UAB

Universitat Autonoma de Barcelona

Relacion entre inmunosupresion e inflamacion subclinica
en biopsias de seguimiento de trasplante renal

Betty Odette Chamoun Huacon

ADVERTIMENT. L’accés als continguts d’aquesta tesi queda condicionat a I'acceptacié de les condicions d’us
establertes per la seglent llicencia Creative Commons: @ @G| https://creativecommons.org/licenses/?lang=ca

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptacién de las condiciones de

uso establecidas por la siguiente licencia Creative Commons: @@@@ https://creativecommons.org/licenses/?

lang=es

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set

by the following Creative Commons license: @@@@ https://creativecommons.org/licenses/?lang=en




UAB

Universitat Autonoma
de Barcelona

TESIS DOCTORAL

Relacion entre inmunosupresion e
iInflamacidon subclinica en biopsias de
seguimiento de trasplante renal

Doctorando: Betty Odette Chamoun Huacon



UAB

Universitat Autonoma
de Barcelona

TESIS DOCTORAL

Relacion entre inmunosupresion e
inflamacion subclinica en biopsias de
seguimiento de trasplante renal

Doctorando:
Betty Odette Chamoun Huacén

Directora:
Irina Betsabé Torres Rodriguez

Tutor:
Francesc Josep Moreso Mateos

Programa de Doctorado en Medicina
Departamento de Medicina
Universidad Auténoma de Barcelona

Barcelona, 2024



AGRADECIMIENTOS

Con amor a mis padres y mi hermana.



Agradezco a mi directora de tesis, la Dra. Irina Torres R., por su inmenso apoyo y la
confianza demostrada. Aunque el camino ha sido tortuoso, hemos salido airosas en el

proceso.

A mis tutores, el Dr. Daniel Serdn, quien ilumind este camino nefrologico con su arte y
elegancia, y el Dr. Francesc Moreso, un profesor nato, cuya infinita capacidad de

ensefianza me ha transmitido un profundo amor por la nefrologia.

Agradezco al Servicio de Nefrologia del Hospital Vall d’'Hebron, mi primera casa

nefrolégica, y al Servicio de Nefrologia del Hospital del Mar, mi actual casa.

Gracias a “mis chicas del café” por su apoyo y motivacion, ayudandome a mantenerme
perseverante y confiada en mis capacidades. A mis “nefronas” y mis “glomérulos”, con
quienes no solo he compartido noches sin dormir, catéteres por colocar y trasplantes

por preparar, sino muchas vivencias, alegrias y aprendizajes vitales.

A los amigos que, durante estos afios lejos de mi familia, se han convertido en mi
“segunda familia”, gracias por estar y saber estar. A toda esa hermosa “juventud” que
se ha sumado en el camino y que, directa o indirectamente, me ha apoyado durante

estos afos.

Evidentemente, agradecerle a mi familia. A las mujeres de mi vida: mi mama, mi
hermana, mis tias y mis primas; les agradezco infinitamente por su amor, tenacidad,
coraje y empuje, que han permitido qgue me convierta en un mejor ser humano. A tres
seres especiales en mi vida que, aunque ya no estan fisicamente, siguen presentes de

algin modo.

A los pacientes renales, el motor fundamental de esta tesis. Agradezco a esas
personas, porque en esta especialidad todo es un engranaje y no podriamos subsistir
sin cada una de sus areas. Todos somos necesarios en nuestros roles; eso es lo

bonito de la nefrologia.

Finalmente, como alguna vez escuché, el rifion es el érgano mas noble, el primero en

dar la cara y el Ultimo en retirarse de la batalla, siempre leal hasta el final.



La vida es una sucesion de lecciones que deben ser vividas para ser entendidas.

R.W. Emerson.



ABREVIATURAS

ADESs: Anticuerpos donantes especificos.

ADEs dn: Anticuerpos donante especifico de novo
AMF: acido micofendlico.

ARN: Acido ribonucleico.

BL: borderline.

C/D-TAC: concentracion/dosis — tacrolimus.

cPRA: porcentaje de anticuerpos reactivos al panel.
dd-cfDNA: ADN libre circulante derivado del donante.
FFPE: fijado con formaldehido y fijado en parafina.
FI/AT: fibrosis intersticial y atrofia tubular.

ICN: Inhibidores de la anticalcineurina.

i-mTOR: inhibidores de la mammalian target de rapamicina.
MMDx: Diagndstico molecular de rechazo.

MMF: micofenolato de mofetilo.

RAG-Score: Score de rechazo.

RMC: rechazo celular o mediado por células T.
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RNA-Seq: Secuenciacion del transcriptoma entero.

RSC: rechazo subclinico.

RT-MLPA: amplificacién de sonda dependiente de ligadura multiple con transcriptasa
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RT-gPCR: reacciéon en cadena de la polimerasa con transcriptasa inversa.

TAC: tacrolimus.

TAC —Cy: niveles de tacrolimus en sangre total.



INDICE

RESUMEN ..ottt ettt ettt e et e s ebe s et e s esessesessesesseseesaseesessesansesensesansas 9
ABSTRACT ..ttt ettt ettt e et b et b et e s e s eaeeaese et ene et ene et eneeteneetenen 12
1. INTRODUGCCION ...ooioiticteeeeeteee et sae et snsenes 15
1.1 TRASPLANTE RENAL. oottt 16
1.1.1 Generalidades e historia del Trasplante renal.........cccccocovevvvevieeevieceenenne. 16
1.1.2 Situacioén actual de la enfermedad renal crénicay el trasplante renal en
NUESTIO MEAI0. c.eiiiieieiee ettt be b s b st e e et e e neeneens 18
1.2 MONITORIZACION POSTRASPLANTE. ..ottt 21
1.2.1 Monitorizacion NiStOIOQICA. .......ccuveireirereeeeee e 21
1.2.1.1 CriterioS de Banff.........cccviriiiieieieeesesere s 21
1.2.1.2 Biopsias de injerto renal de seguimiento..........ccccceceeveverieecieseeeesie e 25
1.2.1.2.1 Rechazo subclinico (RSC) en biopsias de seguimiento.................... 25
1.2.1.2.1.1 Rechazo celular e Inflamacién tubulointersticial.......................... 25
1.2.1.2.1.2 Rechazo mediado por antiCUEIPOS. ........ccevererererenrenienieieeeeenes 27
1.2.1.2.2 Lesidn crénica no inMUNOIOGICA. .......cccvevverveeriirieeierieceee e 28
1.2.1.2.3 Cambios borderliNe. ..o 29
1.2.1.2.4 Lesiones inflamatorias en las zonas de fibrosis intersticial / atrofia
EUDUIAT. <ottt ettt neenas 30
1.2.1.3 Diagnéstico molecular de reChazo. ..........cccceeevevievieieieiceceseeeeee e 31
1.2.2 Monitorizacion farmacolOgiCa. .....cccveeeieiiiciseeceee e 34
1.2.3 Monitorizacion inMUNOIOQICA........eeceiieieieeeeceeee e 37
1.2.3.1. Monitorizacién de Anticuerpos anti-HLA y desajuste de epitopos......... 37

1.2.3.2 Otros biomarcadores de monitorizacion inmunolégica (sangre y orina).39

1.2.3.2.1 ADN libre circulante derivado del donante. ..........ccccocevevenenieieennne 39
1.2.3.2.2 Microarrays en sangre PeriferiCa. ........ccovverereveeeereeeseseseseeeeeeeeeas 39
1.2.3.2.3 Biomarcadores en orina (quimiocinas y ARN urinario)...................... 40

2. HIPOTESIS ..ottt ettt s s s asansntanes 42
3. OBUIETIVOS ...ttt ettt ettt et s e s e s e s ese st esesteneesenentenes 44
3.1 ObjJetivo PriNCIPAL. ...ccoveeeieieeceeee ettt 45

3.2 ObjetiVoS SECUNUAIITOS. .i.ieiieieieiereete ettt sttt st st eee s s ee e 45

4. COMPENDIO DE PUBLICACIONES........cocoetetretsieesete e e e ssens 46

4.1 A Rejection Gene Expression Score in Indication and Surveillance Biopsies Is
Associated With Graft OULICOME. .........ooiviriiieirererereee e 47



© ©o N o O

4.2 Progression of Interstitial Fibrosis and Tubular Atrophy in Low Immunological
Risk Renal Transplants Monitored by Sequential Surveillance Biopsies: The

Influence of TAC Exposure and MetaboliSm...........cccevviieceneneecececeee e, 62
4.3 Expression of rejection-associated transcripts in early protocol renal transplant
biopsies are associated with tacrolimus exposure and graft outcome..................... 77
RESUMEN GLOBAL DE RESULTADOS. ......oooiiiiireeieeeeeteiese e aeasnens 94
RESUMEN GLOBAL DE LA DISCUSION. ..ot 99
CONCLUSIONES ...ttt sttt st sa et te s e s tessesesaeseenenseas 106
LINEAS DE INVESTIGACION FUTURAS. ..ottt sesie s 108

BIBLIOGRAFIA ..ottt st 111



RESUMEN
La enfermedad renal crénica (ERC) es una de las causas de morbimortalidad mas
importantes a nivel mundial, con una prevalencia cercana al 10 %. Se estima que para

el 2040 se convierta en la quinta causa de muerte a nivel mundial.

Entre las técnicas sustitutivas renales, el trasplante renal (TR) se considera el
tratamiento de eleccion porque ofrece una mejor supervivencia del paciente, una mejor
calidad de vida y un menor costo del sistema sanitario en comparacién con las
técnicas de dialisis. Sin embargo, la supervivencia a largo plazo que ofrece el
trasplante no esta exento de complicaciones atribuidas a la sobreexposicion de la
inmunosupresion (neoplasia e infecciones) y a la infraexposicion como el rechazo
mediado por anticuerpos (RMA), el rechazo mediado por células T (RMC) vy la
inflamacién subclinica que conduce al desarrollo de anticuerpos HLA donante

especifico de novo (ADEs dn).

La inmunosupresion de mantenimiento en la mayoria de las unidades de trasplante
renal se basa en la combinacion de tacrolimus (TAC) y micofenolato mofetilo (MMF),
con o sin esteroides en dosis bajas. Una limitacion importante de esta estrategia es
que el TAC es un farmaco con una ventana terapéutica estrecha, una baja
biodisponibilidad (20-30 %), una alta variabilidad intra e interindividual, y ademas los
niveles terapéuticos éptimos (TAC-Co) durante el seguimiento no han sido definidos
adecuadamente. Una baja exposicion al TAC durante el primer afio se ha asociado a
un mayor riesgo de rechazo agudo clinico y subclinico, y a un mayor riesgo de
desarrollo de ADEs. Ademas, estudios previos han mostrado una asociacion entre la
baja exposicion al TAC y una menor supervivencia a largo plazo del injerto. Mientras
tanto, una alta exposiciéon al TAC se ha asociado con nefrotoxicidad, infecciones
virales y cancer, entre otras toxicidades. Por este motivo, es importante la
monitorizacién clinica, farmacolégica, inmunolégica e histolégica durante el

seguimiento postrasplante.

Durante las ultimas décadas la incorporacién a la préactica clinica de las biopsias de
seguimiento, en diferentes momentos postrasplante, ha permitido caracterizar la
presencia de inflamacion subclinica y la progresion de la fibrosis, observandose en
diferentes estudios su asociacibn con la exposicion a la inmunosupresion, la

incompatibilidad HLA y el subsecuente desarrollo de ADEs dn.

La monitorizacién del injerto en el trasplante renal se basa en biomarcadores no
invasivos como la creatinina sérica, la proteinuria y los anticuerpos HLA. El desarrollo

progresivo de nuevas tecnologias, como el perfil de expresion génica en sangre y
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orina, y el ADN libre de células derivado del donante (dd-cfDNA), se han propuesto
como nuevas herramientas que pueden contribuir a un mejor entendimiento de los
mecanismos inmunopatologicos subyacentes y mejor precisién diagnéstica. De esta
manera se podria realizar nuevas intervenciones para prevenir y ofrecer nuevos

tratamientos.

El propdsito de esta tesis consisti6 en evaluar la asociacion entre la inflamacion
subclinica del injerto renal (definida como la inflamacion microvascular o la inflamacion
tubulointersticial existente en biopsias de seguimiento); la exposicion a la
inmunosupresiéon y la inmunomodulacion de la expresion de genes implicados en el

rechazo del injerto.

En la presente tesis se describen los resultados de tres publicaciones que abordan los
aspectos descritos previamente. En el primer trabajo, realizado en receptores de
trasplante renal de los cuales se disponia de una biopsia obtenida por seguimiento o
por indicacién clinica, el objetivo fue determinar la expresion génica diferencial entre
biopsias normales, biopsias con rechazo y biopsias con fenotipos incompletos de
rechazo. Definimos un score que permitid discriminar las biopsias normales de las
biopsias con rechazo (RAG-score). La aplicacién de este score en las biopsias con
fenotipos incompletos dio resultado positivo en casi todos los casos de rechazo
subclinico, en una proporcién de pacientes con diagnostico de fibrosis intersticial y
atrofia tubular (FI/AT), y en pacientes con diagnostico de cambios borderline (BL). Es
de destacar que el RAG-score se asocié con la supervivencia del injerto de manera

independiente al diagndstico histolégico.

En el segundo trabajo, evaluamos la asociacion entre las lesiones histologicas
agudas y cronicas en injertos renales, y la exposicion a TAC y su metabolizacion en
pacientes con biopsias de seguimiento secuenciales (a los 3 y 12 meses
postrasplante). Observamos que una relacibn menor de concentracion /dosis de
tacrolimus (C/D-TAC) se asocié a una mayor progresion de la fibrosis intersticial y
atrofia tubular (FI/AT), confirmando que los metabolizadores rapidos presentan mas
nefrotoxicidad como ha sido descrito previamente. Ademas, se confirmé que niveles
més elevados de TAC se asocian a una menor inflamacién en areas sin fibrosis, pero
no en areas con fibrosis. Por otro lado, observamos que la evaluacion del coeficiente
de variacion de TAC (CV-TAC) y el tiempo en rango terapéutico (TRT) no ofrecen

informacién adicional.

