cell response by engaging the inhibitory CD94/NKG2A KLR™.

We recently reported®® that healthy HCMV-seropositive individuals displayed increased
proportions of NK and T cells that expressed the triggering CD94/NKG2C KLR, which binds HLA-E
with a lower affinity than CD94/NKG2A*" **. Increased numbers of circulating CD85j+ T lymphocytes
were also significantly associated to HCMV infection. Taken together, the data supported that the
challenge exerted by HCMYV on the innate immune system might shape the NKR repertoire.

Signalling by NCR and KIR may control the proliferation and/or survival of NK cells®” *%; we
recently reported that CD94/NKG2C+ NK and T cell subsets divided in response to stimulation with
an HLA class I-deficient tumour cell line transfected with HLA-E*'. On that basis, we hypothesized
that CD94/NKG2C-mediated recognition of virus-infected cells might promote the expansion of
NKG2C+ cell subsets, as described for Ly49H+ cells in MCMV-infected mice™. To address this
issue we analysed the NKR repertoire in PBL co-cultured with HCMV-infected fibroblasts; little
information is available on the NK cell response in this system, widely used to study CTL specific
for viral antigens. Our results indicate that stimulation of PBL from HCMV+ donors with virus-
infected fibroblasts elicited a preferential expansion of CD94/NKG2C+ NK cells, and that a cognate

interaction of the activating KLR with HCMV-infected cells may contribute to drive the

proliferation of this lymphocyte subset.
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MATERIALS AND METHODS

Subjects.

Heparinized blood samples were obtained from 15 healthy adult individuals (age: 23-51 years);
written informed consent was obtained, and the study protocol was approved by the institutional
Ethics Committee (CEIC-IMAS). Standard clinical diagnostic tests were used to analyse serum
samples for circulating IgG antibodies against CMV (Abbot Laboratories, Abbot Park, IL); four

donors were seronegative (HCMV-) and 11 seropositive (HCMV+).

Cell lines
MRC-5 fetal human lung fibroblasts and human foreskin fibroblasts (HFF) cell lines were obtained
from the American Type Culture Collection (Manassa, VA) and grown in Dulbecco’s modified
essential medium (DMEM) supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine,
penicillin and streptomycin (referred to as complete medium). Primary fibroblast lines were
established from skin biopsies obtained from two subjects following standard procedures; briefly,
tissue samples were minced, treated with 0.2% collagenase A (Roche Diagnostics GmbH,
Mannheim, Germany), washed and grown in complete medium.

Cell lines were screened and shown to be negative for Mycoplasma contamination by PCR
using primers as described® . Fibroblast lines used were between passages 8 and 15 (HFF), 20 and

30 (MRC-5 cells) and 4 and 6 (primary fibroblast lines).

HCMYV preparations and infection of fibroblasts

Stocks of HCMYV strains AD169, Towne, and Toledo, and HB5-derived mutants were prepared, and
titers of infectious virus determined by standard procedures on HFF or MRC-5 cells. Viral
preparations were screened for Mycoplasma as indicated above. The Towne strain of HCMV was

purified as described™ with slight modifications. UV-inactivation of virus was performed using a 30
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W Phillips lamp (model G13) and confirmed by monitoring expression of the IE1 protein on MRC-
5 cells by indirect immunofluorescence.

Recombinant HCMV genomes were generated in E. coli. The ADI169-derived HCMV
bacterial artificial chromosome plasmid (BACmid) HB5”, which lacks the US2-6 gene region was
used to generate all HCMV mutants described in the study. The HB5-AUS2-11 mutant was
constructed by homologous recombination, as described36, with some modifications. Briefly, 5’:
TCACACATACCTTTGTGCATACGGTTTATATATGA
CCATCCACGCTTATAACGAACCTACGATTTATTCAACAAAGCCACG and 3%
TGCTATAAGACAGCCTTACAGCTTTTGAGTCTAGACAGGGTAACAGCCTTCCCTTGTAA
GGCCAGTGTTACAACCAATTAACC, PCR primers were used to amplify the kanamycin gene,
adding sequences homologous to regions upstream of US7 and downstream of US11, respectively.
The PCR product was transformed into E. coli carrying the HBS BACmid and expressing the Red
recombinase system from the plasmid pkD46°’. Recombinant clones were selected at 43°C under
chloramphenicol and kanamycin selection, and correct mutagenesis was confirmed by restriction
digest analysis, PCR and southern blot analysis of isolated BACmid DNA. Reconstitution of the
virus mutant was carried out by transfecting 5 pg of BACmid into MRC-5 cells using superfect
(Quiagen, Hilden, Germany). Human CMV recombinants HB5-AUL14-20 and HB5-AUL40-42 have
been previously described *°.

Human fibroblasts in 24 or 96-well plates at 70% confluence were mock- or HCMV-infected
(moi=1). After a 2-h adsorption period, the inoculum was removed, cells were washed with PBS and
incubated in complete medium; in some experiments infection was carried out at a different moi
(0.01-5).

Lymphocyte cultures
PBL were obtained by centrifugation of heparinized blood on Ficoll-Hypaque (Lymphoprep, Axis-

Shield PoC AS, Oslo, Norway). PBL were incubated in 24-well (2x10%well) or 96-well (2x10°/well)
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plates in complete medium in the presence of mock- or HCMV-infected fibroblasts; in some
experiments PBL were stimulated with free HCMV (0.05 infectious particles/cell). PBL were added
to infected fibroblasts immediately after the 2-h adsorption period; in time-course experiments co-
culture was delayed 24-72 hours post-infection. All cultures were supplemented with IL-2 (10 U/ml)
(Eurocetus) at day 3, and in some experiments with IL-15 (10 U/ml) (Peprotech Ec, London, UK).
Cells were incubated for 10-12 days, fed every 3 days and eventually split. Some experiments were
set up in a Transwell permeable support (0.4 p) (Corning Inc, NY); infected fibroblasts were
cultured with and without PBL, and the phenotype of PBL incubated separately in the upper

chamber was analysed. CD94/NKG2C+ NK cell clones were derived as previously described *' .

Antibodies. Immunofluorescence and flow cytometry analysis.

Monoclonal antibodies (mAbs) specific for CD56, CD94, NKG2A, KIR, ILT2, NCR and NKG2D
have been previously detailed®®. HP-1F7 anti-HLA-class I was generated in our laboratory™®; 3D12
anti-HLA-E was provided by Dr. D. Geraghty (Fred Hutchinson Cancer Research Center,
Seattle, WA); anti-NKG2C (MABI1381) and anti-NKG2C-PE was from R&D Systems Inc
(Minneapolis, MN); CD25-PE was from Immunotools (Friesoythe, Germany) NKG2C-PE
(R&Dsystems Inc),

For immunofluorescence staining, cells were pretreated with human aggregated Ig (10 pg/ml)
to block FcR, and subsequently labeled with the different mAb and analyzed by flow cytometry
(FACScan, Becton Dickinson, Mountain View, CA), as described?®. In experiments where blocking
mAbs (CD94 or CD56) were used, harvested cells were stained with anti CD3-PerCP, anti NKG2A-
FITC, or anti NKG2C-PE. In some experiments, cells were sorted (FACSvantage, Becton
Dickinson, Mountain View, CA) after labeling with CD56-PE and NKG2C-PE.

Detection of HCMV IE1 was performed with MAB 8130 from Chemicon (Temecula, CA) and a

secondary antibody, FITC conjugate anti-mouse IgG (Sigma, St. Louis, MO).
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Proliferation and cytotoxicity assays

As described’!, PBL were resuspended in RPMI-1640 (10"/ml) and incubated for 10 min at 37°C
with the intracellular fluorescent dye 5(6)-carboxyfluorescein diacetate succinimidyl ester (CFSE,
Molecular Probes, Eugene, OR) (2 uM). After two washes, CFSE-labeled PBL were cultured on
mock- and HCMV- infected MRC-5. FACS analysis was performed at 7 days, after staining cells
with anti NKG2C or anti NKG2A mAbs by indirect immunofluorescence with PE-tagged F(ab”)2
rabbit anti-mouse Ig (Dakopatts, Glostrup, Denmark). The proportions of dividing cells within each
subset were calculated as described®. In some experiments CD25 expression was assessed after 72 h
incubation with mock and HCMV-infected MRC-5.

CD94/NKG2C+ NK cell clones were tested in a 4h °'Cr-release assay against mock- and
HCMV (Towne)-infected (24 or 72 h) autologous or HFF fibroblasts®, at different effector/target
ratios. Cells were treated with Trypsin-EDTA (Invitrogen Gibco, Grand Island, NY) labeled with
>Cr and used in standard cytotoxicity assays’'. In parallel samples, effector cells were pre-incubated
with CD94 or CD56- specific mAbs for 30 min before adding targets. All assays were set up in

triplicate and specific lysis was calculated as described*'.

Statistical analysis
Statistical analysis was performed by the Mann-Whitney U test, using the SPSS 9.0 software (SPSS,

Chicago, IL). Results were considered significant at the 2-sided P level of 0.05.
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RESULTS

Preferential expansion of NKG2C+ NK cells in PBL stimulated with HCMV-infected
fibroblasts.