10



En la misma linea de la investigacion, en el tercer trabajo evaluamos en pacientes
con biopsias de seguimiento, la asociacion entre la exposicion a TAC y la expresion de
transcritos asociados con rechazo descritos por el grupo de Banff (n=308 genes).
Mediante la técnica de RT-PCR en tarjetas microfluidicas, observamos que diecinueve
de 111 genes asociados al rechazo se correlacionaron con los niveles de tacrolimus
valle (TAC-Cy) al momento de la biopsia. Un analisis no supervisado de los datos
permitié definir dos grupos de pacientes en funcion de la expresion génica. Las
biopsias con rechazo subclinico y las biopsias con cambios BL coincidieron en el
mismo grupo. Ademas, en este grupo se observd una menor exposicion a los niveles
de TAC-Co y se observd una disminucién progresiva de la funcién renal durante el

seguimiento.
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ABSTRACT

Chronic kidney disease (CKD) is one of the most significant causes of morbidity and
mortality worldwide, with a prevalence close to 10 %. It is estimated that by 2040, it will
become the fifth leading cause of death globally. Among renal replacement treatment
techniques, kidney transplantation (KT) is considered the treatment of choice because
it offers better patient survival, improved quality of life, and lower healthcare system
costs compared to dialysis techniques. However, the long-term survival offered by
transplantation is not free of complications attributed to overexposure to
immunosuppression (neoplasm and infections) and underexposure such as antibody-
mediated rejection (ABMR), T-cell-mediated rejection (TCMR), and subclinical
inflammation leading to the development of de novo donor-specific HLA antibodies
(dnDSA).

Maintenance immunosuppression in most kidney transplant units is based on a
combination of tacrolimus (TAC) and mycophenolate mofetil (MMF), with or without
low-dose steroids. A significant limitation of this strategy is that TAC is a drug with a
narrow therapeutic window, low bioavailability (20-30%), high intra— and
interindividual variability, and the optimal therapeutic levels (TAC-Co) during follow-up
have not been determined. Low TAC exposure during the first year has been
associated with a higher risk of clinical and subclinical acute rejection and a higher risk
of developing dnDSA. Additionally, previous studies have shown an association
between low TAC exposure and lower long-term graft survival. Meanwhile, high TAC
exposure has been associated with nephrotoxicity, viral infections, and cancer, among
other toxicities. Therefore, clinical, pharmacological, immunological, and histological

monitoring during post-transplant follow-up is important.

In recent decades, the incorporation of follow-up biopsies at different post-transplant
times into clinical practice has allowed the characterization of the presence of
subclinical inflammation and the progression of fibrosis. Various studies have observed
its association with immunosuppression exposure, HLA incompatibility, and the

subsequent development of dnDSA.

Kidney transplant graft monitoring relies on non-invasive biomarkers such as serum
creatinine, proteinuria, and HLA antibodies. The progressive development of recent
technologies, such as gene expression profiling in blood and urine and donor-derived
cell-free DNA (dd-cfDNA), has been proposed as new tools that can contribute to a

better understanding of underlying immunopathological mechanisms and improved
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diagnostic accuracy. This could enable new interventions to prevent and offer new

treatments.

The purpose of this thesis was to evaluate the association between subclinical
inflammation of the kidney graft (defined as microvascular inflammation or
tubulointerstitial  inflammation present in follow-up biopsies), exposure to
immunosuppression, and immunomodulation of the expression of genes involved in

graft rejection.

This thesis describes the results of three publications addressing the previously
described aspects. The first study, conducted on kidney transplant recipients with
available biopsies, obtained through follow-up or clinical indication, aimed to determine
the differential gene expression between normal biopsies, rejection biopsies, and
biopsies with incomplete rejection phenotypes. We defined a score that allowed us to
discriminate between normal biopsies and rejection biopsies (RAG-score). Applying
this score to biopsies with incomplete phenotypes yielded positive results in almost all
cases of subclinical rejection, a proportion of patients diagnosed with interstitial fibrosis
and tubular atrophy (IF/TA), and patients diagnosed with borderline changes (BL).
Notably, the RAG-score was associated with graft survival independently of the

histological diagnosis.

In the second article, we evaluated the association between acute and chronic
histological lesions in kidney grafts and TAC exposure and metabolism in patients with
sequential follow-up biopsies (at 3— and 12-months post-transplant). We observed that
a lower concentration/dose ratio of tacrolimus (C/D-TAC) was associated with greater
progression of interstitial fibrosis and tubular atrophy (IF/TA), confirming that fast
metabolizers exhibit more nephrotoxicity as previously described. Additionally, it was
confirmed that higher TAC levels are associated with less inflammation in non-fibrotic
areas, but not in fibrotic areas. On the other hand, we observed that evaluating the
TAC coefficient of variation (CV-TAC) and time in the therapeutic range (TTR) does not

provide additional information.

In line with the investigation, in the third article, we evaluated the association between
TAC exposure and the expression of rejection-associated transcripts described by the
Banff group (n = 308 genes) in patients with follow-up biopsies. Using RT-PCR on
microfluidic cards, we observed that nineteen of 111 rejection-associated genes
correlated with trough tacrolimus levels (TAC-Cy) at the time of biopsy. An

unsupervised analysis of the data allowed the definition of two patient groups based on
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gene expression. Subclinical rejection biopsies and biopsies with BL changes
coincided in the same group. Additionally, this group showed lower exposure to TAC-

Co levels and a progressive decline in renal function during follow-up.
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1.INTRODUCCION
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1.1 TRASPLANTE RENAL.

1.1.1 Generalidades e historia del Trasplante renal.

A inicios del siglo XX, la enfermedad renal créonica (ERC), fue una causa importante de
mortalidad *. La incidencia de ERC es variable de acuerdo con las zonas geogréficas,
a pesar de que la magnitud y el impacto de la enfermedad renal estdn mejor definidos
en los paises desarrollados, la evidencia sugiere que en los paises en desarrollo existe

una carga de la enfermedad similar o incluso mayor que en los primeros.

La ERC se ha vinculado con un incremento del riesgo cardiovascular, lo que repercute
negativamente en la calidad de vida y el pronéstico de los pacientes. Las dos
principales terapias de reemplazo renal son la didlisis y el trasplante renal. Aunque la
dialisis ha avanzado en las ultimas décadas, el trasplante renal proporciona al paciente
una mejor supervivencia de forma global 23, El desafio principal reside en las extensas

listas de espera y la disponibilidad limitada de érganos.

Los inicios del siglo XX marcan el comienzo de la historia del trasplante renal, Ullman
en 1902 llevé a cabo un autotrasplante de un rifidn de perro desde su posicidon
anatomica normal a los vasos del cuello. En el mismo afio y también en Viena, Von de
Castello realizé un trasplante renal entre perros. Sin embargo, se considera que el
primer trasplante renal en humano se realiz6 en 1906, por el médico francés Mathieu
Jaboulay. Se trataba de una mujer que presentaba un sindrome nefrético, el rifién
provenia de un cerdo y la anastomosis realizada fue sobre la arteria humeral y la vena

cefdlica, funcion6 durante una hora.

En 1912, Alexis Carrel, discipulo de Jaboulay, demostré la importancia de la sutura
vascular para la viabilidad de los trasplantes de 6rganos soélidos, este avance le valié
el Premio Nobel de Medicina en dicho afio. En 1933, el ruso Yu Voronoy llevé a cabo
el primer trasplante de donante cadaver, pero fracasé pocos dias después debido a
una incompatibilidad ABO entre el donante y el receptor 4. Todo esto dejé en claro que
existia un componente inmunoldgico en el trasplante y que si se queria tener éxito se
deberia profundizar en el conocimiento de la inmunologia y su repercusién en el
trasplante. Los primeros trasplantes renales exitosos se realizaron en la década de los
50, en Paris y Boston. En 1953, el profesor Hamburger del grupo de Paris llevé a
cabo el primer trasplante de donante vivo genéticamente relacionado. En 1954, el

grupo de Boston, liderado por el doctor Murray realizé el primer trasplante renal entre
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gemelos univitelinos °. Cinco afios mas tarde se iniciaron los trasplantes entre
hermanos no idénticos. En 1963 se realizé el primer trasplante de donante en muerte
encefdlica, lo que sentd un precedente para creacibn normas de caracter legal que

permitieran la extraccion y trasplante de érganos.

En Espafia, en 1979, se promulgo la ley de 27 de octubre 30/179, donde se tomaba en
consideracién este punto. En la década del 60, se realiz6 en Espafia el primer
trasplante renal en el Hospital Clinic de Barcelona, en el que participaron los doctores

José Maria Gil-Vernet, Antoni Caralps y Jordi Vives °.

Teniendo en cuenta las mejoras en cuanto a la técnica, el problema se focaliza en el
mantenimiento de la funcion renal. A partir de los afios 60, el principal objetivo fue
encontrar la estrategia para disminuir la respuesta inmunolégica del receptor, para ello,
se empled, por ejemplo, la irradiacién linfatica total, la que presentaba una alta

mortalidad y fue desestimada.

Previamente, en esa linea inmunoldgica, se habia descrito el complejo mayor de
histocompatibilidad (CMH), en ratones, por Peter Gorer, lo cual permitié
posteriormente asociar que el rechazo en ratones estaria dado por incompatibilidades
en algunos antigenos. En afios siguientes se pudo definir el cromosoma donde se
codifican los antigenos leucocitarios humanos (HLA) A, B y C, y mas adelante P.
Terasaki desarroll6 la prueba de citotoxicidad dependiente de complemento, la que
demostr6 la importancia de la prueba cruzada entre donante y receptor para evitar el

rechazo hiperagudo "3,

Por otra parte, se empezaron a utilizar farmacos con finalidad de inmunosuprimir y
disminuir las probabilidades de rechazo. A inicios de los 60, se introdujo la azatioprina
como tratamiento inmunosupresor oral; y posteriormente, se usé en combinacion con
corticoides para tratamiento de episodios de rechazo agudo. En la década de los 70 se
afiadio la ciclosporina y en los 90 se afadieron el micofenolato mofetil (MMF) y el
tacrolimus (TAC); todos estos avances a nivel farmacolégico contribuyeron a mejorar

los resultados en supervivencia de los trasplantes.
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1.1.2 Situacién actual de la enfermedad renal crénica vy el trasplante renal en

nuestro medio.

Cada afio se realiza un informe por parte de la ERA-EDTA en el que se detallan los
datos referentes a la situacion a nivel europeo de la ERC. El informe del 2021 reportd
que la incidencia de inicio de tratamiento renal sustitutiva fue de 145, por millén de
poblacion (pmp) (figura 1). La modalidad de eleccion de tratamiento renal fue la
hemodidlisis 83 %, seguida de la didlisis peritoneal 11 % y el trasplante vivo anticipado
con un 5 %. La prevalencia fue de 1040 pmp, con un 56 % de los pacientes en
hemodialisis (HD), un 5 % en dialisis peritoneal (DP) y 39 % trasplantados. La tasa de

trasplante en 2021 fue de 37 pmp, mejoria notable tras la pandemia del SARS-CoV-22
9
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Figura 1. Incidencia de ERC (pmp) en 2021 en UE °

Si se evaltan los resultados a nivel de Espafia, de acuerdo con el Registro Espafiol de
Enfermos Renales del 2022, la incidencia de pacientes renales se encuentra por
encima de 150 pmp, manteniéndose en valores cercanos previo a la pandemia (figura
2)1°,
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Evolucion de la Incidencia (n por TRS y tasa global pmp)
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Figura 2. Incidencia de TSRy tasa global pmp en Esparia .

La prevalencia de la ERC ha aumentado por encima de los 1400 pmp. En cuanto a la
prevalencia de los trasplantes se sitian en torno al 55%, mientras que en el resto de

las modalidades se mantiene estable (figura 3).
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En

lo que respecta al trasplante renal en Espafia, en el 2023 (figura 4), se realizaron

3.688 trasplantes renales (8 % mas que el afio 2022) alcanzando un récord histérico

(figura 4) 1. Es de mencionar que en torno al 25 % de estos trasplantes fueron

realizados en Catalufia, lo que demuestra que es una regién pionera en trasplante

renal.
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1.2 MONITORIZACION POSTRASPLANTE.

La monitorizacion posterior al trasplante se basa en métodos no invasivos como la
determinaciéon de la creatinina, proteinuria, filtrado glomerular, de niveles de
inmunosupresores, y anticuerpos anti-HLA, asi como métodos invasivos como lo es la

biopsia renal.

1.2.1 Monitorizacién histolégica

La biopsia del injerto renal se considera el “Gold standard” para el diagnostico y
monitorizacion del injerto renal 2. Las biopsias se efectian con la administracién de
anestésico local y se emplean agujas de calibre 14, 16 o 18 G 3. En la actualidad, al
realizarse de manera eco-guiada, se considera un procedimiento seguro, pudiendo
realizarse de forma ambulatoria **°. No existe un claro consenso sobre los criterios de
contraindicacion para la realizacién de la biopsia del injerto ni el tiempo de observacion
tras el procedimiento. En algunas series se considera un periodo de observacion entre
4 a 8 horas, durante las cuales se realiza la monitorizacién del paciente 416, El indice
de complicaciones graves se ha descrito inferior al 1 %, considerdndose un

procedimiento seguro 1617,

1.2.1.1 Criterios de Banff.

Hace tres décadas, un equipo de médicos dedicados al trasplante y patélogos,
liderados por Solez, Keow y Racusen llevaron a cabo un primer consenso sobre los
criterios histologicos para la clasificacion de la patologia del injerto renal. El grupo de
Banff, se reline cada dos afios para deliberar sobre nuevas modificaciones en las
clasificaciones de diversas patologias que afectan al injerto renal, publicando un
documento actualizado tras cada sesion 8. Desde 1991 en adelante, los diagnésticos
histopatoldgicos relacionados al injerto se rigen de acuerdo con las directrices
determinadas por este grupo. En 1993 el documento propuso la evaluacion mediante
una escala ordinal de las siguientes lesiones elementales: inflamacion intersticial (i),
tubulitis (t), endarteritis (v), y glomerulitis (g), glomerulopatia del trasplante (cg),
hialonosis arteriolar (ah), engrosamiento fibroso vascular (cv), fibrosis intersticial (ci), y
atrofia tubular (ct) 8. En la reunién de 1997 se redacté un documento en donde se
especifican las caracteristicas de las muestras renales para ser consideradas éptimas;
y se concluy6 que la biopsia debia tener un minimo de 10 glomérulos y 2 arterias para

considerarse adecuada *°.

21



En la reunion de 2001 se definieron los criterios de rechazo mediado por anticuerpos
(RMA), debiéndose cumplir criterios histolégicos (inflamacién microvascular [MVI]),
criterios inmunohistolégicos (tincién positiva para C4d en capilares peritubulares) y la
presencia de ADEs para su diagnéstico. Ademas, se presentaron por primera vez

resultados de estudios moleculares aplicados a biopsias de trasplante %°.

En el afio 2003, se definio el rechazo mediado por anticuerpos cronico activo (RMAC)
21 En el 2007 se afiadi6 la categoria de inflamacion total (ti) en areas con vy sin cicatriz,
relacionado con la evolucion de infiltrados intersticiales. En el 2013 se redefinieron los
criterios de RMA, aceptandose el RMA C4d negativo 2. Se dio nuevo énfasis a la
importancia de la microscopia electronica, con la introduccién de criterios especificos
para el RMAc y se afiadié oficialmente por primera vez el diagnéstico molecular a la
clasificacién de Banff 22, En 2015 se reconoce la importancia de anticuerpos no HLA
en el rechazo y se propone identificar genes que pudiesen tener relacion con los
principales fenotipos clinicos de RMC y RMA 24,

En 2017 se definié y se determinaron los criterios de inflamacion en areas de fibrosis
intersticial/atrofia tubular (i-FI/AT), lo cual permitié definir los criterios de RMC cronico.
Ademas, se revis6 un primer borrador de un listado de genes para el diagnéstico
molecular de rechazo, se presenté ademas nueva tecnologia Nanostring que permitia
cuantificar transcripciones mudltiples a partir de biopsias fijadas con formalina e
incluidas en parafina (FFPE) lo que permitia aprovechar la misma muestra de tejido

renal ya analizada 2.
En 2019 se redefinieron los criterios de cambios borderline (BL), considerandose

presencia de inflamacion intersticial que involucra del 10 % al 25 % de la corteza (il)

con al menos tubulitis leve (t> 0) (tabla 1) 2°.
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Tabla 1. Clasificacion de los diagnésticos histolégicos de Banff 2019 26

TABLE 4 Updates of 2019 Banff classification for ABMR, TABLE 4 (Continued)
borderline changes, TCMR, and polyomavirus nephropathy. All
a C4d staining without evidence of rejection; all 4 features must be
updates in boldface type s
present for diagnosis®
Category 1: Normal blopsy or nonspecific changes 1. Linear CAd staining in peritubular capillaries (C4d2 or C4d3 by IF
Category 2: Antibody-mediated changes on frozen sections, or C4d > O by IHC on paratfin sections)
Active ABMR; all 3 criteria must be met for diagnosis 2. Criterion 1 for active or chronic active ABMR not met
1. Histologic evidence of acute tissue injury, including 1 or more of 3. No molecular evidence for ABMR as in criterion 2 for active and
the following: chronic active ABMR
* Microvascular inflammation (g > 0 and/or ptc > 0). in the absence 4. No acute or chronic active TCMR, or borderline changes

of recurrent or de novo glomerulonephritis, although in the

presence of acute TCMR, borderline infiltrate, or infection, gory 3: (Susg ok R

ptc 2 1 alone is not sufficient and g must be > 1 Foci of tubulitis (t1. t2, or t3) with mild interstitial inflammation (i1),
o Intimal or transmural arteritis (v > 0)® or mild (t1) tubulitis with moderate-severe interstitial inflammation
* Acute thrombotic microangiopathy, in the absence of any other (i2 ori3)

cause No intimal or transmural arteritis (v = 0)
e Acute tubular injury, in the absence of any other apparent cause Category 4: TCMR

2. Evidence of current/recent antibody interaction with vascular

endothelium, including 1 or more of the following: ST

o Linear C4d staining in peritubular capillaries or medullary vasa Grade IA: Interstitial inflammation involving >25% of non-sclerotic
recta (C4d2 or C4d3 by IF on frozen sections, or C4d > 0 by IHC cortical parenchyma (i2 or i3) with moderate tubulitis (t2) involving
on paraffin sections) 1 or more tubules, not including tubules that are severely atrophic®

* Atleast moderate microvascular inflammation ([g + ptc] 22} in the Grade 1B: Interstitial inflammation involving >25% of non-sclerotic
absence of recurrent or de novo glomerulonephritis, although in cortical parenchyma (i2 or i3) with severe tubulitis (t3) involving 1
the presence of acute TCMR, borderfine infiltrate, or infection, or more tubules, not including tubules that are severely atrophic?
pic 2 2 alons & not sufficint and g must be 1 Grade lIA: Mild to moderate intimal arteritis (v1), with or without

* Increased expression of gene transcripts/classifiers in the biopsy interstitial inflammation and/or tubulitis
s stiorely Aocisind wht ADME X thormhiicesidetiet Grade 11B: Severe intimal arteritis (v2). with or without interstitial

3. Serologic evidence of circulating donor-specific antibodies (DSA inflammation and/or tubulitis

to HLA or other antigens). C4d staining or expression of validated
transcripts/classifiers as noted above in criterion 2 may substitute
for DSA: however thorough DSA testing, including testing for
non-HLA antibodies if HLA antibody testing is negative, is strongly

Grade lli: Transmural arteritis and/or arterial fibrinoid necrosis
involving medial smooth muscle with accompanying mononuciear
cell intimal arteritis (v3). with or without interstitial inflammation

advised whenever criteria 1 and 2 are met Chronic active TCMR®
- e S Grade IA: Interstitial inflammation involving >25% of sclerotic
1. Morphologic evidence of chronic tissue injury, including 1 or more cortical parenchyma (ti2 or ti3) with moderate tubulitis (t2 or
of the following: t-IFTA2) involving 1 or more tubules, not including severely
Transplant glomerulopathy (cg > 0) if no evidence of chronic TMA trophic tubul d, ther § hould led
or chronic recurrent/de novo glomerulonephritis; includes changes - 1 L 2L pe
evident by electron microscopy (EM) alone (cgla) out
Severe peritubular capillary b t brane multilayering Grade IB: Interstitial inflammation involving >25% of sclerotic
Jpicat, sucudris 24 cortical parenchyma (i-IF TA2 or i-IFTA3) AND > 25% of total
Ashacilakion Fensis of s CRat aEg QN coutat; cortical parenchyma (ti2 or ti3) with severe tubulitis (t3 or t-IFTA3)

leukocytes within the sclerotic intima favor chronic ABMR if there
is no prior history of TCMR, but are not required

2. Identical to criterion 2 for active ABMR, above
3. Identical to criterion 3 for active ABMR, above, including strong

involving 1 or more tubules, not including severely atrophic
tubules®; other known causes of i-IF TA should be ruled out

Grade II: Chronic allograft arteriopathy (arterial intimal fibrosis

rec dation for DSA testing whenever criteria 1 and 2 ""'”f“”‘”""'d““"‘“"""‘““_'i'"u"_"’k“'db'“w.‘°'
are met. Biopsies meeting criterion 1 but not criterion 2 with necintima). This may also be a manifestation of chronic active or
current or prior evidence of DSA (posttransplant) may be stated chronic ABMR or mixed ABMR/TCMR
as showing chronic ABMR, however remote DSA should not be g
considered for diagnosis of chronic active or active ABMR Category 5: polyomavirus nephropathy’
Chronic (inactive) ABMR PVN Class 1
1. cg > 0 and/or severe pteml (ptemil) pvilandci01
2. Absence of criterion 2 of current/recent antibody interaction with PVN Class 2
the endothefium pvl 1 and ci 2-30R
3. Prior documented diagnosis of active or chronic active ABMR pvi2and ci0-30R
and/or doc ted prior evidence of DSA pvi3andciO-1
PVN Class 3
pvi3andci2-3

23



Durante este consenso se sentaron las bases para el desarrollo del proyecto: the
Banff-Human Organ Transplant (B-HOT); que consistio en el desarrollo de un panel de
genes para el diagnostico molecular de rechazo utilizando tecnologia de Microarrays y

NanoString (figura 5) 2728
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Figura 5. Evolucion de la clasificacion de Banff 1991 a 2021: conceptos y cambios importantes 28

En 2022, la evaluacion del rechazo se centré en la inflamacion microvascular. Se
definieron términos como “probable RMA” para casos con ADESs, pero sin inflamacién
microvascular, y se identifico el fenotipo de “inflamaciéon microvascular con C4d
negativo y sin ADEs”. Ademas, se establecieron distintos grupos de trabajo en
trasplante dedicados al estudio del diagnéstico molecular del rechazo, asociandolo con
los hallazgos histolégicos para mejorar la comprensiébn de los mecanismos

subyacentes de rechazo y una mejor precision diagnéstica °.

El siguiente reto esta siendo correlacionar la histologia, con el diagnéstico molecular y

la implementacion de algoritmos diagndésticos utilizando la inteligencia artificial (1A).
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1.2.1.2 Biopsias de injerto renal de seguimiento.

En los afios 90 en diversas unidades de trasplante renal tanto europeas como
norteamericanas, se considero realizar biopsias de injerto renal de pacientes estables,

las cuales fueron denominadas biopsias de protocolo o de seguimiento 8.

Rush et al.*°, fueron pioneros en efectuar estudios en pacientes con trasplantes
renales que presentaban funcion renal estable, identificando lesiones histopatolégicas
como infiltrado inflamatorio intersticial y tubulitis. Este hallazgo fue denominado
rechazo subclinico (RSC). Desde entonces, los esfuerzos se han centrado en
comprender como estas lesiones se relacionan con el pronéstico del trasplante. En la
actualidad, las biopsias de seguimiento de forma rutinaria en algunos centros, pero no
de forma generalizada. Habitualmente se realizan: una biopsia precoz, entre los tres y
seis meses postrasplante,y una biopsia tardia entre el primer y segundo afio

postrasplante *!. Su realizacién de forma ambulatoria es segura .

1.2.1.2.1 Rechazo subclinico (RSC) en biopsias de seguimiento.

Existen dos tipos de RSC en biopsias de seguimiento: el celular o mediados por
células T (destaca la inflamacion intersticial y la tubulitis) y el humoral o mediados por
anticuerpos (inflamacién microvascular (MVI): glomerulitis y capilaritis con presencia o

no de depdsitos C4d en capilares peritubulares).

1.2.1.2.1.1 Rechazo celular e Inflamacioén tubulointersticial.

El 75 % de las biopsias de seguimiento con hallazgos compatibles con inflamacion
tubulointersticial corresponden a cambios BL; mientras que el tercio restante
corresponde a un diagnéstico de RMC. Se ha observado que las lesiones vasculares
aisladas suelen ser excepcionales *y habitualmente estas lesiones tubulointersticiales

se asocian poco a la presencia de anticuerpos donante especifico.

Nankivell et al. analizaron a 119 receptores de trasplante rifibn-pancreas mediante
biopsias sucesivas, observaron cerca de un 61 % de RMC al mes del trasplante y un
45 % a los tres meses, lo que sugiere que la posibilidad de RMC es menor conforme
transcurre el trasplante **. Las biopsias realizadas a los siete dias y a las cuatro
semanas postrasplante mostraron una menor tasa de rechazo en aquellos pacientes
con tratamiento individualizado, de acuerdo con su perfil inmunoldgico (32.6 % versus
un 57.2 %) *. En el estudio TRANSFORM se evalud la no inferioridad de una pauta de

i-mTOR junto con una dosis reducida de ICN versus acido micofendlico (MPA) y dosis
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estandar de ICN (EVE n=1022 versus MPA n= 1015). En este estudio se confirmé la
no inferioridad del EVE frente al MPA 33 Es de importante destacar que, con las
combinaciones actuales de inmunosupresion, basadas en TAC y MMF o0 i-mTOR la

tasa de RSC se situa entre el 10-15 % durante el primer afio del trasplante.

La inmunosupresion juega un papel importante en el proceso; existen diversos
estudios donde se ha observado una mayor incidencia de RSC tubulointersticial en los
grupos de pacientes con retirada temprana de corticoides *2°, La reduccién de
episodios de RSC ha sido viable principalmente gracias a la optimizacion de la
inmunosupresion 4%41 Flechner et al.*?, realizaron un estudio donde se evalud la
terapia libre de inhibidores de la calcineurina (ICN) versus el régimen basado en
inhibidores del mTOR (i-mTOR), concluyendo que el grupo libre de ICN presentaba
una mayor incidencia de rechazo. Moreso et al. 3, analizaron 435 biopsias de
seguimiento realizadas durante el primer trimestre postrasplante. En este trabajo se
observo una tasa de rechazo celular subclinico del 56 % en los pacientes con terapia
libre de ICN versus un 16 % en aquellos que estaban en tratamiento con TAC. El Paris
Transplant Group, liderado por Loupy, realizé un estudio en donde se incluyeron 1001
pacientes a los que se le realizdé una biopsia al afio de trasplante y se observé que
aguellos que presentaron RSC provenian en su mayoria de donantes fallecidos (88 %
versus un 71 %, p=0.02) 44

Choi et al. %, llevaron a cabo un estudio en donde se analizaron 304 biopsias
realizadas a los 14 dias después del trasplante de donante vivo, de estas, 195
provinieron de donantes vivos genéticamente relacionados y 109 de donantes vivos
genéticamente no relacionados. Se observé una mayor incidencia de RSC en los
receptores de donantes genéticamente no relacionados en comparaciéon con los
relacionados genéticamente (19 % versus 10 %, p < 0.05). Ademas de las
caracteristicas del donante, también se deben considerar las del receptor, las cuales
estan fundamentalmente relacionadas con la inmunologia. El desarrollo de anticuerpos
donantes especificos se ha asociado a un mayor numero de incompatibilidades HLA
y/o presencia de un cPRA elevado; lo cual conlleva finalmente a inflamacion tanto

clinica como subclinica en biopsias de seguimiento.

En el mismo trabajo de Choi, se observa que aquellos pacientes que presentan menor
riesgo de rechazo fueron aquellos que no presentaban incompatibilidades HLA DR (0
HLA DR mm 2,7 %, versus 1 HLA DR mm 15,4 % versus 2 HLA DR mm 20,8 %). En el
trabajo realizado por Garcia-Carro et al.*®, se observé que un mayor nimero de
incompatibilidades HLA DR (OR 1.95; IC 95 % 1.09-3.49), y la inflamacién subclinica
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con o sin lesiones cronicas tubulointersticiales es un factor independiente del

desarrollo de ADEs dn.

Mehta et al. 4/, compararon el impacto de la tubulitis subclinica con o sin inflamacién
intersticial, con la inflamacién intersticial aislada en biopsias normales a los 3 meses
postrasplante, concluyendo que la tubulitis aislada o relacionada con inflamacién
presenta una mayor incidencia de RMC (subclinico y clinico) al afio de trasplante en
comparacion a biopsias normales (31 % versus el 17 %), asi como al desarrollo de
ADEs dn (6 % versus el 0.7 %). La presencia de rechazo subclinico, especialmente
cuando se asocia con factores inmunoldgicos desfavorables, puede llevar a un peor

prondstico del injerto a largo plazo.