We previously reported that increased proportions of CD94/NKG2C+ NK cells and ILT2+ (CD85j+)
T lymphocytes were detectable in PBL from HCMV seropositive (HCMV+) donors, indicating that
the viral infection might shape the NK cell receptor repertoire™. To address whether HCMV could
promote the expansion of CD94/NKG2C+ lymphocytes, PBL from HCMV+ donors were co-
cultured either with mock- or HCMV (Towne)-infected MRC-5 fibroblasts, in the presence of an
exogenous supply of IL-2 (10 U/ml); at different time-points the proportions and phenotype of NK
cells were comparatively assessed. In vitro stimulation of PBL with HCMV-infected fibroblasts has
been extensively used to analyse CTL specific for viral antigens, but NK cells have not been

systematically studied in this system.
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Figure 1A. NK cell proliferation in response to HCMV-infected fibroblasts. CFSE-labeled PBL

from an HCMV+ donor were co-cultured with mock- and Towne-infected (moi=1) MRC-5 cells as
described in Methods. Flow cytometry analysis was carried out at day 7, after staining cells with anti
NKG2C or NKG2A mAbs; numbers correspond to the proportions of dividing and non-dividing
cells in NKG2C+ and NKG2A+ populations, calculated as described in Methods. The experiment is

representative of 6 performed.
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Figure 1B. NK cell proliferation in response to HCMV-infected fibroblasts. PBL were stimulated
with Towne-infected fibroblasts as described above, and flow cytometry analysis was carried out at
different time points with anti CD3-PerCP and anti CD56-PE, counting the numbers of recovered

cells. The % and the calculated numbers of NK and T cell populations are represented.

A proliferative response of PBL to HCMV-infected cells, was observed by phase-contrast
microscopy. Cell recovery after 10-12 days, referred to the input, was 1.5-5 fold in cultures with
HCMV-infected fibroblasts and 0.8-1.5 fold with mock-infected cells in different experiments
(n=25). Studies carried out with CFSE-labelled PBL also showed that cell proliferation stimulated
by HCMV-infected MRC-5 cells exceeded that induced by mock-infected cultures, allowing a
phenotypic analysis of the dividing cells (Figure 1A). As compared to NKG2A+ lymphocytes,
NKG2C+ cells mainly divided upon stimulation by HCMV-infected MRC-5 cells; yet, only a
fraction proliferated.

Analysis at different time-points of PBL co-cultured with HCMV-infected fibroblasts
indicated that T cells were predominant during the first week (Figure 1B), but a shift in the

distribution of lymphocyte populations was observed by day 10-12. Remarkably, NK cells
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substantially increased (Figure 1B), becoming up to 35-80 % of the population in different
experiments (n=25), and NKG2C+ lymphocytes outnumbered the NKG2A+ subset (Figure 2A); the
proportions of cells co-expressing both KLR were negligible (data not shown). The NKG2C+ cell
recovery in cultures with HCMV-infected cells was 5-25 fold that obtained with mock-infected
fibroblasts; the NKG2C+/NKG2A+ ratios were 0.3-1.3 and 2.2-6.7 in mock- and HCMV-infected
cultures, respectively. Together with a majority of NKG2C+ NK cells, small proportions of CD3+
NKG2C+ and NKG2A+ T lymphocytes were also identified (figure 2A). By contrast, the phenotype
of PBL from HCMV-seronegative donors (n=4) was comparable upon incubation with virus- or
mock- infected MRC-5 cells (Figure 2A). It is of note that the late outgrowth of NKG2C+ cells was
not perceived in samples from a group of HCMV+ donors (5 out of 11), in which T cells remained
the predominant population all over the culture. As compared to responders (R), fresh PBL from the
non-responder (NR) group displayed significantly lower proportions of NKG2C+ cells (NR=2.2+1.5
vs R=10.1£7.3; p=0.03) and reduced NKG2C/NKG2A ratios (NR=0.3+0.3 vs R=1.7£1.1; p=0.02).
The expansion of NKG2C+ cells was detectable when PBL were co-cultured with HCMV-
infected HFF (data not shown) or autologous skin fibroblasts (Figure 2B). Together with the limited
NK cell proliferation in response to mock-infected MRC-5 cells, these results ruled out alloreactivity
as the main stimulus responsible for driving the proliferation of NKG2C+ NK cells, and strongly
supported a central role for the virus. The effect was comparable upon infection with different
HCMV strains (i.e. AD169 and Toledo), as well as with a purified Towne preparation, thus
excluding a role for cellular products present in crude virus stocks (not shown); subsequent

experiments were performed using either Towne or AD169, as specified in every case.

119



Capitulo 6

D3

Figure 2. Preferential expansion of CD94/NKG2C+ NK cells upon stimulation with HCMV-
infected autologous or allogeneic fibroblasts. (A) PBL from HCMV+ and HCMV- donors were co-
cultured with mock- and AD169-infected (moi=1) MRC-5 cells. Two-colour analysis was carried
out at day 10 with an anti CD3 mAb combined to anti NKG2C or NKG2A mAbs. The results are
representative of the patterns of response observed in 6 out of 11 HCMV+ individuals, and in 4
HCMYV- donors. (B) PBL from an HCMV+ donor were co-cultured with mock- and AD169-infected
allogeneic (MRC-5) or autologous fibroblasts, and samples were analysed at day 10 as described in
(A). Similar results were obtained in 6 different experiments with PBL from two different

individuals.
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Distribution of NKR and NCR in PBL stimulated with HCMV-infected fibroblasts.

The expression of other NKR (i.e. KIR2D, KIR3D, NKG2D, ILT2) and NCR (i.e. NKp46 and
NKp30) was studied in NK and T cells stimulated with HCMV-infected fibroblasts, as previously
done in PBL from HCMV+ donors. Expression of NKG2D, NKp46 and NKp30 was similar in
mock- and HCMV-infected cultures (Figure 3), except for a slight reduction of NKp46 and NKp30
in the latter; it is of note that NKG2C+ NK cells were reported to express lower levels of these
receptors than the NKG2A+ subset*®. Some differences in the distribution of KIR were also noticed,
but did not follow a reproducible pattern in samples from different donors. By contrast, the
proportions of ILT2+ T lymphocytes were found to be systematically increased upon stimulation

with HCMV-infected fibroblasts.
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Figure 3. NKR and NCR distribution in PBL stimulated with HCMV-infected fibroblasts. PBL from
an HCMV+ donor were co-cultured with mock- and Towne-infected (moi=1) MRC-5 cells. Cells
harvested at day 11 were stained by indirect immunofluorescence with mAbs specific for different
NKR or NCR, followed by labelling with anti CD56-PE and CD3-PerCP mAbs. Three-colour flow
cytometry analysis was carried out gating on CD3- CD56+ (A) and CD3+ (B) populations. The data

are representative of four different experiments.
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Fibroblast infection is essential to promote the expansion of NKG2C+ cells.

An additional set of experiments was carried out to define the conditions required for HCMV to
promote the expansion of NKG2C+ cells, that was dependent on the infectious dose used (Figure
4A). Treatment of MRC-5 with UV-inactivated HCMV (Figure 4B) abolished the effect. On the
other hand, incubation of PBL with the virus in the absence of fibroblasts induced a proliferative
response of T lymphocytes, including the ILT2+ subset, but did not expand NK cells (figure 4B).
Infected fibroblasts, either alone or with PBL, did not stimulate NK cell proliferation in PBL
samples cultured separately in a transwell system (not shown). Taken together, these findings
indicate that a direct interaction between PBL and HCMV-infected fibroblasts is required to induce

the proliferation of NKG2C+ cells.
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Figure 4. Expansion of NKG2C+ NK cells is dependent on the HCMV-infection of fibroblasts and
on the time of their interaction. (A) The distribution of NKG2C+ cells in response to HCMV-
infected MRC-5 cells at different moi was analysed. The % of NKG2C at moi 0.01 was comparable
to mock-infected samples (not shown). (B) PBL from HCMV+ donors were co-cultured with mock-
or Towne-infected MRC-5 fibroblasts; in parallel, PBL were incubated with the virus alone (HCMYV)
or fibroblasts infected with UV-inactivated Towne (iIHCMV). Two-colour flow cytometry analysis
was performed at day 10 with anti CD3, NKG2C and ILT2 mAbs. Data are representative of 5
different experiments. (C) PBL were incubated with Towne-infected MRC-5 cells at different time
points post-infection (days 0, 1 and 3). At day 10, cells were harvested, counted and analysed by
flow cytometry; the numbers of NKG2C+ and NKG2A+ cells recovered are shown. A similar

pattern of response was observed in 3 different experiments.

Time-course experiments were carried out culturing PBL with MRC-5 cells at different
stages after HCMV-infection. As shown in figure 4C, the expansion of NKG2C+ cells was optimal
upon stimulation of PBL at day 1, but was reduced when the co-culture was delayed to day 3 post-
infection, revealing the existence of an optimal temporal window for the cellular interactions

required to stimulate the NKG2C+ subset.
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The expansion of NKG2C+ NK cells involves the CD94/NKG2C receptor and is enhanced by
IL-15.