1.2.1.2.1.2 Rechazo mediado por anticuerpos.

Por muchos afos el rechazo celular fue uno de los mayores problemas en lo que
respecta al trasplante, sin embargo, en la actualidad lo es el rechazo mediado por
anticuerpos, sobre todo el rechazo mediado por anticuerpos crénico activo, siendo la

principal causa de pérdida del injerto 2.

En el trabajo de Mengel et al. 4°, se describe cémo el desarrollo de ADEs genera el
dafio a nivel de la microcirculaciéon del injerto renal. Se cree que no todos los ADEs
son capaces de producir rechazo; esto depende, entre otros motivos, de su capacidad
de fijar complemento. Los anticuerpos capaces de fijar complemento, como son las
subclases IgG1 e IgG3 son deletéreos para el injerto renal *°. En un trabajo liderado
por Loupy et al. %%, se observd que los casos en los que existia mayor riesgo de
pérdida del injerto fueron en aquellos que, tras el tratamiento del RMA fijaban

complemento C1q.

El espectro del RMA abarca desde el rechazo hiperagudo, actualmente improbable
debido a la contraindicacién del trasplante con prueba cruzada positiva, hasta el RMAc
incluyendo fenotipos incompletos como la presencia de C4d sin signos evidentes de
RMA. La lesién caracteristica es la presencia de inflamacién microvascular. En Banff
del 2013 se redefini6 RMA activo o agudo en donde podrian no existir depositos de
C4d, pero deberia existir interaccion de ADEs a nivel de la microcirculacion o la

expresion de genes de rechazo.

La importancia o equivalencia de los depdsitos de C4d, es bastante variable. Loupy et
al. °2, analizaron las biopsias del seguimiento a los tres meses de una cohorte de

receptores sensibilizados previamente, y demostraron una prevalencia del 49 % de
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RMA-C4d negativo, frente al 31 % de RMA-C4d positivo. El grupo RMA-C4d negativo
desarrollé posteriormente mas fibrosis, glomerulopatia y peor funcién al afio del
trasplante. Orandi et al. %3, en cambio, no observaron diferencias en cuanto a
supervivencia entre grupo con C4d positivo y negativo. A pesar de los diferentes
resultados, se considera que la presencia de C4d positivo se corresponde a la
activacion del complemento y a una peor evolucion del injerto renal en biopsias de
causa ®*. En pacientes con ADE al momento de la biopsia de seguimiento, se
observd, hasta en un 50 % de los casos, la presencia de inflamacion microvascular
con C4d positivo; en estos pacientes, las biopsias al afilo mostraron persistencia de la

inflamacién junto con progresion de lesiones crénica 125259,

Moreso et al. %5, analizaron 517 receptores con biopsias de seguimiento, se observo
que 109 de estos se someten a una segunda biopsia por disfuncion del injerto y de
estos 44 presentaban RMA. El grupo de RMA tenia una mayor incidencia de RSC en
la primera biopsia que los que presentaban cambios de FI/AT sin signos de rechazo
(52.3% versus el 28 %, p= 0.0253).

1.2.1.2.2 Lesion crénica no inmunoldgica.

A diferencia de las lesiones inflamatorias, la progresion de las lesiones de fibrosis
intersticial y atrofia tubular se consideran lesiones cronicas, son irreversibles y se
relacionan directamente con la pérdida del injerto renal, ya que se suman a las
lesiones de glomeruloesclerosis y a las lesiones vasculares. En diferentes estudios se
ha demostrado que la presencia de FI/AT se observa hasta en cerca del 50 % de los
trasplantes al afio °’. Isoniemi et al. ®8, realizaron una de las primeras publicaciones de
biopsia de seguimiento a los dos afos de trasplante, en donde se observa que cerca
del 50 % de los pacientes presentaban lesiones cronicas y esto condiciona una peor

evolucién del injerto.

En 2003, Nankivell et al. %°, evaluaron la prevalencia de fibrosis intersticial moderada o
grave, que fue a los 5 afios del 66 %, mientras que en el trabajo de Stegall et al. ¢, fue
del 17 %. Se considera que estas lesiones pueden provenir del propio 6rgano, visibles
en las biopsias preimplante; asi como debido a la isquemia, reperfusion y la necrosis

tubular aguda que sufre el injerto 52,

Existen varios trabajos en donde en los regimenes libres de ICN, ya sea basado en i-
mTOR o Belatacept, se observa una menor progresion de FI/AT %254, En los estudios

BENEFIT y BENEFIT EXT se observé que los pacientes tratados con Belatacept
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mostraron una menor progresion de FI/AT en comparacion con los pacientes tratados
con CsA (18 % versus el 32 %) % En un estudio prospectivo donde los pacientes
fueron aleatorizados a cuatro esquemas inmunosupresores diferentes, se encontrd
que los regimenes que combinaban un ICN con un inhibidor de mTOR, presentaban
menos fibrosis, evaluada mediante una biopsia de vigilancia a los cinco afios . Lo
mismo que se observa en el trabajo de Naesens et al., donde niveles altos de TAC
(niveles > 13 ng/ml entre los 0-3 meses y niveles >10.5 ng/ml 3-12 meses), no se
asociaron con lesiones consideradas como nefrotoxicidad por ICN 8, Torres et al. ,
en su trabajo, argumentan que durante los primeros meses después del trasplante, es
esencial mantener una dosis adecuada de medicamentos inmunosupresores y que no

es recomendable reducirlos prematuramente.

1.2.1.2.3 Cambios borderline.

La categoria de cambios borderline definida por el consenso de Banff tiene un
significado incierto. Si bien puede representar un verdadero RMC, también puede ser
el correlato morfoldgico de una lesion renal aguda asociada con isquemia-reperfusion
u otros tipos de lesion. Los criterios para su diagnéstico han ido cambiando con el
tiempo; en la primera reuniéon de Banff, esta categoria incluia biopsias con tubulitis
leve (t1) asociada con inflamacién intersticial de leve a grave (i1-i3) .. En las
reuniones de 2005-2007, se actualiz6 la clasificacion y también se incluyeron en esta
categoria las biopsias de trasplante renal que mostraban tubulitis de leve a grave (t1-

t3) sin inflamacion intersticial (i0) °.

Recientemente, la evidencia sugiere que los pacientes con una puntuacién de biopsia
2 i1t1 tienen un peor prondstico que los pacientes con iOt1, lo que pone en duda los

1. Ademas, los enfoques terapéuticos hacia los

umbrales de diagnéstico actuales
cambios borderline varian en diferentes entornos clinicos. El diagnéstico de cambios
borderline en las biopsias por indicacibn conduce al tratamiento con pulsos de
esteroides, mientras que en la mayoria de los centros no se administra ningldn
tratamiento cuando se observa esta lesion en las biopsias de seguimiento. En un
estudio realizado en més de 500 pacientes monitorizados con biopsias de indicacién y
de seguimiento, surgieron cambios borderline como un grupo diagndstico
heterogéneo, que van desde una inflamacion leve y sin consecuencias (resuelta en
aproximadamente el 60 % de los casos no tratados) hasta una RMC clinicamente

significativa capaz de inducir lesion tubular mediada por el sistema inmunoldgico “2.
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1.2.1.2.4 Lesiones inflamatorias en las zonas de fibrosis intersticial / atrofia tubular.

La FI/AT en biopsias por indicacion de trasplante renal es un hallazgo frecuente y se
asocia a diferentes enfermedades activas: RMA, RMC, glomerulonefritis, infeccion por
virus del polioma o pielonefritis. Sin embargo, una proporcion de las biopsias por
indicacion y seguimiento solo muestran FI/AT con grados variables de inflamacién sin
otras lesiones asociadas. Las biopsias de seguimiento que muestran FI/AT con
inflamacion en areas no fibroticas (i+ FI/AT) tienen una supervivencia del injerto menor
en comparacién con las biopsias que solo muestran FI/AT o inflamacion 3438437375,
Ademas, la supervivencia del injerto disminuye tanto en biopsias por indicacion como
en biopsia de seguimiento que presenta inflamacion en &reas de fibrosis intersticial (i-
FI/AT) 677, Es de destacar que este fenotipo histolégico se asocia con la minimizacion
de la inmunosupresion 8. En conjunto, estos hallazgos han inspirado la definicion del
RMC crénico activo basandose en la presencia de inflamacion en areas de fibrosis (i-

FI/AT 22 y t 2 2), que se ha incluido en la ultima clasificacién de Banff 25,
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1.2.1.3 Diagndstico molecular de rechazo.

A pesar de los avances en la inmunologia del trasplante, hoy en dia el RMA sigue
siendo una de las principales causas de pérdida del injerto renal. La dicotomia que
plantea la clasificaciébn de Banff, reconociendo dos principales fenotipos de rechazo,
no es suficiente para interpretar la heterogeneidad de los mecanismos que conducen
al rechazo, siendo una limitacion la necesidad de obtener muestras representativas del
injerto, la baja reproducibilidad interindividual de las lesiones y una falta de diagndstico
certero por ausencia de conocimientos de la evolucion cambiante de la clasificacién. El
andlisis de la expresion génica en biopsias de injerto renal (transcriptémica basada en
biopsias), ha proporcionado nuevos conocimientos sobre la fisiopatologia del rechazo
y ha mostrado perfiles de expresion génica que permiten precisar el diagnéstico de
RMC y RMA asi como otras patologias que pueden estar presentes a nivel del injerto

renal.

Sarwal et al., en el 2003, fueron los primeros en realizar micromatrices en biopsias con
rechazo, confirmando la expresion de transcritos de células T ’°. En 2004, Flechner et
al. &, realizaron un trabajo donde se compararon biopsias de RMC y cambios BL, ellos
pudieron diferenciar las biopsias normales de las que presentaban rechazo, pero no de
otros diagndsticos. Reeve et al 8. distinguié el rechazo del no rechazo mediante
andlisis predictivos de microarrays en biopsias en las que estaban representadas
diferentes patologias. En este estudio se observd que el RMC y RMA compartian
transcritos, sobre todo los relacionados con IFN-gamma (p. ej., CXCL9, CXCL11,
GPB1), dado que los dos rechazos conducen a la liberacién de IFN-gamma: RMC

mediante los linfocitos T y el RMA mediante las células NK.

El laboratorio liderado por P. Halloran ha realizado analisis moleculares de biopsias de
trasplantes para complementar el diagndstico histol6gico convencional mediante la
utilizacion del Sistema de Diagnéstico Microscopico Molecular (MMDX), que emplea
algoritmos informaticos basados en la expresién génica para investigar el rechazo y
otras lesiones en las biopsias renales. De estas investigaciones se desarrollaron listas
de conjuntos de genes llamados conjuntos de transcritos basados en patogénesis
(PBT). Estos patrones incluyen la expresion de transcritos inducidos por células T,
macréfagos e IFN-gamma, asi como transcritos que reflejan la respuesta reparativa
8283 Los PBT no describen diagnésticos histolégicos, pero dan informacién sobre las

vias biolégicas involucradas .
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En el estudio de Sellarés et al.?® se obtuvieron los resultados de 403 biopsias que
sirvieron como referencia para disefiar los clasificadores moleculares diagnésticos del
RMA; lo que permitié distinguir entre inflamacién microvascular y fibrosis. El estudio
INTERCOM validé estas clasificaciones y evalué su impacto en el ambito clinico. En
2017, se llevé a cabo el ensayo INTERCOMEX, una extension del INTERCOM, con el
fin de evaluar la utilidad de la técnica de MMDx en la evaluacion de biopsias con
diagnésticos de RMC y RMA. El estudio respaldé la viabilidad y los beneficios de

utilizar la técnica MMDx en tiempo real en la practica clinica diaria .

En relacion con los cambios BL, en el afio 2012 de Freitas et al. &, realizaron un
estudio donde se compararon biopsias con cambios BL, biopsias con RMC y biopsias
sin rechazo. Observaron que un tercio de los casos diagnosticados como cambios BL
por la histologia, realmente correspondian a RMC a nivel molecular y los dos tercios
restantes correspondian a biopsias normales. Otros estudios sugieren que los cambios
BL presentan una considerable variabilidad, desde una inflamacién minima hasta un

diagndstico que resulta en rechazo crénico 2.

Scherer et al.®8, analizaron la expresion génica en biopsias de seguimiento realizadas
a los tres meses en pacientes sin fibrosis, contrastandola con aquellos cuyas biopsias,
a los seis meses, revelaban ausencia de fibrosis o fibrosis leve. Se concluyé que los
pacientes que evidenciaban progresion de fibrosis entre los tres y seis meses, tenian
una mayor expresion inicial de transcritos relacionados con la activacién de linfocitos T

y B, asi como con procesos asociados a la fibrosis.

Lo mas reciente realizado por el Grupo de Banff ha sido la descripcién de un panel de
genes para analizar tejido de trasplante de 6rganos soélidos, incluidos rifiones,
pulmones, corazéon e higado (Banff Human Organ Transplant, B-HOT), mediante la
plataforma Nanostring. Los genes se clasificaron seglin las respuestas de los
receptores al rechazo, la tolerancia, la toxicidad de los farmacos e infecciones virales
(758 genes en diagnosticos patoldgicos y genes de 12 controles sanos) ?’. Varol et al.
8 han realizado un estudio en donde se evalu6 la viabilidad del andlisis
transcriptomico utilizando la técnica Nanostring para poder clasificar entre biopsias con
RMA, RMC y/o BL y ausencia de rechazo, para esto se analizaron 96 biopsias de
indicacion, observaron un patrén de expresioén génica distinto en las biopsias BL y/o

RMC y RMA en comparacion con las biopsias sin rechazo.
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Tabla 2. Comparacion de técnicas de andlisis de expresion de genes utilizadas

(traducido) %,

en transcriptémica

Técni Tipo de N° méximo de 8 . . Ve deity
écnica Muestra transcritos Tiempo Costo Ventajas Desventajas en
trasplante
Los genes deben
Generalmente Limitado. Econémico preseleccionarse,
RT-gPCR requiere RNA- Deper_lde de la <8h Bajo facilmente requiere paso de No
later o tejido cantidad de ersonalizable amplificacion, no
congelado RNA P apto para RNA
degradado
Econémico,
RT-MLPA T PEES 60 <24h Bajo facilmente LES PR Gl No
FFPE personalizable preseleccionarse
Requiere un nucleo
Generalmente Gran seleccion de tesj%?)asrar?g:peto
Microarray rf;‘é'fget;'a'o/'\' ~ 47.000 48 h Alto gzrgzse's?gg;”sagg para FFPE Si (MMDx)
! P . requieren envio a
congelado descubrimiento .
un laboratorio
central
Adecuado para Lo genes deben
Nanostring 800 24-48 h | Intermedio | del procesamiento A
RAHE histolégico rutinario plataforma (,S' en
o FFPE archivado Nanostrlng cancer)
requerido
Secuenciacion del Costoso, requiere
Generalmente genoma completo, RNA de buena
- n/a (ARN amplio rango calidad y
requiere RNA- ol Hasta 1 NI -
RNA-Seq later o teiido codificante y no semana Alto dindmico; preparacion de No
con elajdo codificante) adecuado para bibliotecas, analisis
9 estudios de de datos consume

descubrimiento

tiempo

FFPE: fijado con formaldehido y fijjado en parafina. RNA-Seq: Secuenciacion del transcriptoma entera, RT-MLPA:
amplificacion de sonda dependiente de ligadura mdltiple con transcriptasa inversa, RT-gPCR: reaccion en cadena de la
polimerasa cuantitativa con transcriptasa inversa.
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1.2.2 Monitorizacién farmacoldgica.

Entre los afios 70 y 90, el tratamiento inmunosupresor presentd avances debido a una
mejor comprension de los mecanismos celulares implicados en el rechazo del injerto.
Los linfocitos T desempefian un papel clave en los eventos inmunoldgicos iniciales tras
la exposicién al injerto. La activacion y la proliferacién de estas células requieren al
menos tres sefiales, las cuales se generan a través de la interaccion con los

aloantigenos (figura 6) °L.
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Figura 6. Dianas celulares de células T y células presentadoras de antigenos y sus

interacciones y agentes inmunosupresores °%,

La triada de la inmunosupresién se basa en el régimen de TAC, corticoides y un tercer
farmaco que corresponde a un antimetabolito o un i-mTOR. Aunque en la préctica
clinica se evalGa de manera rutinaria la monitorizacion de niveles plasmaticos de los
farmacos inmunosupresores (TAC, CsA, SRL, EVE), no se ha establecido la utilidad

de la monitorizacion de los niveles de farmacos AMF 2,

Una limitacién importante del farmaco tacrolimus es que presenta una ventana
terapéutica estrecha y los niveles séricos 6ptimos durante su seguimiento (TAC-Cy),

no estan definidos. La baja exposicion a TAC durante el primer afio se relaciona con
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un mayor riesgo de rechazo clinico y/o subclinico asi como un mayor riesgo de
desarrollo de ADEs %. Diversos estudios han observado una relacién entre una menor
exposicion a TAC y una menor supervivencia del injerto a largo plazo. Por otro lado,
una mayor exposicion a TAC se ha relacionado con efectos adversos como
nefrotoxicidad, infecciones virales y cancer, entre otros °4%- Ademas, el TAC es un
farmaco con baja biodisponibilidad (20-30 %) y su tasa de metabolismo esta

relacionada con diferentes genes .

Para explorar la asociacion entre el metabolismo de TAC vy los resultados clinicos, se
han desarrollado diferentes modelos farmacocinéticos y farmacodindmicos, teniendo
en cuenta variables clinicas como el hematocrito, la albamina sérica, la edad, el sexo o
el indice de masa corporal y polimorfismos de los genes mas relevantes que codifican
las enzimas del citocromo P450 (CYP3A4 y CYP3A5) ¥7.

En los ultimos afos, se evaluaron marcadores predictivos que podrian ayudar a
estimar el metabolismo del TAC de forma individual y el riesgo de toxicidad. Dentro de
las herramientas para la monitorizacion cuantitativa tenemos el Coeficiente de
variabilidad de TAC (CV-TAC), que se representa porcentualmente (CV % =
(DE/media) = 100)), la determinacion del tiempo en rango terapéutico (TRT), asi como
el tiempo por debajo o por encima del rango terapéutico y la relacién
concentracion/dosis de TAC (C/D; ng/ml/mg) que se calcula como la relacién dosis-
concentracion media en cada momento. Se ha demostrado que esta herramienta
simple y de bajo costo, pero efectiva, podria ayudar no solo a predecir el riesgo
individual de toxicidad por TAC, sino también a predecir la funcién del injerto, el riesgo

de rechazo o incluso la supervivencia del paciente.

La variabilidad de los niveles TAC durante el seguimiento postrasplante se relaciona
con niveles bajos del farmaco, la falta de adherencia y consecuentemente mayor
riesgo de rechazo %1%, | a alta variabilidad en los niveles de TAC intra e interindividual
se asocia con fibrosis intersticial/atrofia tubular (FI/AT) °, rechazo y fracaso del injerto.
Se observo en un estudio, que existe una asociacion entre los niveles de TAC
inferiores a 5 ng/m y el desarrollo de ADEs; ademas, se demostré una asociacion mas
significativa cuando estos niveles fueron mas bajos durante los 6 meses anteriores a la

deteccion de ADEs dn en comparacion con periodos anteriores 1%,

El tiempo en rango terapéutico (TRT), comunmente utilizado en el tratamiento

anticoagulante, es un concepto relativamente nuevo en el ambito del trasplante 12,

35



Este concepto, que calcula el porcentaje de tiempo que un nivel del farmaco se
mantiene dentro del rango objetivo predefinido para cada paciente, se ha aplicado a la
monitorizacién con TAC %. Basado en los niveles objetivos durante el primer afio
después del trasplante, un tiempo en rango terapéutico inferior al 60 % se asocia con
la aparicién de ADEs dn y un mayor riesgo de rechazo a los 12 meses, asi como con

la pérdida del aloinjerto a los 5 afios °.

El uso de estas sencillas herramientas de seguimiento podria ser una estrategia viable
para evaluar la adherencia al tratamiento, optimizar la dosificacion y mejorar los

resultados.
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1.2.3 Monitorizacién inmunoléqgica.

1.2.3.1. Monitorizacién de Anticuerpos anti-HLA y desajuste de epitopos.

La monitorizacion inmunoldgica se realiza mediante la determinacion de anticuerpos
anti-HLA. Un método comudn y rapido, menos sensible, pero mas especifico, es la
prueba de citotoxicidad dependiente del complemento (CDC) desarrollada en los afios
60. La técnica consiste en hacer reaccionar el suero del receptor con los linfocitos del
potencial donante para determinar si existe una reaccién antigeno-anticuerpo, capaz
de desencadenar una reaccion de citotoxicidad dependiente del complemento. La
prueba de CDC se emplea tanto para realizar la prueba cruzada pretrasplante como
para determinar si el suero de un posible receptor contiene anticuerpos contra los
antigenos HLA. Para ello, se utiliza un panel amplio de células que representan la
distribucion de posibles donantes renales. De este procedimiento surge el concepto de
Panel Reactive Antibodies (PRA), que se refiere al porcentaje de células frente a las

cuales la prueba cruzada resulta positiva.

En la década de los 80, se implementé la citometria de flujo (CF) lo que aumenté la
sensibilidad para detectar anticuerpos anti-HLA debido al uso de anticuerpos
monoclonales (anti-lgG) marcados con fluorocromos. Esta técnica permite distinguir
los anticuerpos anti-HLA clase Il, que se unen Unicamente con los linfocitos B, de los

anti HLA clase | que reaccionan con linfocitos T y los B.

En los afios 90, surgieron los primeros ensayos en fase sélida que permitian solubilizar
e inmovilizar moléculas HLA en un soporte sélido . A partir de 2003, la tecnologia
Luminex® ha revolucionado el campo de la histocompatibilidad %+ Esta metodologia
emplea moléculas HLA purificadas de lineas celulares linfoblasticas y las inmoviliza en
microesferas con una combinacién especifica de fluorocromos. Es una técnica
semicuantitativa que correlaciona la cantidad de anticuerpos presentes con la cantidad
de fluorescencia emitida. Los resultados se expresan mediante un valor numérico
conocido como intensidad mediana de fluorescencia (MFI: median fluorescence

intensity).

La incidencia de ADEs dn puede estar relacionada con el riesgo inmunoldgico del
receptor, el tipo de tratamiento inmunosupresor, la adherencia al tratamiento, el MFl y
los antigenos conocidos del donante. Se considera de alto riesgo la presencia de
anticuerpos anti-HLA con niveles de MFI superiores a 3000; sin embargo, niveles altos
de MFI no siempre indican un titulo alto de anticuerpos, por lo que la dilucion del suero

parece ser la estrategia mas confiable para determinar un MFI real 1%, La incidencia
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de ADEs dn, en pacientes de bajo riesgo inmunolégico y con triple terapia, es del 2 al
10 %, siendo habitualmente de clase IlI, especialmente DQ 1%. Se han asociado a una
peor supervivencia del injerto aquellos pacientes que presentan ADEs que fijan
complemento (fraccibn Clg del complemento); ademas, aquellos con MFI mas
elevados presentan mayor capacidad de fijar complemento 1071 | a patogenicidad de
los anticuerpos también se ve influenciada por el tipo de inmunoglobulina. Estudios
previos sobre la incidencia de ADEs dn indican que los subtipos IgG1l e IgG3 estan

vinculados a una menor supervivencia del injerto 109111,

El anticuerpo anti-HLA también puede estar presente antes del trasplante (ADE
preexistente) o desarrollarse después del trasplante en el contexto de infra
inmunosupresion 12, a esto se suma ademas las incompatibilidades HLA 13, Varios
estudios han sugerido que en los casos en donde se observan ADEs dn la
supervivencia del aloinjerto es inferior en comparacion con el rechazo con ADEs
preexistentes. La supervivencia del aloinjerto fue del 63 % en pacientes con ADEs
preexistente y Unicamente del 34 % en pacientes con ADEs dn 4. Sobre la base de la
fuerte relacion entre ADEs dn, rechazo y pérdida del injerto, los pacientes
trasplantados con ADEs dn deben someterse a una estrecha monitorizacion de la

funcién del aloinjerto *°.

Se ha descrito que la incompatibilidad HLA donante receptor a nivel de epitopos ofrece
mas informacién sobre el riesgo de desarrollo de ADEs dn respecto a la
incompatibilidad a nivel alélico %18 |a aplicacion mas reciente de esta
incompatibilidad de epitopos monomoleculares de HLA-DR/DQ, ha permitido una
mejor correlacion con ADEs dn permitiendo estratificar los receptores en categorias de

bajo, intermedio y alto riesgo inmunolégico *°.
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1.2.3.2 Otros bhiomarcadores de monitorizacién inmunoldgica (sangre y orina).

1.2.3.2.1 ADN libre circulante derivado del donante.

La mayor parte del ADN se encuentra dentro de las células. Sin embargo, una
pequeia cantidad de ADN en forma de fragmentos circula de forma libre. Dado que la
liberacion de ADN del donante en la sangre del receptor es secundaria al dafio celular
en el injerto, estas moléculas pueden ser biomarcadores del aloinjerto. Lo et al. 12,
fueron los primeros en informar sobre la presencia de ADN libre derivado de donantes
(dd-cfDNA) en el plasma de los receptores de trasplantes. Recientemente, el estudio
ADMIRAL evalué a 1.094 receptores de trasplantes de rifién y los siguié durante 3
anos. Los resultados revelaron que los niveles de dd-cfDNA (Allosure) eran
significativamente mas altos en pacientes con rechazo clinico y subclinico que en
pacientes sin rechazo. El nivel medio de dd-cfDNA fue del 0,23 % en ausencia de
rechazo y del 1,6 %en presencia de rechazo (p <0,001) L. El VPP para el rechazo fue
solo del 59 % y el VPN fue mejor con un 87 % cuando el porcentaje umbral de dd-
cfDNA fue del 1 % (la sensibilidad fue del 64 % mientras que la especificidad fue del
73 %). Gielis et al. 22, realizaron un estudio, en donde el aumento del dd-cfDNA por
encima de un valor inicial de referencia del 0,8 % se asocié al rechazo agudo, pero
también con pielonefritis aguda y necrosis tubular aguda. En este estudio, el 18 % de
los aumentos en la fraccion dd-cfDNA podria explicarse por la presencia de uno de

estos eventos adversos.

1.2.3.2.2 Microarrays en sangre periférica.
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Figura 7. Analisis de expresiéon de ARNm mediante microarrays de ADN se muestra un ejemplo
de andlisis diferencial de muestras con y sin rechazo 123
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Los primeros estudios de microarrays se enfocaron en identificar aquellos genes
relacionados con rechazo. En un estudio en donde se analizaron 148 muestras
pareadas de biopsias renales y de sangre periférica, se observé que 46 de estas
muestras correspondian a un diagndstico histolégico normal, 63 a rechazo agudo y 39
a disfuncién aguda del injerto, pero sin evidencia de rechazo. La muestra fue dividida
en una cohorte exploratoria y otra de validacion. Este estudio confirmd la validez de un
conjunto de 200 genes que detectan los genes de rechazo mas diferencialmente

expresados (TruGraf®) 124,

AlloMap ® Kidney (CareDx, Brisbane, CA) utiliza secuenciacion de préxima generacion
y tecnologia de secuenciacion de ARN dirigida para elaborar perfiles de expresién
genética para evaluar la inactividad inmune %, Un estudio que evalud 235 muestras
comparadas con resultados histoldgicos (66 con rechazo y 169 sin rechazo) de 222
pacientes mostré un VPN del 87 % al 95 %. Sin embargo, el VPP para el rechazo del
aloinjerto fue solo del 18 % al 40 %, con una sensibilidad del 70 % y una especificidad
del 66 % 1%,

Otro estudio identificé 17 genes especificos de rechazo agudo y a este conjunto de
genes se le denomind ‘kidney solid organ response test’ (kSORT), aunque la prueba
pudo predecir el rechazo con alta sensibilidad y especificidad, no pudo distinguir entre
el RMC del RMA 27, En 2017, Crespo et al. 1?8, examinaron la capacidad predictiva de
la prueba kSORT y del ensayo ELISPOT en 75 pacientes con trasplante renal,
realizandoles una biopsia de seguimiento a los 6 meses. Concluyeron que la
combinacién de ambas técnicas era necesaria para aumentar la capacidad de predecir

a pacientes con un alto riesgo de desarrollar un RSC.

A pesar de los estudios sobre genes en sangre periférica para detectar rechazo, los

resultados inconsistentes limitan su uso generalizado.