Depletion of NKG2C+ lymphocytes by cell sorting abolished the effect, pointing out that the
responding cells constitutively express the activating KLR (not shown); positive selection of
NKG2C+ cells was not considered reliable due to the potential agonistic/antagonistic effects
mediated by the receptor-specific mAb. Thus, to further dissect the process, CD56+ and CD56-
populations were sorted and incubated with HCMV-infected fibroblasts under the same conditions
used for PBL; NKG2C+ CD56- cells were undetectable. Remarkably, the CD56+ population, that
included both NKG2C+ and NKG2A+ subsets, did not divide despite the presence of exogenous IL-
2 (10 U/ml); in fact, IL-2Ra (CD25) expression remained negative after 48-72 h (not shown). By
contrast, cell proliferation was observed among the CDS56- population, and the proportions of
CD56+ NKG2C+ cells increased, becoming detectable (not shown). These findings indicated that
additional signals, missing in the CD56+ population, were required to stimulate the proliferation of
NK cells in response to HCMV-infected fibroblasts. Such complementary stimuli, provided by cells
contained within the CD56- fraction, likely accounted for the expansion of residual NKG2C+
CD56+ cells (<1-2 %) after sorting.

IL-15 plays a primordial role in regulating NK cell proliferation and differentiation,
contributing to the accumulation of NK cells in CMV-infected mice*. Additional experiments were
conducted to analyse the influence of this cytokine in the response of NKG2C+ cells. Purified
CD56+ populations were cultured either with HCMV- or mock-infected MRC-5 cells, and replicate
samples were supplemented with IL-15 at different time points. Experiments with CFSE-labelled
cells indicated that, in both cases, NK cells divided by day 8 in response to IL-15 (Figure 5A). Yet,
the cytokine promoted a preferential expansion of the NKG2C+ subset only in response to HCMV-
infected MRC-5 when cultures were supplemented by day 4 (Figure 5B) but not earlier (day 0).

Altogether, these observations supported that the interaction of NKG2C+ cells with HCM V-infected
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fibroblasts is insufficient to induce IL-2Rqexpression and proliferation in response to IL-2, but
enhances their responsiveness to IL-15. Further studies are required to dissect the influence of the

cytokine network in the response of NKG2C+ cells to HCMV.
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Figure 5. IL-15 promotes the preferential expansion of NKG2C+ cells in CD56+ populations
stimulated with HCMV-infected cells. CD56+ populations sorted from PBL of HCMV+ donors were
cultured with mock- or HCMV (AD169)-infected MRC-5 cells, infected 24 h before, in the presence
of IL-2 (10 U/ml). (A) Proliferation of CFSE-labelled CD56+ cells cultured for 8 days with mock- or
HCMV-infected cells supplemented with IL-15 at day 4. (B) Distribution of NKG2A+ and NKG2C+
subsets in CD56+ lymphocytes co-cultured for 8 days with mock- or HCMV-infected cells in the

presence of IL-15, added at days 1 or 4. The data are representative of 6 experiments performed.

To approach whether the CD94/NKG2C receptor participated in the response to HCMV-
infected cells, experiments were carried out in the presence of an F(ab”)2 anti CD94 mAb (HP-3B1).
As compared to the control (anti-CD56), the HP-3B1 mAb hampered the expansion of NKG2C+

cells when added early during co-culture of PBL with HCMV-infected fibroblasts (Figure 6A).
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Interestingly, the inhibitory effect vanished if the mAb supply was delayed to day 4 (Figure 6B),
when infected fibroblasts co-cultured with PBL were no longer detectable (not shown), further
arguing against a non-specific effect of the reagent. The blocking effect of anti CD94 mAb
supported that an interaction of the CD94/NKG2C receptor with HCMV-infected fibroblasts was
required, though insufficient, for driving the expansion of NKG2C+ cells. By contrast, the cytolytic
activity of NKG2C+ NK clones in response to HCMV-infected MRC-5 or autologous fibroblasts
was not consistently inhibited by the anti-CD94 mAb, thus indicating that the KLR did not play a

dominant role in triggering NK effector functions against virus-infected fibroblasts (data not shown).
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Figure 6. Anti CD94 mADb blocks the expansion of NKG2C+ NK cells stimulated by HCMV-
infected fibroblasts. (A) PBL from an HCMV+ donor were cultured with mock- and Towne-infected
(moi=1) MRC-5 cells. Either F(ab’)2 anti CD94 or CD56 mAbs (10 pg/ml) were added at day O.
Flow cytometry analysis with anti CD3, NKG2C and NKG2A mAbs was carried out at day 10. (B)
The differential effects in the numbers of recovered cells in the presence of the anti CD94 mAb

added at day 0 or day 4 are compared. The data are representative of 5 experiments performed.
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Response of CD94/NKG2C+ cells to fibroblasts infected with HCMYV deletion mutants.

The CD94/NKG2C receptor specifically interacts with HLA-E bound to peptides derived from the
leader sequences of other class I molecules, though with a lower affinity than NKG2A?*” *®. It has
been proposed that HLA-E may be selectively preserved during HCMV infection, impairing the
response of CD94/NKG2A+ NK cells** **. Thus, the HLA class Ib molecule was considered a first
candidate ligand for CD94/NKG2C in HCMV-infected cells. To address whether UL40 was required
for the expansion of CD94/NKG2C+ cells, a targeted deletion mutant of HCMV missing the UL40-
42 genes’® was studied. The HB5AUL40-42 mutant was constructed from a HCMV BACmid pHBS,
that lacks the US2-US6 gene region. Thus, HBS and HBSAUL40-42 viruses retain only US11 to
inhibit HLA class I expression. In these experiments, PBL were stimulated with MRC-5 cells
infected with either AD169, HB5, HB5SAUL40-42, or another HB5-derived targeted deletion mutant
(HB5AUL14-20) missing the UL16 and UL18 genes®®. In line with a previous report™, surface
HLA-E was undetectable by flow cytometry in both mock- and HCMV-infected fibroblasts (Figure
7A). Infection of MRC-5 cells with either HBS5, HB5SAUL40-42 or HBSAUL14-20 resulted in
significantly higher levels of HLA class I molecules (Figure 7A, panel c), as compared to the
inhibition exerted by AD169. Albeit reaching a slightly lower yield compared with AD169, the late
outgrowth of NKG2C+ NK cells was observed in every case, indicating that it was independent of
ULA40, and excluding as well a critical involvement of UL18 or UL16 (Figure 7B). By contrast, the
expansion of NKG2C+ cells was impaired in response to another HCMV mutant lacking all MHC I
downregulating genes, i.e. US2 through US11 (HB5AUS2-11) (Figure 7B) which, as expected, did
not alter the expression of HLA class I in infected fibroblasts (Figure 7A). These results suggested
that normal levels of HLA class I may dampen the stimulation of CD94/NKG2C+ cells, presumably
engaging the inhibitory receptors (i.e. KIR and/or ILT2) expressed by this cell subset. Further
studies are required to determine whether the low levels of surface HLA-E in HCMV-infected

fibroblasts participate in engaging CD94/NKG2C and inducing the response.
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Figure 7. Expansion of NKG2C+ NK cells in response to fibroblasts infected with HCMV deletion
mutants. (A) (a) The expression of total class I molecules (HLA-I) and HLA-E was analysed by flow
cytometry in MRC-5 fibroblasts. The expression of HLA-E was also undetectable in AD169-
infected MRC-5 cells (not shown). (b) Staining of an HLA-E+ cell line (.221-AEH) is shown for
comparison. (c) Expression of HLA-I in MRC-5 cells infected for 72 with either AD169, HBS
(AUS2-6) or HB5-AUS2-11 mutants; HLA expression in cells infected with HB5-AUS40-42 or
HB5-AUS14-20 was comparable to HB5 (not shown). It is of note that the histogram of AD169-
infected cells includes a fraction of uninfected cells. (B) PBL from an HCMV+ donor were cultured
in parallel with MRC-5 cells infected (moi=1) with the wild type AD169 HCMYV strain or different
deletion mutants generated from the HBS BACmid clone (AUS2-6). Two-colour flow cytometry
analysis was performed by day 10. Data are representative of 6 different experiments. The

proportion of NKG2C+ cells in mock-infected cultures (not shown) was 10.5%
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DISCUSSION

The detection of increased proportions of CD94/NKG2C+ cells in PBL from healthy HCMV+
donors suggested that the viral infection might shape the NKR repertoire”®. In the present report we
provide direct in vitro evidence supporting that the CD94/NKG2C+ NK cell subset preferentially
expands upon interaction with HCMV-infected fibroblasts, and that the KLR itself may participate in
driving the proliferation. The requirements for HCMV-infection to promote this effect have been
defined, and its complexity partially dissected.