1.2.3.2.3 Biomarcadores en orina (quimiocinas y ARN urinario)

Las quimiocinas CXCR3, CXCL9 y CXCL10 se considera biomarcadores de
interés. Resultados de varios estudios de un mismo centro mostraron una elevada
correlacién entre CXCL9 urinario y RMC y otros entre CXCL10 y RMA 12°130_ E| ensayo
multicéntrico CTOT-01, demostré que los niveles urinarios de ARNm y proteina de
CXCL9 son capaces de diagnosticar con mayor precision el rechazo agudo, con
niveles que se elevan hasta 30 dias antes de la deteccién clinica. Ademas, los niveles
bajos de proteina CXCL9 urinaria a los 6 meses se asociaron con una baja

probabilidad de desarrollo futuro de rechazo agudo o reduccion de la TFG hasta 2
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afios después del trasplante™® En un estudio liderado por Raban et al.»*2, demostraron
que la combinacién de CXCL10 urinario, junto con la creatinina urinaria y los niveles

de ADEs, eran mejores predictores de RMA que la determinacion sola de ADEs.

Suthanthiran et al. 33, analizaron el ARNm urinario recolectado en serie de 485
receptores de rifion durante el primer afio posterior al trasplante. Se derivé una firma
de tres genes utilizando CD3¢g, CXCL10 y ARN ribosémico 18S que discriminé el RMC
de ausencia de rechazo. El estudio de muestras de orina en pacientes con rechazo
revel6 una elevada expresion de genes de quimiocinas 120 dias antes de la

realizacion de la biopsia.
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En la practica clinica habitual, durante el seguimiento del postrasplante renal, se
realiza la monitorizacién del injerto mediante la determinacion de la creatinina sérica,
la proteinuria y los anticuerpos HLA. El valor afiadido, implementado en algunos
centros, de la monitorizacion histolégica a través de biopsias de seguimiento, ha
posibilitado la deteccion precoz de rechazo subclinico y/o cambios borderline, que de
otra manera pasarian inadvertidos, y que permiten conocer la historia natural de la

enfermedad en trasplante renal.

Las hipotesis de este trabajo son:

e La identificacion de los genes relacionados con el rechazo en biopsias de
seguimiento que muestran cambios borderline, fibrosis intersticial y atrofia
tubular y rechazo subclinico, podria ser una herramienta eficaz para estratificar

el riesgo de pérdida del injerto y adecuar el tratamiento inmunosupresor.

e La disminucion de la variabilidad intraindividual de los niveles de tacrolimus
durante el seguimiento postrasplante podria ofrecer un control mas preciso de
la inmunosupresion, lo que disminuiria la susceptibilidad de desarrollo de

inflamacién subclinica.

e La exposicion a los niveles de tacrolimus puede influir en la expresion de los
genes relacionados con el rechazo, lo que sugiere que una monitorizacion
farmacologica adecuada podria contribuir a disminuir el riesgo de rechazo

subclinico y cambios borderline para mejorar la supervivencia del injerto
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3.1 Objetivo principal.

Caracterizar la asociacién entre la exposicion a tacrolimus, la inflamacién subclinica, la
progresion de la fibrosis intersticial y atrofia tubular (FI/AT) y la expresién de genes
asociados al rechazo en biopsias de seguimiento en trasplante renal, asi como su

impacto en el prondstico del injerto.

3.2 Objetivos secundarios.

e Caracterizar la asociacion entre la expresion génica y el diagnéstico histolégico
(histologia normal, fibrosis, inflamacion e inflamacion en &reas de fibrosis ) en

biopsias de seguimiento y por indicacién clinica.

o Determinar la asociacion entre las lesiones histologicas y la exposicion a

tacrolimus y su metabolismo en biopsias de seguimiento pareadas.
e Investigar la asociacién entre los niveles de tacrolimus y la expresién de genes

de rechazo y su relacion con la inflamacion subclinica y evolucion del injerto

renal a medio plazo.

45



4. COMPENDIO DE PUBLICACIONES

46



Articulo 1

Chamoun, B.; Caraben, A.; Torres, I.B.; Sellares, J.; Jiménez, R.; Toapanta, N.;
Cidraque, |.; Gabaldon, A.; Perello, M.; Gonzalo, R.; O'Valle, F; Moreso, F.;
Seron, D.

4.1 A Rejection Gene Expression Score in Indication and Surveillance Biopsies
Is Associated with Graft Outcome.

Internacional Journal Molecular of Sciences (2020)

DOI: 10.3390/ijms21218237

47


https://doi.org/10.3390/ijms21218237

International Journal of

Molecular Sciences m\F:l’J

Article

A Rejection Gene Expression Score in Indication and
Surveillance Biopsies Is Associated with

Graft Outcome

Betty Chamoun 12, Anna Caraben !, Irina B. Torres 1, Joana Sellares 1 Raquel Jiménez 1
Néstor Toapanta LS Ignacio Cidraque L Alejandra Gabaldon 2 Manel Perello 107,
Ricardo Gonzalo ?, Francisco O"Valle ¥, Francesc Moreso '*** and Daniel Serén '+°

1

r

Mephrology Departments, Hospital Universitari Vall d'Hebron, 08035 Barcelona, Spain;

md chamounbetty @gmail com (B.C.); Annacarabe n@gmail com (A.C.); iblomes@y hebronnet (LB T);
jsellames@vhebronnet (1.5.); racheljiga@hotmail.com (R.].); ntoapanta@vhebron.net (M. T.);

ignacio cidraque@vhir.org (LC.); mperello@vhebron.net (M.P); dseron@vhebronnet (D.5.)
Pathology Departments, Hos pital Universitari Vall d'Hebron, 08035 Baroelona, Spain;
agabaldon@vhebron.net

Statistics and Bioinformatics Unit (UEB), Vall d"Hebron Research Institute (VHIE), 08035 Barcelona, Spain;
ricardo.gonzalo@vhir.org

Pathology Department, Instituto de Biopatologia v Medicina Fegenerativa (IBIMER), Instituto de
Investigacion Biosanitra (ibs. GRANADA ), University of Granada, 18010 Granada, Spain; fovalle@u gres
Department of Medicine, Autonomous University of Barcelona, 08035 Barcelona, Spain

*  Cormspondence: fjmomreso@y hebronnet; Tel.: +34-93-274-46-66

check for
Received: 5 October 2020; Accepted 1 November 2020; Published: 3 Movember 2020 updates

Abstract Rejection-associated gene expression has been characterized in renal allograft biopsies
for cause. The aim is to evaluate rejection gene expression in subclinical rejection and in biopsies
with borderline changes or interstitial fibrosis and tubular atrophy (IFTA). We included 96 biopsies.
Most differentially expressed genes between normal surveillance biopsies (i = 17 )and clinical rejection
(1= 12) were obtained. A rejection-associated gene (RAG) score was defined as its geometric mean
The following groups were considered: (a) subclinical rejection (RE]-5, n = &); (b) borderline changes
in biopsies for cause (BL-C, n = 13); (c) borderline changes in surveillance biopsies (BL-5, n = 12);
(d) IFTA in biopsies for cause (IFTA-C, n = 20); and (e) IFTA in surveillance biopsies (IFTA-5, n = 16).
The outcome variable was death-censored graft loss or glomerular filtration rate decline = 30 %
at 2 years. A FAG score containing 109 genes derived from normal and clinical rejection (area
under the curve, AUC = 1) was employed to classify the study groups. A positive RAG score was
observed in 83% REJ-5, 38% BL-C, 17% BL-5, 25% IFTA-C, and 5% IFTA-5. A positive RAG score was
an independent predictor of graft outcome from histological diagnosis (hazard ratio: 3.5 and 95%
confidence interval: 1.1-10.%; p = 0.031). A positive RAG score predicts graft outcome in surveillance
and for cause biopsies with a less severe phenotype than clinical rejection.

Keywords: renal transplantation; biopsies; rejection; transcriptomics; microarrays; borderline changes;
interstitial fibrosis and tubular atro phy

1. Introdudion

Rejection-associated gene expression has been well-characterized in for cause renal allograft
biopsies. Three groups of rejection gene transcripts have been differentiated: (a) gene transcripts
that are shared by T cellmediated and antibody-mediated mejection; (b) specific differentially
expressed transcripts in T @ lbme diate d rejection; and (c) specific differentially ex presse d transcripts in

It [ Mol Sei. 2000, 21, 5257 doi 10, 35390 ijms 21 218257 wwow md picom/journalfijms
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antibody-mediated rejection [1-3]. Rejection-associated gene expression is shared among different
transplanted organs [4] and is involved in theimmune response against infection, cancer, or autoimmune
diseases [5]. They are also expressed in surveillance biopsies with subclinical rejection [6], and in
biopsies with a histological diagnosis below the threshold of rejection such as borderline changes or
interstitial fibrosis and tubular atrophy (IFTA),

Subclinical rejection in surveillance biopsies has been associated in some studies with decreased
renal allograft survival [7=2]. It has been shown in a study comparing clinical and subclinical rejection
that both phenoty pes shared differentially expressed genes and pathways. These data suggest that
there exists a continuum of allodimmure acHvation in both situatiors [10].

The significance of borderline changes is difficult to interpret since it can represent true T
cell-mediated rejection (TCMR), acute kidrey injury associated with ischemia-re perfusion or other
types of tissue injury [11]. Thus, it is not surprising that the histological definition of borderline
changes has been modified over the years In the first Banff meeting, this category was defined as the
presence of mild tubulitis (t1) assodated with mild to severe interstitial inflammation (i1-i3) [12]. Later,
the classification was modified, and biopsies showing mild to severe tubulitis (t1+43 ) without interstitial
inflammation (i0) were included in this category [13]. Recently, it has been described that patients with
biopsy scoring = i1t] have a poorer outcome than patients with biopsies displaying iOtl [14], leading
to the actual definition of borderline changes as at least i1t1 [15]. Therapeutic approaches towards
borderline changes vary in different clinical settings. The diagnosis of borderline changes in biopsies
for cause leads to anti-rejection treatment with steroid pulses in most cases, while in many centers the
presence of borderline changes in surveillance biopsies is not treated. Thus, borderline changes are
considered a heterogeneous diagnosis, ranging from mild inconsequential inflammation that is resolved
without a specific treatment to full blown TCMR [16-18]. Microarray studies in biopsies for cause
displaying borderline changes have show n that most cases designated borderline by histopathology
are found to be non-rejection by molecular phenoty ping [11]. In the setting of surveillance biopsies,
it has been shown that molecular changes of rejection are comelated with histological diagnosis of
TCME or borderline rejection, but this molecular pattern is not associated with graft outcomes [19].

The presence of IFTA in biopsies for cause has been described in association with
antibody-mediated rejection, T cell-mediated rejection, glome rulone phritis, and other diseases affecting
the gratt. On the other hand, IFTA without the presence of a well-defined post-transplant disease is
observed ina proportion of patients [20,21]. Insurveillance biopsies, IFTA with interstitial inflammmation
in healthy areas is associated with decreased graft survival when compared with biopsies with IFTA
without inflammaton [5].

Microarray studies in surveillance biopsies with IFTA have described the preserce of
rejection-associated transcripts [7].  These observations inspired the definitbon of chronic T
cell-mediated rejection as the presence of moderate to severe inflammation in areas of fibrosis
(i-IFTA = 2and t= 2) [22].

The aim of the present study is to characterize rejectionrassociated gene transcripts in for cause
and surveillance biopsies with subclinical rejection, borderline changes and [FTA.

2. Results

2.1. Patients

Between July 2015 and August 2018, 435 renal graft biopsies were performed, and 188 biopsies
had a third core of tissue stored in the nephrology bicbank for microarray studies. Since in 7 patients
extracted RN A was of insufficient quality for analysis, 181 patients were considered. Patients with
the following histological diagnosis were discarded: chronic pyelonephritis (1), focal and segmental
glomerular sclerosis (5), membranous nephropathy (2), [gA nephropathy (6), C3 glomerulopathy
(1), polyoma virus BK nephropathy (4) and diabetic nephropathy (1). Histological diagnosis of the
considered 161 biopsies is shown in Table 1. Since rejection was an infrequent diagnosis, all cases were
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included in the microarray study. For the remaining groups, biopsies with the longest follow up were
included to complete a total of 96 biopsies (Table 1). Clinical characteristics of the included p atients
and histological scores are summarized in Tables 2 and 3.

2.2, Principal Component Analysis Using Gene Transcripts

The principal component analysis showed that rejection in indication and surveillance biopsies
clustered in the left upper quadrant, normal surveillance biopsies in the lower right quadrant,
w hile borderline changes and IFTA tended to cluster in be tween (Figure 1).

e

Figure 1. Principal component analysis of the microarray and histological d iagnosis in for cause and
surveillance biopsies. REJ-C, rejection in biopsies for cause (r = 12); Nommal-5, nommal survellance
biopsies (n = 17); RE]-5 mjection in surveillance biopsies (n = 6); BL-C, borderline changes inbiopsies
for cause (n = 13); BL-5, borderine changes n surveillance biopsies (n = 12); IFTA-C, interstitial fibrosis
and tubular atrophy in biopsies for cause (n = 20); IFTA-5, interstitial fiibrosis and tubular atrophy in
surveillance biopsies (1 = 16).

2.3, Rejection-Associated Gene Score (RAG Score)

We described the most differentially expressed genes between biopsies for cause with clinical
rejection and normal surveillance biopsies. For this purpose, we adjusted FC and p-value to obtain
approximately the 100 most differentially expressed genes between these two groups. A total of 109
differentially expressed genes (p-value < 0.01 and fold change (FC) = log 1.75) were obtained as listed
in Supplement Table 51. The geometric mean of these 109 differentially expressed genes was calculated
to obtain a EAG score.

The RAG score was similar between rejection in biopsies for cause (RE]-C) and subclinical refe ction
(REJ-5). In borderline changes in biopsies for cause (BL-C), borderline changes in surveillance biopsies
( BL-5), interstitial fibrosis and tubular atmo phy in biopsies for cause (IFTA-C), and IFTA in surveillance
biopsies (IFTA-5) the score was significantly lower than in rejection biopsies. On the other hand, itwas
significantly higher in BL-C, BL-5, and IFTA-C, than in normal biopsies. There were no differences in
the RAG score between IFTA-S and, normal surveillance biopsies (Normal-5) (Figure 2).