To assess the influence of HCMV on the NKR repertoire, PBL were stimulated with infected
fibroblasts, an experimental system conventionally employed to study virus-specific CTL*. T
lymphocytes were predominant during the first week, but a substantial increase of NK cells was
detected by day 10-12. NKG2C+ cells systematically outnumbered the NKG2A+ subset and a minor
proportion of NKG2C+ T lymphocytes was also identified. The proliferation of NKG2C+ cells was
confirmed by two-colour analysis of CFSE-labelled samples. This pattern of response observed in
PBL samples from a group of HCMV+ donors, but not in HCMV- individuals, was similar
regardless of the origin of fibroblasts (allogeneic vs autologous) and the virus strains tested (i.e.
Toledo, Towne and AD169). Fibroblast infection was essential for the expansion of NKG2C+ NK
cells, as it was dependent on the infectious dose and was not substantiated with UV-inactivated
HCMYV, nor when PBL were incubated with the virus alone.

Anti CD94 mAb F(ab’)2 markedly inhibited the response of NKG2C+ cells, supporting that
signalling by the KLR was required. Nevertheless, purified CD56+ populations, containing NKG2C+
and NKG2A+ cells, did not proliferate in response to HCMV-infected fibroblasts despite the presence
of exogenous IL-2, pointing out the requirement of additional signals. The outgrowth of NKG2C+ cells
became evident when the CD56+ subset was stimulated with HCM V-infected cells in the presence of
exogenous IL-15, added at day 4 after the culture onset. IL-15 has been reported to be required for the

accumulation of NK cells in MCMYV infection** **. Altogether the observations are consistent with the

129



Capitulo 6

view that signalling by the CD94/NKG2C receptor, upon interaction with infected fibroblasts, enhances
the responsiveness to IL-15 and promotes the proliferation of the corresponding subset. The molecular
basis for this effect deserves further attention, and the contribution of other signals in the expansion of
NKG2C+cells 1s not excluded.

The nature of the putative ligand(s) expressed by HCMV-infected fibroblasts responsible for
engaging CD94/NKG2C is a key open question. The observed phenomenon was reminiscent of the
activation of NKG2C+ NK and T cells in response to a transfectant of the 721.221 HLA class I-
deficient cell line overexpressing HLA-E+ (.221-AEH)’'. This class Ib molecule was reported to be
refractory to the action of US6 when bound to a peptide from the leader sequence of the HCMV UL40
protein, and appeared constitutively resistant to the action of US2 and US11**?*. On that basis it was
proposed that surface HLA-E expression may be preserved in infected cells protecting them against
CD94/NKG2A+ NK cells; a CD8+ T cell subset that specifically recognizes HLA-E via the TcR might
counteract this evasion mechanism® *. In another report */, downregulation of MHC class I by the
HCMV US2-11 gene region was reported to dominate UL40 mediated effects in infected fibroblasts
attacked by NK cells.

The analysis of HCMV deletion mutants provided a valuable information. First, the response to
HBS5SAUL40-42 unequivocally demonstrated that UL40 was not required to promote the expansion of
NKG2C+ cells. Moreover, cells infected with the HBSAUL14-20 elicited a response of NKG2C+ cells
comparable to that observed with wild-type HCMV, also excluding a critical role of UL16 and UL18.
This is relevant considering that most NKG2C+ cells express the ILT2 (CD85j) receptor which binds
with high affinity to UL18. Moreover, 19 viral genes, present in the UL/b’ region of HCMV strain
Toledo but missing in AD169 and Towne™, are obviously dispensable for the expansion of
CD94/NKG2C cells.

HCMYV mutants derived from AD169(HBS5) lack the US2-US6 genes, and inhibit HLA class la

expression using only US11, which was reported to preserve the constitutive expression of HLA-E. The
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interaction of CD94/NKG2C with HLA-E, concomitant to the inhibition of HLA class Ia expression,
might contribute to drive the proliferation of NKG2C+ cells. In our hands, surface expression of HLA-E
was virtually undetectable by flow cytometry in mock- and HCMV-infected fibroblasts using a bona
fide specific mAb (3D12). Tomasec et al.”> reported similar difficulties to detect the class Ib molecule in
fibroblasts employing a mAb cross-reactive with HLA-E and HLA-C. Thus, if HLA-E bound to class I-
derived nonamers is indeed the ligand responsible for engaging CD94/NKG2C in infected fibroblasts, it
should be effective despite its limiting expression levels and low affinity for the activating KLR. This is
conceivable if signalling by inhibitory receptors is prevented by a reduction of HLA class Ia expression,
even minimal as in cells infected with the HB5-derived mutants. The inability to expand NKG2C+ cells
upon stimulation with cells infected with HBSAUS2-11, which fully preserved HLA class I molecules,
supported this view; yet, a direct role for other gene(s) in the US7-11 region is not excluded.
Alternatively, it cannot be ruled out that infected fibroblasts may display HLA-E/peptide complexes
with high affinity for CD94/NKG2C or a viral ligand capable of directly engaging the receptor.

CD9%4 mAbD did not consistently block cytotoxicity of NKG2C+ NK clones against HCMV-
infected fibroblasts, questioning a dominant role of the KLR in triggering this NK effector function.
Nevertheless, these observations do not rule out a relevant participation of CD94/NKG2C+ cells in the
response to HCMV-infected cells. First, this NK subset is not susceptible to HLA-E-mediated
inhibition. Moreover, the KLR may act in concert with other NKR (i.e. NKG2D, DNAM-1) and/or
NCR; in this regard, it has been reported that the NK response to some tumor cells could not be
inhibited by blocking individual receptor-ligand pairs *’. On the other hand, NKG2C may be relevant in
the response against other cell types susceptible to HCMV infection in vivo, not represented by
fibroblasts.

Experiments with CFSE-labeled PBL indicated that only a fraction of NKG2C+ cells
proliferated. Moreover, the expansion was not perceived in PBL from a group of HCMV+ donors

that displayed lower proportions of NKG2C+ cells. Thus, it is conceivable that this NK cell subset
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may be heterogeneous in terms of its replication capacity, and that the proliferating “progenitor”
pool responsible for the expansion may be variably represented in different individuals. Lower
proportions of this subset, together with the intrinsic complexity of the co-culture system where T
lymphocytes respond in parallel to HCMV-infected cells, may render undetectable the proliferation
of NKG2C+ cells accounting for the “non-responder” phenotype. The possibility that other signals
contributing to the expansion of NKG2C+ cells may be defective in these samples, and/or that
regulatory mechanisms interfere with their response, are not ruled out. In this regard, preliminary
experiments indicate that the expansion of NKG2C+ cells may be perceived stimulating CD56+
populations from “non-responders” with HCMV-infected cells in the presence of IL-15.

Together with the skewed distribution of NKG2C+ cells, a marked expansion of ILT2+ T
lymphocytes was systematically reproduced in PBL from HCMV+ donors stimulated with infected
fibroblasts. It is noteworthy that ILT2+ T cells were also significantly increased in fresh PBL from
HCMV+ individuals®, and in transplant patients undergoing HCMV infections®’. Studies are in
progress to characterize the relationship between ILT2+ T cells and HCMV.

The impact of HCMV infection on the CD94/NKG2C+ subset is reminiscent of the
oligoclonal expansion of CTL specific for viral antigens, that display an effector/memory phenotype
and tend to substantially increase in elderly individuals™ *'; the relationship between both events
deserves attention. The basis for the variability in the numbers of NKG2C+ cells observed in
HCMV+ donors is uncertain, but likely reflects the challenge exerted by the virus on the innate
immune system. The frequency of reactivation episodes, the extension of latent infection, and/or
genetic differences in HCMV clinical isolates may be relevant in this context. The analysis of
NKG2C+ cells becomes a potentially useful novel parameter to monitor the host-pathogen

relationship.
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MATERIAL Y METODOS
Donantes
Se obtuvieron muestras de sangre heparinizada de 8 donantes sanos. Se detectaron los anticuerpos

circulantes IgG anti HCMV como hemos descrito previamente'™. Dos donantes eran seronegativos

(HCMV-) y 6 seropositivos (HCMV+).

Fibroblastos

La linea celular MRC-5 (fibroblastos humanos fetales) se obtuvo de la American Type Culture
Collection (Manassa, VA). Se establecieron las lineas de fibroblastos primarios a partir de biopsias
de piel: brevemente, las muestras de tejido se disgregaron y trataron durante 1 hora a 37°C con
colagenasa A (Roche Diagnostics GmbH, Mannheim, Germany) al 0.2% en PBS que contenia
penicilina 100U/ml, estreptomicina 100ug/ml y anfotericina B 2,5ug/ml. Los fibroblastos se
cultivaron en Dulbecco’s modified essential medium (DMEM) suplementado con suero fetal bovino
(10%), L-glutamina 2 mM, penicilina 100U/ml y estreptomicina 100pg/ml (medio completo). Las

lineas se usaron entre el pase 20 y 30 (células MRC-5) y entre el pase 4 y 6 (fibroblastos primarios).

Preparacion del HCMV e infeccion de los fibroblastos

El HCMYV (cepa Towne) se prepar6 infectando las células MRC-5 a baja multiplicidad. Se recogio el
sobrenadante cuando se observo un efecto citopatico en el 100% de las células, y se centrifugo6 a
1750 x g durante 10 minutos recuperando el sobrenadante. El titulo viral se determin6 siguiendo
ensayos convencionales de formacion de placa de lisis'®’. La inactivacién del virus mediante luz
ultravioleta se realiz6é usando una lampara Phillips de 30W (modelo G13) y se confirmé controlando
la expresion de la proteina IE1 en células MRC-5 por inmunofluorescencia indirecta.

Los fibroblastos humanos sembrados en placas de 24 o 96 pocillos con una confluencia del 70%, se

infectaron con HCMV (moi=1). Tras dos horas de adsorciéon en un volumen reducido de medio, se
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retird el indculo, las células se lavaron con PBS y se cultivaron en medio completo. En paralelo y

como control, fibroblastos humanos fueron tratados del mismo modo pero en ausencia de virus.

Cultivos de linfocitos de sangre periférica

Los PBL se obtuvieron centrifugando sangre heparinizada en Ficoll-Hypaque (Lymphoprep, Axis-
Shield PoC AS, Oslo, Norway) y se incubaron en placas de 24 (2x10°%2ml) o 96 pocillos
(2x10°/200p1) en medio completo en presencia de fibroblastos sin infectar o infectados por HCMV,
inmediatamente después del periodo de adsorcion. Los PBL también se estimularon con el HCMV
(0.05 unidades formadoras de placa/célula) o con la cantidad equivalente de virus inactivado. Todos

los cultivos se suplementaron con IL-2 (10 U/ml) (Eurocetus) desde el dia 1 y se incubaron durante

10-12 dias.

Anticuerpos. Inmunofluorescencia y analisis por citometria de flujo.

El anticuerpo HP-F1 especifico para ILT2 se ha descrito previamente '°. Para el analisis por
inmunofluorescencia las células se preincubaron con Ig humana agregada (10 pg/ml) para bloquear
los receptores Fc, y seguidamente se marcaron con diferentes AcM y analizaron por citometria de
flujo (FACScan, Becton Dickinson, Mountain View, CA) tal como hemos descrito previamente .
En algunos experimentos las células se separaron tras el marcaje por citometria de flujo preparativa

(FACSvantage, Becton Dickinson, Mountain View, CA).

Extraccion del DNA y estudio clonal
El DNA se extrajo mediante el QIAamp DNA Mini Kit (QIAGEN GmbH, Hilden, Germany)

siguiendo las instrucciones del fabricante. La clonalidad de la poblacion T se evalué mediante

189

amplificacion por PCR con oligonucleodtidos especificos para la cadena y del TCR ™. En algunas
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muestras se aplicé el protocolo consensuado para el estudio de la cadena p del TCR '°. El analisis se

realiz6 en un secuenciador automatizado de DNA (ABIPrism 3100, Applied Biosystems, Foster

City, CA).
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Expansion preferente de células T ILT2+ en PBL estimulados con fibroblastos infectados por

HCMV

Como se describe en el articulo anterior (Guma y cols, enviado a publicacion), en los cultivos de
PBL con fibroblastos MRC-5 infectados con HCMV en presencia de IL-2 exodgena (10U/ml),
observamos que la proporcion de linfocitos T ILT2+ se incremento6 respecto al control (fibroblastos
no infectados) en las muestras de los donantes HCMV+ (figura 1), mientras que no se alter6 en las

de los individuos HCMV- (datos no mostrados).
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Figura 1. Los PBL de dos donantes HCMV+ (A y B) se cultivaron con fibroblastos MRC-5 sin
infectar o infectados con HCMV. Las células se marcaron el dia 11 con AcM especificos para
diferentes NKR o NCR por inmunofluorescencia indirecta y con el AcM anti CD3-PE, analizando

por FACS la poblacion CD3+. Los datos son representativos de cuatro donantes diferentes.
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El HCMV estimula la expansion de las células T ILT2+ independientemente de la infeccion de

los fibroblastos.

La expansion de las células T ILT2+ se detectd en presencia de fibroblastos autdlogos infectados
(figura 2A) o de fibroblastos tratados con HCMV inactivado, asi como incubando los PBL sélo con
el virus (figura 2B). Los datos indican que las particulas de HCMV son suficiente para estimular la
respuesta proliferativa de las células T que incluyen la poblacion ILT2+.
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Figura 2. A) Los PBL de donantes HCMV+ se cultivaron con fibroblastos autdlogos o alogénicos sin
infectar (control) o infectados con el HCMV. Las células se marcaron el dia 10 con el AcM
especifico para ILT2 por inmunofluorescencia indirecta y con el AcM anti CD3-PE. B) Los PBL de
donantes HCMV+ se incubaron en presencia de fibroblastos MRC-5 sin infectar (control), tratados
con el HCMV (HCMYV) o con el HCMYV inactivado (iIHCMV); en paralelo los PBL se incubaron
solos con cada una de las preparaciones del HCMV indicadas. Las muestras se analizaron como se

describe en la figura A. Los datos son representativos de 5 experimentos diferentes.
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La poblacion T ILT2+ expandida tras la estimulacion de los PBL con el HCMV es

mayoritariamente CD4+.

Por inmunofluorescencia y citometria de flujo empleando AcM anti CD4 y CDS se constaté que el
fenotipo de las células T al final del cultivo era predominantemente CD4+, tanto si estimulamos los
PBL con los fibroblastos infectados como s6lo con el HCMV. En algunos donantes detectamos al

final del cultivo una poblacion CD4+ que coexpresaba débilmente CD8 (CD8**™).
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Figura 3. A) Se cultivaron los PBL de donantes HCMV+ con fibroblastos MRC-5 sin infectar o
infectados con HCMV. Las células se marcaron el dia 10 con un AcM especifico para CD8 y un
AcM anti CD4-PE. La proporcion de células CD4+ aumentd hasta un 67.1% (55-70%), siendo del
41.3% (40-50%) en el control. B) Los PBL de donantes HCMV+ se incubaron solo con el virus y se
analizaron como en (A). La proporcion de células CD4+ aumentd hasta un 91.29% (75-95%) en
presencia del virus respecto al 43.8% (40-50%) del control. Los datos son representativos de 6

experimentos diferentes.

El incremento de células T ILT2+ se detectd tanto en la poblacion CD4+ como CD8+. Las
células CD8+ recién separadas o estimuladas con fibroblastos sin infectar expresaban ILT2 hasta en
un 35%, y la proporcion de CD8+ILT2+ aument6 hasta un 50% tras la incubacion con el HCMV. En

la poblacion CD4+ el incremento fue mayor, ya que sélo 4-10% de las células CD4+ expresaban
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ILT2 basalmente, mientras que tras la estimulacion con el virus la proporcion de células

CDA4+ILT2+ se elevo hasta un 40% (figura 4).
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Figura 4. Se estimularon los PBL de donantes HCMV+ con el HCMV. Las células se marcaron el

dia 10 con el AcM especifico para ILT2 y con los AcM anti CD3-PE, CD4-PE, CDS8-PE. Los datos

son representativos de 5 experimentos diferentes.

La expansion de la poblacion T en respuesta al HCMV es oligoclonal

Estudiamos el patron de reordenamiento del TCR y en la poblaciéon T obtenida tras la

incubacion de los PBL con el HCMV. En los donantes HCMV- las células presentaron un patron

policlonal, mientras que en los donantes HCMV+ la poblacion T al final del cultivo fue oligoclonal

reflejando presumiblemente la respuesta especifica al HCMV (figura 5). El pico dominante fue muy

reproducible en diferentes experimentos y distinto en cada donante. Ademads, en tres donantes se

estudi6 el reordenamiento VP en la poblacion obtenida tras estimular los PBL con HCMYV,
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observando un V3 dominante diferente en cada caso (VB12a, 13 y 6a). El mismo pico se observo
incubando los PBL con el virus inactivado o con fibroblastos autélogos/alogénicos infectados con

HCMYV, asi como en las poblaciones CD4+ e ILT2+ purificadas al final del cultivo (Figura 6).
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Figura 5. Se incubaron los PBL de donantes HCMV- y HCMV+ solos o en presencia del HCMV. A
los 10 dias se recogieron las células, y se analizo el reordenamiento del TCRy. En el donante
HCMV- se observo un patrén policlonal en ambas condiciones, a diferencia del individuo HCMV+
en el que se aprecid un patron oligoclonal tras la estimulacién con el virus. Los datos son

representativos de las observaciones en 2 donantes HCMV-y 6 HCMV+
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Figura 6. Los PBL de donantes HCMV+ se estimularon: con el virus (HCMV) (A), el virus

inactivado (IHCMV) (B), asi como con fibroblastos autélogos (C) o alogénicos (D) infectados por

HCMV. A los 10 dias se recogieron las células, y se analiz6 el reordenamiento del TCRy en la

poblacion total (A-D) o en las subpoblaciones CD4+ (E) ¢ ILT2+ (F) purificadas (>99%) por FACS.