To validate this result, we considered the T cell-mediated rejection most diffe rentially ex pressed
genes in kidney transplants as reported by Venneret al. [23], the common rejection module re ported
by Khatrietal. [4] and the constant of rejection reported by Wang et al. [5] These three gene sets were
identified in our microarray and a rejection scome for each of these three gene sets was calculated as the
geometrical mean in our sample. We observed that rejection genes described in these studies were
sigmific antly higher in rejection than in the other groups. Using the rejection scores obtained from
these three studies, we observed that rejection genes in BL-C were significantly higher than in normal
biopsies. The rejection scores obtained from Wang et al. and Khatri et al., were significantly higher
in BL-C than in IFTA-5 However, there was no difference in the expression of rejection gene score
between BL-C, BL-5, and IFTA-C (Figure 3).
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Figure 2. Rejection-associated gene score in the different study groups. REC, mijection in biopsies for
cause (1 = 12); Normal 5, normal surveillance biopsiesin = 17); REFS, mpclion in surveillance biopsies
(n = 6); BL-C, borderline changes in biopsies for canse (n = 13); BL-5, borderline dhanges in surveillanoe
biopsies (n = 12); IFTA-C, interstitial fibrosis and tubular atrophy in biopsies for cause (n = 20); [FTA-S,
interstitial fibresis and tubular atrophy in surveillance biopsies (n = 16). ANOVA pvalue 627 = 10712,

Figure 3. Rejection gene scom according to the most difierentially expressed geres in Venner et al [23],
Ehatriet al [4], and Wang et al. [5] applied to our setof biopsies ((A=C) mespectively). RE]-C, rejection
in biopsies for cause (k= 12); Mormal5, normal surveillance biopsies (n = 17), RE[-5 rejection in
survellance biopsies (n = 6); BL-C, borderline changes in biopsies for cause (n =13); BL-5, borderline
changes in surveillance biopsies (n = 12); IFTA-C, interstitial fibrosis and tubular atrophy in biopsies
for cause (n = 20); [IFTA-5 interstitial fibrosis and tubular atrophy in surveillance biopsies (n = 18).
ANOVA pvalue 9.46 x 107, 2.16 x 1077, 5.08 x 10~ for graphs (A-C); respectively.

2.4, RAG Score and Outcone

There was no overlap in the RAG score between REJ-C biopsies and Normal-5 biopsies (Figure 2).
By receiver operating curve analysis, the best cut off was 5.89 (Youden's index) with an area under the
curve of 1. Accordingly, the studied groups of biopsies were classitied as positive (=5.89) or negative
(<5.89) RAG score (Figure 4).

In the 5 study groups, graft outcome (death-censored graft loss or 2-year eGFR
deterioration = 30%) was assodated with histological diagnosis and with RAG score (Figure 5).

Regarding the control groups, none of the Normal-5 group and 6 out of 12 patients with REJ-C
reached the composite endpoint.

Multivariate Cox regression analysis showed that RAG score = 5.89 was an independent predictor
of graft outcome from histological diagnosis (hazard ratio: 3.5 and 95% confidence interval: 1.1-10.9;
p=0031). Survival analysis excluding patients with subclinical rejection yielded similar results
(p = 0004 for univariate and p = 0.037 for multivariate analysis).
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Figure 4. Positive (=5.8) and negative (<5.89) rejection-associated gene scorein the different histological
categories in surveillance and for cause biopsies. The number of biopsies ineach group according to
the rejection-associated gene scome is displaved. RE]-C, rejection in biopsies for cause; Mormal, normal
surveillanoe biopsies, REJ-5, rejection in surveillance biopsies; BL-C, borderline dhanges in biopsies
for cause; BL-5, borderline changes in surveillance biopsies; [FTA-C, interstitial fibrosis and tubular
atrop hy in biopsies for cause; [FTA-5, interstitial fibrosis and tubular atrophy in sumveillance biopsies.
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Figure 5. Death-censored graft loss or Z-year e GFR deterioration = 30 % from the date of biopsy
in the different histological categories (left panel) and in biopsies with a positive or negative
rejection-associated gene (BAG) score (right panel). EEJ-5 rejection in surveillance biopsies; BL-C,
borderline changes in biopsies for cause; BL-5, borderline changes in surveillance biopsies; IFTA-C,
interstitial fibrosis and tubular atrophy in biopsies for cause; IFTA-5, interstitial fibrosis and tubular
atrophy in surveillance biopsies.

3. Diiscussion

In the present study, most differentially expressed genes between normal surveillance biopsies
and biopsies for cause with rejection, were consistent with rejection-associated gene sets reported by
others [4,5,23]. These lists of gene sets have been obtained by different approaches. Venner et al. [23]
described the most differentially expressed genes between T cell-mediated rejection and all other
diagnoses, including antibody-mediated rejection in biopsies for cause. Khatri et al. [4] employed
eight independent data sets from kidney;, liver, heart, and lung transplants to characterize the top
rejection differentially expressed genes between organs. Wang et al. [5] considered top diffe rentially
expressed genes in allograft or cancer rejection, auntoimmune disease, and tissue damage during
infection. The concordance in the characterization of the top expressed genes during rejection between
studies employing different strategies, reflects the stereotyped effector immune response leading to
tissue damage triggered by different injuries. In our study, the RAG-score mainly is composed by a set
of genes related with antigen presentation, T-cell activation, eytotoxic proteins, chemokine expression,
B-eell, and plasma-cell transcripts

We observed that the RA G-soore was notdiffe rent in surveillance biopsies with subclinical rejection
and biopsies for cause with cdinical rejection. RAG-score was binarized to classify biopsies as rejection
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or non-rejection. Only one out of six patients with rejection in surveillance biopsies had a negative
RAG-score. This observation suggests that in subdinical rejection, as it has been previously described
in clinical rejection [ 2], there is a reasonable concordance between histological and molecular diagnosis.
Furthermore, this observation argues in favor for treating patients with subdinical rejection [15,24,25]

Inbiopsies for cause with borderline changes or IFTA, and in surveillance biopsies with borde rline
changes, A G-score was higher than in normal surveillance biopsies but lower than in biopsies with
clinical rejection. A rejection signal was observed in 83% of surveillance biopsies with mjection, 38% of
biopsies for cause with borderline changes, 25% of biopsies for cause with [IFTA, 17% of surveillance
biopsies with borderline changes and 5% of surveillance biopsies with 1FTA. The RAG score variability
in these groups suggests that there were patients with and without rejection signal in each diagnostic
category. Finally, surveillance biopsies with IFTA were not diffe rent from normal surveillance biopsies
pointing out that stable grafts with IFTA are immunologically quiescent.

The clinical significance of borderline changes is difficult to interpret ranging from true rejection
to non-specific inflammation [16]. Lipman et al. [26] showed that inflammatory gene ex pression
in surveillance biopsies was negative in biopsies with normal histology, intermediate in borderline
changes, and high in rejection biopsies. Enhanced inflammatory gene expression in surveillance
biopsies with borderline changes and rejection was confirmed in a study evaluating early 6-week
surveillance biopsies [19]. Howewver, in this study, enhanced inflammatory gene ex pression was higher
in patients with delayed graft function than in patients with immediate function, suggesting that,
in early surveillance biopsies, inflammatory gene expression may also reflect injury-re pair response.
In the other hand, no association between inflammator y gene expression and 2-year graft outcome was
observed. However, studies evaluating the utility of histologic diagnosis in early surveillance biopsies
to predict outcome have shown that a long follow up is necessary to show an association between
early inflammation and graft events [2Z7-30]. In the present study, RAG-gene score in biopsies with
borderline changes was higher in biopsies tor cause than in surveillance biopsies. A similar observation
was reported in a study comparing early biopsies for cause and 3-month surveillance biopsies [31]
These data suggest that functional deterioration in patients with borderline changes could be partly
explained by enhanced rejection associated gene expression. In biopsies for cause with borderline
changes, a positive RAG-score, suggests that these cases represent true rejection. This result agrees
with previous studies re porting a rejection molecular signature in a similar proportion of cases [11,32]

In patients with IFTA, the RAG-score was positive in one quarter of biopsies for cause and only
in 1 out of 20 surveillance biopsies. Graft survival is shortened in surveillance biopsies with [FTA
and inflammation in comparison to biopsies with [FTA without inflammation [7,33]. In one-year
surveillance biopsies with IFTA and inflammmation an overexpression of innate inmmune transcripts,
antigen presentation and cytotoxic T-cell has been described suggesting that mediators of rejection
signaling are activated [34]. In another study also evaluating 12-month surveillance biopsies without
rejection, biopsies with IFTA expressed macrophage, IFN-gamma, T-cell antigen presentation and
T-cell toxicity assodated genes [35]. Characterization of differentially ex pressed genes between normal
biopsies and biopsies with IFTA has confirmed that genes related to immune response, inflammation
and matrix deposition are overexpressed in biopsies with fibrosis [36]. Furthermore, in a study
including for cause and surveillance biopsies, Modena et al. [6] not only described the presence of
rejection associated genes in biopsies with [FTA and inflammation, but also in biopsies with [FTA
without inflammation. Finally, in another study, it has been observed that there is an overexpression of
T cell, IFM-gamma, macrophage and injury-repair transcripts in bio psies with inflammation in healthy
areas. By contrast, in biopsies with [FTA and inflammation in scarred areas there is an overex pression
of B cells, immunoglobulins, mast cells, and a different set of injury-repair transcripts [37].

In summary, the above-mentioned studies suggest that in patients with [FTA, especially when it is
associated with inflammation, there is an over expression of rejection assodated genes. In the present
study, the inflammatory burden in for cause or surveillance biopsies with IFTA was relatively low.
However, a significant proportion of biopsies for cause with IFTA were classified as rejection according
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to the RAG-score. Altogether our data confirm that there is a discrepancy between histological
diagnosis and gene score [35], especially in patients without a histological diagnosis of clinical rejection,
i.e, borderline changes and IFTA,

Finally, a posiive RAG-score was associated with graft outcome in the study groups
This association was inde pendent from biopsy indication and histological diagnosis. Interestingly,
this association was confirmed when patients with subelinical rejection were excluded from the analy sis
The main limitation of the study is the lack of a validation cohort to confirm the utility of RAG-score to
predict outcome, However, in another study evaluating the utility of a rejection gene score in patients
with IFTA without inflammation, either in for cause or surveillance biopsies, there was an association
between a high rejection gene score and graft survival [6]. Another limitation is the reduced sample
size, especially to evaluate the utility of the RAG-score in surveillance biopsies.

4. Materials and Methods

4.1, Patients

All adult patients biopsied between July 2015 and August 2018, who gave their informed consent
to obtain an additional biopsy core for the nephrology biobank were considered. For the present
study, 2 controls and 5 study groups were defined. Control groups were (a) normal surveillance
biopsies (Mormal-5) and (b) rejection (T celkmediated and antibody-mediated rejection) in biopsies for
cause (REJ-C). The study groups were (a) rejection (T cell-mediated and antibody-mediated rejection)
in surveillance biopsies (REJ-5); (b) borderline changes in biopsies for cause (BL-C); (¢) borderline
changes in surveillance biopsies (BL-5); (d) IFTA in biopsies for cause (IFTA-C); and (e) IFTA in
surveillance biopsies (IFTA-5). Clinical T cell-mediated rejection was treated with steroid boluses,
active antibody-mediated rejection with plasmapheresis, intrave nous immunoglobulins, and rituximab
while chronic antibody-mediated rejection was not treated. REJ-5 and BL-C were treated accord ing to
the attending physician criteria. BL-5 and [FTA-C were not treated.

Clinical and demographic characteristics of patients were recorded and anti HLA antibodies
at the day of transplant and at the time of biopsy were determined by Luminex technology using
the product LIFECODES LifeScreen Deluxe (Gen-Probe-Immucor, Stanford, CT, USA). The present
study has been approved by ourethical committee (Comité Etico de Investigacion Clinica del Hospital
Universitari Vall d"Hebron PR{AG) 3692014, approval date 1 December 2014) and has been performed
in accordance with the Declaration of Helsinki, and is consistent with the Principles of the Declaration
of Istanbul on Organ Trafficking and Transplant Tourism.

4.2, Biopsies

Renal biopsies were performed under ultrasound guidance by trained radiologists with a 16-gauge
automated needle. Three cores of tissue wene obtained: one was processed for optical microscopy;
one was embedded in OCT for immunofluorescence and the other one was stored in RNA later for
molecular studies,

The first core was embedded in formalin, paraffin-fixed and 2—4 m thick sections we re stained with
haematoxylin-eosin, periodic acid Schiff, Masson's trichrome, and silver methenamine. Histological
lesions were evaluated according to Banff criteria [15] and accordingly the definition of borderline
changeswas iz land t= 1 All biopsies were stained with an anti-5V 40 antibody. Immunofluoresce nee
studies were done in 3-pm cryostat sections stained with FITC-conjugated anti-human IgG, IgA, [gM,
C3, C4, lambda and kappa light chains. C4d was stained with indirectimmunofluorescence with a
monoclonal antibody (Quidel, San Diego, CA, USA) and deposition in peritubular capillaries was
graded according to the Banff criteria. The third score was treated with Ambion™ RN Alater™ Tissue
Collection reagent as indicated by the manufacturer and frozen at —80 =C.
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4.3, RNA Extraction and Mioroarray Hybridization

Total RNA extraction from reral biopsies was performed by lysing the cells with the TissueLyser
IT and following the BN Aeasy Mini Kit (QLAGEN ). ENA quantity and quality were analyzed with
the NanoDrop ND2000 (Thermo Scientific, Wilmington, DE, USA) and the Bioanalyzer (Agilent
Technologies, Sta. Clara, CA, USA).

Micmarrays service was carried outby the High Technology Unit (UAT) at Vall d"Hebron Besearch
Institute (VHIR), Barcelona (Spain), using a GeneTitan® System according to the procedure described
by the manufacturer. COne plate, containing 96 Clariom 5 arrays, was used for this experiment.
These arrays provide an accurate measurement of the human transcriptome at a gene-level, by using
probes covering more than 20,000 we ll-annotated genes, distributed through constitutive exons.

Briefly, 70 ng of total RMNA from each sample were used as starting material. The quality of
the isolated RNA was measured previously by capillary electrophoresis (Bioanalyzer 2100, Agilent
Technologies, Sta. Clara, CA, USA). Single stranded-cDNA suitable for labeling was generated
from total RNA using the WT PLUS Reagent Kit (ThermoFisher Scientific, Lutterworth, UK),
according to the manufacturer's instructions. Purified sense-strand cDINA was fragmented, labeled,
and hybridized to the arrays using the GeneTitan Hybridization, Wash and Stain Kit for WT Plates
(ThermoFisher Scientific, Lutterw orth, UK). The plate was loaded into the GeneTitan and, after array
scanning, raw data quality control was performed to check the performance of the whole processing,

4.4, Statistics

Results are expressed as raw numbers for categorical variables and as the mean + standard
deviation for continuous variables. Comparison between groups for categorical variables was done
by chi-squared test with continuity correction. Comparison betw een groups for continuous variables
was done by analysis of variance (ANOWVA) with Scheffé post hoc test for individual comparisons
Kaplan-Meier survival curves with log-rank test and Cox's proportional hazard model were employed
for survival analysis. A composite outcome variable including death-censored graft loss and eGFR
deterioration = 30% at 2-years was defined. All p-values were two-tailed and p-value =< 005 was
considered significant.