Conclusion

Hemos observado que la poblacion de células T ILT2+ que se expande tras la estimulacion de PBL

de donantes HCMV+ con fibroblastos infectados por HCMV corresponde mayoritariamente a

células T CD4+. La expansion fue independiente de la infeccion de los fibroblastos, y se observo

estimulando los PBL directamente con el HCMV o el virus inactivado. El patrén oligoclonal del
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reordenamiento del TCR y en la poblacion recuperada sugiere que corresponde a linfocitos T CD4+
especificas para el antigeno del CMV. Se prosigue el estudio para conocer si el receptor ILT2

expresado en estas células CD4+ es funcional.
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Los resultados descritos constituyen la primera evidencia de que la infeccion por HCMV
puede alterar el repertorio de NKR. El incremento en la proporcion de células NK y T
CD94/NKG2C+ en donantes HCMYV positivos (HCMV+) sugiere que ambos subgrupos de linfocitos
pueden participar en la respuesta al patdégeno. El receptor no solo estimula las funciones efectoras y
la proliferacion de las células NK, sino que también activa a una subpoblacion minoritaria de células
T CDS8+. El estudio de la expansion preferente de la poblacion NK CD94/NKG2C+ tras la
interaccion in vitro con fibroblastos infectados con HCMV, sugiere que el propio KLR esta

implicado en el proceso.

Las células NK contribuyen junto a los linfocitos T al control de la infeccion por HCMV ™.
Pese a los estudios realizados persisten multiples incdgnitas acerca de la naturaleza de los
receptores/ligandos implicados en la respuesta innata frente al virus. Recientemente, se ha
demostrado que un NKR activador reconoce directamente una proteina de MCMV " % El cmv-1
se defini6 como un caracter hereditario determinante en la susceptibilidad a la infeccion por
MCMV"* 1%y fye identificado como el producto del gen Ly49H . Este miembro de la familia
Ly49 se asocia a DAP12 y desempefia un papel crucial en la defensa frente a la infeccion por
MCMYV, activando la funcién de las células NK al reconocer la proteina virica m157. Este receptor
no controla unicamente las funciones efectoras (citotoxicidad y secrecion de citocinas) sino que
puede promover una expansion selectiva de la poblacion Ly49H+, con posibles implicaciones en el
control de la reactivacién del virus'®'.

Es concebible que algun receptor activador humano pueda jugar un papel comparable al de
Ly49H en raton, desencadenando la respuesta a HCMV al reconocer una proteina virica o péptidos
presentados por moléculas del MHC. La mayoria de las familias de receptores inhibidores incluyen
miembros con funcidén activadora (ej. KIR2DS/3DS, CD94/NKG2C), cuyo papel fisiologico

permanece incierto; en algunos casos reconocen los mismos ligandos que los receptores inhibidores
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aunque con menor afinidad. Aunque se desconocen los ligandos celulares de los NCR (NKp46,
NKp30, NKp44), hay evidencia indirecta de que estdn distribuidos ampliamente en diferentes
tejidos™ y algan NCR podria propiciar la respuesta contra las células infectadas por HCMV, al
disminuir la expresion de las moléculas MHC de clase 1. Por otra parte, los ligandos del receptor
NKG2D se detectan en células infectadas por CMV vy el receptor coestimula la actividad de los
linfocitos T citotoxicos especificos para HCMV '

Al analizar el repertorio de NKR en individuos HCMV+ y HCMV-, no observamos
diferencias en la expresion del receptor NKG2D y detectamos una disminucion de las células
NKp30+ y NKp46+ ‘bright’ en los individuos HCMV+. Por el contrario, se observo un incremento
de células CD94/NKG2C+ en los donantes HCMV+'®. El incremento de células NK y T
CD94/NKG2C+ en los donantes HCMV+, sugiere que los mismos procesos relacionados
probablemente con la infeccion influyen en la expresion del KLR en ambas poblaciones.

Para que la interaccion del receptor CD94/NKG2C con su ligando pudiera influir en el
repertorio de NKR y en la distribucion de las subpoblaciones de células NK, el receptor deberia
controlar la proliferacién y/o la supervivencia celular, tal como se ha descrito en el caso de Ly49H'®!
y de otros NKR ' 2. Aunque los conceptos de expansion clonal y memoria estan reservados a las
células T y B, el aumento de células NK Ly49H+ en la infeccion por MCMV, que persiste durante
dias y que contribuye a eliminar el virus, recuerda a los procesos de activacion y expansion de las
células T, si bien no parece conferir ‘memoria’ a la respuesta de las células NK '°. Segun nuestros
resultados, el receptor CD94/NKG2C puede activar a las células NK asi como a la subpoblacion
minoritaria de linfocitos T af+CD8+ que probablemente hayan adquirido DAP12 durante su
diferenciacion, controlando su proliferacion y funciones efectoras '™,

Los datos indican que este receptor funciona en células T CD94/NKG2C+ DAPI12+ de

manera auténoma, como lo hace en las células NK, y que podria constituir una via de activacion

alternativa al TCR, ademas de potenciar la respuesta especifica de los linfocitos T. Sin embargo, es
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improbable que pueda desencadenar el desarrollo de autoinmunidad, considerando los niveles
relativamente bajos de HLA-E en la superficie de tejidos normales y su baja afinidad por
CD94/NKG2C. Ademas, las células NK CD94/NKG2C+ presentan bajos niveles de NCR y, al igual
que las células T NKG2C+, expresan NKR inhibidores especificos para moléculas HLA de clase I.
Por otra parte, hemos observado que la modulacién del TCR inducida por el AcM anti-CD3 se
asocia a una inhibicion de la respuesta a la estimulacion tanto a través del TCR como del receptor
CD94/NKG2C, indicando que puede existir una regulacion cruzada entre ambas vias que impediria

la activacion de células T anérgicas a través del KLR (datos no publicados).

Los datos obtenidos indican que la infeccion por HCMV promueve la expansion de las
células NKG2C+. El efecto del HCMV sobre el repertorio de NKR recuerda la generacion de CTL
especificos frente a antigenos viricos durante la respuesta adaptativa. Es verosimil que tras la
infeccion primaria se incremente el numero de células que expresan el KLR y que las proporciones
de células NKG2C varien como consecuencia de los episodios de reactivacion. El aumento de las
células NKG2C+ y de linfocitos T especificos para HCMV durante la latencia probablemente
reflejan la sobrecarga a la que se ve sometido el sistema inmunitario para controlar la infeccion a lo
largo de la vida del individuo.

Aunque el aumento de linfocitos CD94/NKG2C+ en individuos HCMV+ puede ser la
consecuencia de las alteraciones en la secrecion de citocinas en el curso de la infeccion virica ', la
interpretacion mas atractiva es que la interaccion del KLR con un ligando expresado en las células
infectadas por HCMV controle la proliferacion y/o supervivencia de los linfocitos NKG2C+ y, por
consiguiente que el KLR juegue un papel activo en la defensa contra el patogeno.

El receptor CD94/NKG2C podria funcionar como coestimulador en linfocitos T especificos
para CMV tal como se ha demostrado en el caso de NKG2D '°. La coestimulacion mediada por los

NKR en linfocitos especificos compensaria la disminucion de la expresion de las moléculas de MHC
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de clase I en las células infectadas. Sin embargo, hemos observado en individuos HCMV+ HLA -
A*0201 que la mayoria de las células T marcadas con tetraimeros HLA-A*0201 unidos a un epitopo
derivado de la proteina inmunodominante pp65, no co-expresa CD94/NKG2C. Estos resultados
coinciden con estudios que muestran que los CTL especificos para HCMV son CD94- '* 12°_ Sin
embargo, no se puede descartar que las células T NKG2C+ puedan ser especificas para otros
antigenos de HCMV.

La caracterizacion de un clon T que reconocia HLA-E a través del TCR y que expresaba
niveles bajos del receptor CD94/NKG2C "* apunté la posibilidad de que las células T
CD94/NKG2C+ pudieran corresponder a CTL especificos para HLA-E. Pietra et al, han identificado
linfocitos T especificos para HLA-E, que reconocen péptidos derivados de la proteina UL40 del
HCMV'?*. Sin embargo, la asociacion con el receptor CD94/NKG2C no parece ser una caracteristica
general de estas células ya que se ha descrito que expresan bajos niveles de CD94/NKG2A, siendo
NKG2C indetectable *® '*°. En nuestra experiencia, la lisis de las células 221.AEH por los clones T
CD94/NKG2C+ se inhibi6 por el AcM anti- CD94, indicando que la activacion se produce a través
del KLR y no via el TCR.

Alternativamente, los linfocitos T NKG2C+ pueden representar poblaciones de CTL
oligoclonales especificos para antigenos no relacionados con el CMV que han adquirido a lo largo
de la diferenciacion la expresion del receptor CD94/NKG2C, y que podrian ser activadas a través del

mismo en el contexto de la infeccion por HCMV.

Para valorar la posibilidad que la interaccion del KLR con un ligando expresado en las
células infectadas por HCMV controle la proliferacion y/o supervivencia de las células NKG2C+,
analizamos el repertorio de NKR en PBL cultivados con fibroblastos infectados por HCMV. En este

196

sistema, que se ha usado para estudiar CTL especificos de antigenos viricos , se detectdé un

marcado incremento de las células NK NKG2C+ en fases tardias. Analizando muestras marcadas
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con CFSE, se confirm6 que una fraccion de las células NKG2C+ proliferaba. E1 AcM F(ab’)2 anti-
CD9%4 inhibio6 la respuesta de las células NKG2C+, sugiriendo que se requiere la senalizacion a
través del KLR. Sin embargo, el AcM anti-CD94 no bloque6 la citotoxicidad de los clones NK
NKG2C+ contra fibroblastos infectados por HCMV, cuestionando un papel dominante del receptor
en la regulacion de las funciones efectoras. A este respecto, conviene sefialar que el mecanismo
principal por el que la célula NK lisa al fibroblasto infectado no estd bien definido y se han
publicado resultados aparentemente contradictorios. Algunos trabajos proponen que el fibroblasto
infectado por CMV es mas susceptible al ataque por parte de las células NK'”’, mientras que otros

) : 1
concluyen que es mas resistente ',

Por otra parte, se ha relacionado el aumento de la
susceptibilidad de la células infectada con el incremento de la expresion de LFA-3, un ligando de
cp2 'Y

Por consiguiente no puede descartarse que las células CD94/NKG2C+ tengan una
participacion relevante en la defensa frente a la infeccion por HCMV. En primer lugar, esta
subpoblacion de células NK no resulta susceptible a la inhibicion mediada por la interaccion de
HLA-E con CD94/NKG2A. Ademas, el KLR podria actuar en conjuncion con otros NKR (ej.
NKG2D, DNAM-1), NCR y/o TLR; al respecto, se ha descrito que para inhibir la respuesta NK a
algunos tumores se debe bloquear simultdneamente varios pares receptor-ligando '*®. Finalmente, el
receptor CD94/NKG2C podria intervenir en la respuesta contra otros tipos celulares susceptibles a la
infeccion in vivo (ej. células dendriticas o macrofagos).

La poblacién CD56+ purificada no prolifer6 en respuesta a los fibroblastos infectados por
HCMV, pese a la presencia de IL-2 exdgena, sugiriendo que se requieren sefiales adicionales. Por el
contrario, la expansion preferente de la poblacion NKG2C+ se observo cuando las células CD56+ se
estimularon por fibroblastos infectados con HCMV en presencia de IL-15 exdgena. Se ha descrito
y 80, 150 153,

que la IL-15 es necesaria para la acumulacion de células NK en la infeccion por MCM

Estas observaciones sugieren que tras la interaccion del receptor con los fibroblastos infectados y en
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presencia de IL-15, se promueve la proliferacion de la subpoblacion correspondiente. No se puede
descartar la posibilidad que otras sefales/citocinas puedan participar en la expansion de las células
NKG2C+ durante la respuesta a la infeccion virica.

El aumento de las células NKG2C+ no se percibi6é en los PBL de un grupo de individuos
HCMV+ que expresaban bajas proporciones de células NKG2C+. Es concebible que la subpoblacion
de células NK NKG2C+ sea heterogénea en términos de su capacidad de replicacion. La variabilidad
en la proporcion de células responsable de la expansion, y la complejidad intrinseca del propio

sistema experimental dificultarian detectar la expansion de las NK NKG2C+ en algunos individuos.

Para estudiar el papel de las células NKG2C+, realizamos algunos estudios preliminares
durante la infeccion por MCMYV. Se sabe poco acerca de la expresion y funcion del receptor
CD94/NKG2C murino que es especifico para Qal®, homologo funcional de HLA-E®'; tampoco se
conoce la influencia de la infeccion por MCMV en la expresion de Qal® ni del receptor
CD94/NKG2C. En estos experimentos se infectaron ratones C57BL/6 con la cepa Smith del MCMV
y se analizd la expresion del receptor NKG2C, que basalmente no se detecta, en los linfocitos del
bazo y a diferentes tiempos tras la infeccion que se comprob6 analizando la presencia del virus en
las glandulas salivares a los 12 dias. Aunque se observo un incremento de células NK NKG2A+, no
se percibié en un ningin momento de la infeccion variacion alguna en la proporcion de linfocitos
NKG2C+. Este resultado negativo no descarta que el receptor pueda estar implicado en la respuesta
al CMV en otras cepas de ratones o que su expresion se incremente como resultado de los repetidos

procesos de reactivacion.

Se requiere, por lo tanto, determinar si realmente existe un ligando expresado en los
fibroblastos infectados por HCMV, responsable de la activacion via el receptor CD94/NKG2C. La

expansion de la poblacion NKG2C+ podria acontecer si hubiera un aumento de la avidez en la
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interaccion KLR-ligando, y/o secundariamente a una pérdida selectiva de los ligandos para los
receptores inhibidores (ej. KIR, ILT2) expresados en las células CD94/NKG2C+.

No hay datos indicativos de que el receptor CD94/NKG2C pueda reconocer alguna molécula
del HCMV como en el caso de Ly49H " '*® ni un péptido de origen virico asociado a HLA-E.
HLA-E unida a un péptido derivado de la HSP-60 interacciona con el receptor CD94/NKG2A "',
pero no se ha demostrado que este complejo pueda activar via CD94/NKG2C. No se puede descartar
que péptidos provenientes de patogenos puedan estabilizar HLA-E y activar preferentemente via el
receptor CD94/NKG2C como se sugiere en el caso de KIR activadores *” "% 1°.

Otra posibilidad es que una pérdida selectiva de los ligandos para los receptores inhibidores
(ej. KIR, ILT2) expresados en las células CD94/NKG2C+ permita la sefalizacién a través del
receptor tras la interaccion con su ligando natural. Al respecto cabe sefalar que las proteinas del
HCMYV US2 y US11 reducen los niveles en superficie de las moléculas HLA de clase I sin afectar a
HLA-E'*?; ademas, el nonamero derivado de la proteina UL40 del HCMV estabiliza HLA-E,
favoreciendo su expresion de manera independiente a TAP y resistente a US6'®” '°*. Al preservar la
molécula de clase Ib se confiere a las células infectadas por HCMYV resistencia a la lisis mediada por
la poblacion CD94/NKG2A+, pero a la par podria favorecer la respuesta de las células NKG2C+. Se
ha propuesto que algunos patdogenos han adquirido ligandos para receptores inhibidores como
mecanismo de evasion de la respuesta inmunitaria y que el huésped, como consecuencia de la

162 .
62 Esta idea se

presion evolutiva, puede expresar un receptor activador para ese mismo ligando
apoya en la interaccion de los receptores murinos Ly49H (activador) y Ly49I (inhibidor) con la
proteina m157 del MCMYV. Cabe especular que el receptor CD94/NKG2C podria haber
evolucionado para contrarrestar el efecto de mecanismos de evasion que actuen a través de
CDY94/NKG2A.

En nuestra experiencia, la expresion en la superficie de HLA-E fue indetectable empleando

un AcM especifico tanto en fibroblastos sin infectar como infectados por HCMV. Tomasec et al.
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describieron dificultades parecidas para detectar la molécula de clase Ib en fibroblastos usando un
AcM que reconocia HLA-E y HLA-C'®’. Tampoco observamos activacion en la linea RBL
transfectada con el receptor CD94/NKG2C y el adaptador DAP12 cuando la cultivamos con
fibroblastos infectados por HCMV (datos no publicados). Sin embargo, este resultado negativo no es
valorable ya que tampoco pudimos estimularla mediante la linea 221.AEH, que sobreexpresa HLA-E
en ausencia de otras moléculas MHC de clase la, sugiriendo que la activacion fisioldgica requiere la
contribucion de moléculas adicionales de adhesion/coestimulacion. En cualquier caso, la respuesta al
mutante HBSAUL40-42, que carece de las proteinas UL40 a UL42, demuestra inequivocamente que
la proteina UL40 no es necesaria para promover la expansion de las células NKG2C+.

Los estudios con otros mutantes del HCMV proporcionaron informacion adicional sobre la
naturaleza del hipotético ligando expresado en los fibroblastos infectados por HCMV. Las células
infectadas con el mutante HBSAUL14-20, que carece de las proteinas UL14 a UL20, promovieron
una respuesta de las células NKG2C+ comparable a la observada tras la infeccion con la cepa
salvaje, excluyendo la influencia de UL16 y UL18. Aunque no estd bien definido el papel de la
interaccion entre ILT2 y UL18 en la evasion de la respuesta inmunitaria, este dato es relevante
considerando que la mayoria de células NKG2C+ expresan el receptor ILT2. Los resultados también
descartan que UL18 actue como ligando para el receptor CD94/NKG2C, lo que se corrobord al
observar que la proteina de fusion de UL18 no se unia al receptor CD94/NKG2C expresado en la
linea RBL (datos no publicados).

Los mutantes de HCMV derivados de la cepa AD169 HBS, no expresan los genes US2 a US6
y disminuyen la expresion de HLA de clase Ia s6lo por medio de la proteina US11, que preserva la
expresion basal de HLA-E'**. Estas observaciones indican que si la molécula HLA-E unida a
nonameros derivados de clase I fuera el ligando responsable de activar al receptor CD94/NKG2C en
fibroblastos infectados, deberia hacerlo a pesar de su bajo nivel de expresion (indetectable por

FACS) y su reducida afinidad por el KLR. Esta situacion s6lo es concebible si los receptores
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inhibidores no estan operativos como consecuencia de la reduccion de la expresion de HLA de clase
Ia, incluso minima como ocurre en las células infectadas con el mutante HBS. La incapacidad para
expandir las células NKG2C+ cuando estimulamos con células infectadas con el mutante HBSAUS2-
11, que no expresa los genes US2 a US11, apoyaria esta idea. Por otra parte, no se puede descartar
que los fibroblastos infectados puedan presentar un complejo HLA-E/péptido, con mayor afinidad
por el receptor CD94/NKG2C, o incluso un ligando virico capaz de interaccionar directamente con

el receptor. A este respecto debe estudiarse el posible papel de los genes de la region US7-11.

Si las células NKG2C+ juegan un papel en la defensa contra HCMV por algunos de los
mecanismos mencionados, los individuos seropositivos para otros virus con mecanismos de evasion
similares podrian presentar también una expansion de la poblacion NKG2C+. En nuestra serie
hemos identificado algunos casos NKG2C+ seronegativos para CMV. Aunque la explicacion mas
probable es que sean falsos negativos de la serologia®, no se puede descartar que presenten otra
infeccion virica latente diferente a EBV o HSV, con las que no observamos una asociacion
significativa.

Se ha descrito que la proteina nef del VIH disminuye selectivamente la expresion de las
moléculas HLA-A y HLA-B sin afectar a la expresion de HLA-C y HLA-E. Se ha sugerido que la
expresion de éstas Ultimas inhibiria la funcion de las células NK respectivamente a través de los KIR
y CD94/NKG2A'®. Hemos iniciado en colaboracion con el grupo de la Dra. Cabrera (Laboratorio
de Retrovirologia IrsiCaixa, Hospital Universitari Germans Trias 1 Pujol) un estudio para analizar la
poblacion CD94/NKG2C en pacientes VIH+, considerando la infeccion por CMV entre otras
variables. Los datos preliminares sugieren que la infeccién por VIH no se relaciona directamente con
la expansion de células NKG2C+, y que su incremento en estos pacientes seria también secundario a
la infeccion por HCMV. Recientemente se ha demostrado que el péptido aa35-44 de la proteina core

del virus de la hepatitis C (HCV) estabiliza HLA-E y es reconocido por el receptor CD94/NKG2A
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inhibiendo a la célula NK”. Se requieren estudios de la poblacion CD94/NKG2C+ en individuos

HCV+.

La infeccion por HCMV también influye sobre el repertorio de los NKR inhibidores. Se ha
descrito que la expresion de ILT2 estd aumentada en pacientes con transplante de pulmoén que sufren

201 Hemos observado un incremento de linfocitos T ILT2+ tanto en PBL

una infeccion por HCMV
de donantes HCMV+"*® como tras su cultivo con fibroblastos infectados por el virus o con el virion.
Un trabajo reciente *** ha descrito que en individuos HCMV+ la expresion de ILT2 en las células T
estd aumentada tanto en células CD8+ (media £SD, 35.5% + 15.6% vs 17.2% + 8.1%; p=0.012)
como CD4+ (2.8% % 3.1% vs 0.6% £ 1%; p=0.007). Esta asociacion no se explica solo por la co-
expresion de ILT2 en las células NKG2C+ y hay que considerar la posibilidad de que ILT2 se
exprese en los linfocitos T especificos para CMV. La poblaciéon T CD8+ especifica para CMV se ha
estudiado usando tetrameros HLA-A*0201 wunidos a epitopos derivados de antigenos
inmunodominantes del virus '>. Se ha descrito que hasta un 45-55% de las células CD8+ especificas
para CMV son ILT2+**%. Este receptor, que también se expresa en linfocitos T CD8+ especificos
para otros patogenos™”, e incluso en células T CD4+ especificas para M. tuberculosis®”, puede

inhibir las funciones de los mismos 2> 2%

. Hemos observado que la poblacion oligoclonal T que se
expande tras la estimulaciéon de PBL de donantes HCMV+ con fibroblastos infectados por el virus o
con el virus solo, corresponden a células T CD4+ que expresan ILT2+, presumiblemente linfocitos
especificos para HCMV.

Se desconoce como se regula la expresion del receptor ILT2 en las células T. Se ha sugerido
que la estimulacion de la expresion de receptores inhibidores en células T durante las infecciones
viricas, podria atenuar la respuesta inmunitaria. Sin embargo, el progresivo aumento de células T

NKR+ especificas para virus que se asocia a la eliminacion del patégeno, indica que los NKR no

interfieren con la inmunidad antivirica 2%,
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En resumen, la poblacion de células NK CD94/NKG2C+ parece implicada en el
reconocimiento de células infectadas por CMV. El efecto de la infecciéon sobre la poblacion
CD94/NKG2C+ recuerda la expansion oligoclonal que experimentan los CTL especificos para
antigenos viricos, con un fenotipo efector/memoria, que tienden a aumentar en individuos de edad
avanzada. La variabilidad en el numero de células NKG2C+ que se observa en los individuos
HCMV+ probablemente refleja el grado de presion que ejerce el virus sobre el sistema inmunitario
innato. La frecuencia de los episodios de reactivacion, la extension de la infeccion latente, y/o
diferencias genéticas en los aislados clinicos de HCMV pueden ser relevantes en este contexto.
Desde un punto de vista practico consideramos que el andlisis de las células CD94/NKG2C+ puede

constituir un nuevo parametro potencialmente ttil para monitorizar la relacion huésped-patogeno.

162



CAPITULO 9

Conclusiones






Conclusiones

1.- El receptor CD94/NKG2C se expresa en una poblacion oligoclonal de células Taf3+ CD8+
CD56+ CD28-, asi como en células Tyd+ y CD4+ de algunos donantes.

2.- En algunos clones TaB+CD8+ el receptor CD94/NKG2C se asocia a la proteina adaptadora

DAP12, activando la proliferacion, citotoxicidad y secrecion de citocinas.

3.- En los PBL de donantes HCMV+ se detect6 un incremento en las proporciones de células T y
NK CD94/NKG2C+, asi como de linfocitos T ILT2+, indicando que la infeccién por el HCMV

puede alterar el repertorio de receptores NKR.

4.- La poblacion CD94/NKG2C+ expresa mas débilmente los NCR e incluye mayores proporciones
de células ILT2+ y KIR+ que la poblacion CD94/NKG2A+.

5.- No se detecta la expresion de CD94/NKG2C en los linfocitos T especificos para HCMV
marcados con tetrdmeros de HLA-A*0201 unidos a un péptido del antigeno pp65.

6.- Se observa una expansion preferente de la subpoblacién de células NK CD94/NKG2C+ al
estimular los PBL de donantes HCMV+ con fibroblastos infectados por el virus pero no con el
virion. Por el contrario, la respuesta de la poblacion de linfocitos T ILT2+ se produce en ambas

condiciones.

7.- La expansion de las células CD94/NKG2C+ se bloquea con un AcM F(ab’)2 anti-CD94,

sugiriendo que el propio receptor puede estar implicado en el proceso.

8.- La expansion de los linfocitos CD94/NKG2C+ en respuesta a los fibroblastos infectados por
HCMV es independiente de los genes UL16, UL18 y UL40. Por el contrario, no se aprecia al
infectar con un mutante del HCMV que carece de la region US2-US11, donde se codifican las

preoteinas que inhiben la expresion de las moléculas HLA de clase 1.

9.- En conjunto, los resultados indican que las célula CD94/NKG2C pueden desempefiar un papel

activo en la respuesta a las infecciones por HCMV.
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Abreviaturas

AcM
BCR
CTL
CMV
DC
DAP10
DAP12
EBV
FcR
HCMV
HCMV+
HCMV-
HCV
HLA
HSV
IFN

IL

Ig-SF
ILT
KIR
KLR
LIR

Anticuerpo monoclonal

Receptor de células B

Linfocitos T citotoxicos

Citomegalovirus

Célula dendritica

Proteina activadora DNAX de 10 kDa

Proteina activadora DNAX de 12 kDa

Virus de Epstein-Barr

Receptor del fragmento cristalizable de las inmunoglobulinas
Citomegalovirus humano

Donante seropositivo para HCMV

Donante seronegativo para HCMV

Virus de la hepatitis C

Complejo principal de histocompatibilidad humano
Virus del herpes virus

Interferon

Interleucina

Inmunoglobulina

Superfamilia de las inmunoglobulinas

Ig-like transcripts

Receptor de células citotoxicas con dominios Ig
Receptores de células citotdxicas tipo lectina

Receptores de leucocitos con dominio Ig
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MCMV
MHC
NCR
NK
NKR
PBL
PCR
rADCC
SHP
VIH
TAP
TCR
TNF

Citomegalovirus murino

Complejo principal de histocompatiblidad
Receptores de citotoxicidad natural

Célula citotoxica natural

Receptores de las células citotoxicas naturales
Linfocitos de sangre periférica

Reaccion en cadena de la polimerasa
Citotoxicidad natural dependiente de anticuerpo reversa
Fosfatasas con dominios SH2

Virus de la inmunodeficiencia humana
Transportadores en la presentacion de antigenos
Receptor de células T

Tumor necrosis factor
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