Bioinformatic analysis was performed at the Statistics and Bicinformatics Unit (UEB) of the
Vall d'Hebron Institute of Research (VHIR, Barcelona, Spain). Robust Mult-array Average (RMA)
algorithm [39] was used for pre-processing microarray data. Background adjustment, normalization,
and summarization of raw core probe ex pression values were defined so that the exon level values were
averaged to yield one expression value per gene. Selection of differentially expressed genes was based
on a linear model analysis with empirical Bayes modification for the variance estimates [40]. To account
for multiple testing, p-values were adjusted to obtain stronger control over the false discovery rate
(FDR), as described by the Benjamini and Hochberg method [41].

Principal component analysis was performed with normalized data from all the genes used in the
differential ex pression analysis. Differentially expressed genes wemre selected based on a p-value < 0.01
and base 2 logarithmic fold change > 1.75. In order to validate our rejection-associated gene set,
we calculated in our array the geometric mean of the gene expression of the published list of genes
described by Venner et al. [23], Khatri et al. [4], and Wang et al. [5].

5. Conclusions

In conclusion, the present data support the utility of the characterization of rejection-associated
genes in biopsies with borderline changes, IFTA, and subclinical rejection to improve the risk
stratification. These data also raise the question whether characterization of rejection gene expression
in biopsies without a clinical and histological diagnosis of rejecion may be useful to adjust
immunosuppressive treatments and improve outcome.
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Abstract: The combina ion of tacrolimus (TAC) and mycophenola te is the most widely employed
main Enance immunosuppression in e nal ransplants Different surroga s of tacmolim s ex posume
or metabolism such as taorolimus trough levels (TAC-C), ooefficient of variation of tacro iws (OV-
TAC-Cy), ime in therapeutic range (TTR), and tacrolimus conentration dose ratio (C/ ) have been
associa ted with gra ft outcomes. We explore ina cohort of low immunological risk renal transplants
(= 85} tea ed with TAC, mycop henolate mofetil { MMFL and skeroids and then monitored by pained
anrveillane biopsies the association be bveen histological lesions and TA C-Cy at the time of biopsy
as well as CV-TAC-Cy, TTR, and C /T3 durin g follow up. Interstitial in flammation (i-Banff score = 1)
in the first surveillance biopsy was associa ted with TAC-Cy (odds ratio (OR) (L&, 95% confidence in-
erval (T Q50096 p= (L0 L In the second surveillane biopsy, inflamma tionw as associa ed with
timme below the therapeutic range (OF: 105 and 95% CE LO1-110; p = 0.023). Interstital inflammation
in scarred areas (i-lFTA score = 1) was not associated with surmogates of TAC exposure /metabol ism.
Progression of interstitial fibrosis/tubular atrophy (1F /TA) was observed in 35 cases (41.2%). Mulb-
variak megmression logistic analysis showed that mean C/D0 (OB (048; 95% CL 0.2 5-0052; p= 0026)
and IF/TA in the first biopsy (OR: 043 95% Ch 024077, p = 0.005) were assod ate d with [F/TA
progression between biopsies. A low O/ ratiois associated with IF/ TA progression, suggesting
that TAC nephrotecicity may contribute to fibrosis progression inwell immunosuppressed pa tents
Cr data support that TAC ex posume is associated with inflammation in healthy kidney amreas but not
in scarred tissoe,

Keywords: morolimus; renal transplantation; protocol biopsies; concen fration dose ratio; time in

therapeutic range;: coe fficient of variation

1L Introduction

Renal transplantation is the best treatment for end-stage renal disease, sinoe it is
associated with a better long-term patient survival and a higher quality of life at a lower
cost than dialysis techniques [1]. Sinee the beginning of the present century and following
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ntemational guidelines {Kidney Disease: Improving Global Outcomes; KDIGD) main-
tenance immuncs uppression in most e nal transplant units is based on the combination
of tacrolimus (TAC) and mycophenolate mofetil (MMF) either with or without low-dose
steroids [2]. One important limitation for this strategy is that TAC is a drig with a narrow
therapeutic wind ow, and the optimal whole blood target levels (TAC-Cq) du g follow
up have not been properly delined. Low TAC exposumre during the first vear has been
associated with a higher risk of clinical and subelinical acube rejection and a higher risk
of the development of HLA donor-specific antibodies (DSA) ina prospective randomized
clinical trial [2]. Additionally, registry studies have shown an association between low TAC
exposute and poower long-term graft sumvival [4]. Meamw hile, high TAC exposume has been
associated with e phrotoxicity, viral infections, and cancer among other texicities [5,6].
Additiorally, tactolimus iz a drug witha low bioavailability (20-30%), and its metabolizm
rate is melated with different genes [7].

To analyze the complex relationship between TAC exposure and clinical outcomes,
different parameers can be emploved. During the lastvears, a high intra- patientvariability
of tacrolimus trough levels during the first vears after transplant has been associated
with acute rejection, development of de novo DSA, chronic active antibody-mediated
wjection, and poorer long-term graft survival [8,9]. [twas sustained that patients with
high intra- patient variability are outside the therapeutic rarge during longer periods of
time [10,11], and this fact may be especially harmful for those kidnevs with a higher HLA
incormpatibility [12].

In the other hand, to explor the association between tacrolimus metabolism and
clinical outeomes, diffierent phammacokinetic and pharmacodynamic models have boen
developed, faking into conside ration clinical variables such as he matocrit, serum albumin,
age, gerder, or body mass index and polymorphisms of the most relevant genes encoding
ovtochrome-1"430 enzymes, CYT3A4 and CYP3A5[13]. However, it has been shown that a
sirple measuerment aich as the concentration dose ratio of tacrolinus (C /1) can pred o
risk to develop tacrolimus side effects. Some studies sup port that fast metabolizers of
tacrolimus are more prone to show nephrotoxicity and pol yoma BK nephropathy [14,15].

Clinical monitoring of renal transplants relies mainly on serial determinations of
serum creatinine and proteinuria, thermpeutic drug monitoring of treatments with a nar-
mow therapeutic window (e.g., TAGCy), determination of HLA antibodies by Luminex
technology, and monitoring of the viral load of evtomegalovirus and polyoma BE virus.
During the last decades, some centers have incorporated surveillance biopsies performed
at different time pontsto deted the presence of subclinical inflammation and progession
of enal scarring [16] [t has been proposed that in patients tieated with tacrolimus and
MMEF, lower faerolimus trough levels are associated with subelinical inflhmmation [17] and
the progression of interstiial fibrosis and tubular atrophy (IF/TA) [18]. Similarly, a higher
ntra-patient vardability of TAC-Cy has also been associated with a faster progression of
IF/TA [19,20]. Finally, it has been shown that high tacrolimus clearance is a risk factor
for the development of [F/TA in a large cohort of patients monitored by surveillanoe
biopsics [21].

I this study, we explore the association between histological lesions and diffe rent
surrogates of tacrolimus exposume /metabo lism 1 a eohort of low immunological risk renal
transplants twated with prolonged-ekase TAT(PR-TAC), MME and seroid s monitomd
by paired surveillance biopsies. To analyze TAC expesure, we emploved TAC-COat the
time of each biopsy and assessed the intra-patient variability of TAC trough levels and
time in/ above /below the the rapeutic range during follow up. To analyee TAC metabolism,
we emploved the tacrolimus C/ D,

2. Patients and Methods
2.1 Patients

We conducted a prospective, longitudinal, observational study in renal transplants
performed at our Benal Transplant Unit since Jarmary 2002 until December 2018, All lving
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and donor deceased single kidney transp lants performed i adu lt patients wene consid-
erec. A first surveillance biopsy at 3-5 months afier transplantation was performed in
patients fulfilling the follow ing criteria: (a)serum ceatinine lower than 2 mg/dL; (b) stable
renal function defined as a variability of serum creatinine lower than 15% between the
determination at the time of biopsy and the previous one; (¢) urinary protein creatinine
ratio lower than 1 g/g; (d) noreuse of oral anticoagulants; (e) nor-technical difficulties
to perform a renal biopsy (e.g., patients with large abdominal cbesity, patients with large
perirenal hematomas or patients with an idiomatic barrder were not considered) and ()
w ritten iformed consent. A second biopsy was performed inall patients at 12-18 months
megardless of mnal ineion and proteinuria.

This protocol was approved by the Ethies Committee of our center (PR/AG 104/ 2011,
was petformed in accordance with the Declaration of Helsinki, and is consistent with the
Principles of the Declaration of Istanbul onOrgan Trafficking and Transplant Tourism.

For the present study, we considered low immunological risk mnal transplants,
which are defined as the absenae of donorspecific HLA antibodies at the time of trans-
plant or having woeived a desensitization treatment before transplant in the case of living
donors treated with prolonged-release tacrolimus (PR-TAC), myeophenolate mofetil (MMFE)
o enterie-coated my cophenolic acid (EC-MPA) and steroids during follow up. Patients
tieated with mTOR inhibitors (sirolimus or everolimus) from the day of transplant or
switched to these d mugs during follow up wer also not conside red.

2.2, Biopsies

Renal biopsies were performed under ultrasound guidanee by trained radiologists
with a 16-gauge automated needle. Thiee cores of tissue were obtained: one was processed
for optical microscopy; one was embedded in OCT for immunofluoreseenoe; and the other
one was stored in ENA easy for mokcular studies,

For optical microscopy, biopsics were embedded in formalin, parafiin-fixed, and 2-
4 pm thick sections were stained with hematoxy lin-eosin, periodic acid Schiff, Masson's
trichrome and silver methe namine. Sample adequacy and histological kesions wemr evalue
aed according to the lastupdak of the Banff criteria by the renal pathologists [22].

Interstifial inflammation in surveillance biopsies was defined as i-score = 1, while
biopsies without interstitial infiltrates {i-scom = 0) wemre classified as no inflammation.
IF/TA scome (ci+ cf) was calculated for each biopsy and progression of IF/TA between
biopsies was defined as a d iffe renee in ei + ct score between the second and first surveillanece
biopsy = 1. Arteriolar hyalinosis progression was defined as a difference of ah-score
between the second and first surveillance biopsy = 1.

Immunofluomwsane studies were pedformed in 2-pm ervostat sections stained with
FITC-conjugated ant-human 1gG, IgA, lgM, C3, k and A light chain. C4d was stained with in
direct immunoflucrescence with a monocloral antibody (Chadel, San Diego, CA, USA), and its
deposition in peritubular capillaries was graded according to the Banff criteria. All biopsies
were staned with an anti-5V 40 antibody to discard BK po lvomay s nephropathy.

2.3 Immurosuppression

standard immuncsuppression incuded the use of induction therapy for all reral
trangplantz, Recipients of a firg renal wangplant witha caleulated panel reactivity antibod-
ies (cPRA) <507 received 20 mg of Basiliximab (Simulect™; Novartis, Basel, Switrerland)
at days 0 and 4 Patients with previous transplants and forwith positive non-DSA anti-
HLA antibodies with a e"RA = 50% and/ or receiving grafts from a deceased donor after
cardiac death were teated with thiee to five doses of rabbit anti-thymooy e globulin
{Thymoglobulin®; Sanofi- Aventis, Paris, France) on alternate days to reacha total dose of
6mg/ kg,

For the present study, we considered patients meeiving mainte nane immuncsup-
pression based on the combination of PR-TAC (Advagral™; Astellas Pharma, Meppel,
The Metherlands), MMF (Cellcept™; Roche Pharmaceuticals, Basel, Switzerland), or FC-
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MPA (Myfortic™; Novartis, Basel, Switzerland), and steroids at the time ofboth surveillance
biopsies All patients received MMF 1 g bid {or EC-MPA 0,72 g bid) during the first month
and 500 mg bid therafter (or EC-MPA 0,36 g bid). In cases of suspecied clinical intolerance
to MMF or EC-MPA, further reductions of doses were done. The day of transplant patients
mwaeived 250-500 mg of methylprednisolone, 125 mg at day 1 and 20 mg of prednisone
at day 2 Thereafter, prednisore dose was progressively tapered to mach a daily dose of
0.1 mg/kgat 3 months and maintained during follow-up.

2.4 Therapeutic Drug Monitoring (TDM)

Tacrolimus trough levels in whole blood (TAC-C)) were measured by CMILA im-
munoassay (Abbott Labormtories™ Abbott Park 11, USA), and the intra-assay and inter-
assy ooeficient of variation was lower than 6%. Target TAC-Cy were 8-12 ng/ mL during
the first 3 months after transplant and 610 ng/ mL thereafte:

For the present study, TAC-Cy monitoring done at the following ime periods was
considered: weekly during the first month, every two wee ks during the second and third
months, monthly from 4 to 6 months, and every 2 months from 6 o 12 months. At the
time of blopsies additional samples were obtained. To analyze the relationship between
tacrolimus exposure, metabolism and histological lesions, we analyzed the intra-patient
varability oftacrolimus concentration, the time on the rapeutic range, and the concent ration
dose ratio (Figure 1),

TAGG, {rgimL)
il CHinibe
o
OV i e
: F
TTR
TT
w W
F. s 1.5 2 5 3 i 5 i i) 12 i3

monds

Figure 1. Evoluton of moolimus trough levels during follow up ina patdent from our cohort, TTR (blue area), time in
the therapeutic range; times above (yellow area) and below (orange area) the therapeutic range are also shown., CV (-Thx,
coefficient of variability of acrolimus between transplant and the first surveillance biopsy (29350 ; CV 1bx- Zbex, coefficient
of variability of tacrolimus be tveen the first and the scond sumveillance biopsies (24 5% ). In the r-axis, tme of fallow up
imonths) is pesenked, while in the - axis, emolimus rough kvels (ng/mL) ae depiced. Armows indicaked de e rminations
above and below the therapeutic range.

Coeflicient of varlabiliy (CV ). Intra-patient varability of tacrolimus trough levels was
evaluaked as the OV caleulated according to: CV (%) = (S0 mean) + 100, For the present
study, we considered OV of TAGC between the firstweek after ransplant and the first
protocol biopsy and between both biopsies. The mean mumber of TAC-Cy determinations
for the first period was 7.8 + 1.7 (range 6-11)and for the second period, itwas 6.1 &+ 0.8
(range 5-7).
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Tire n therapeutic range (TTR). The lincar inkerpolation method aceording o
Rosendaal [23] was used to caleulate TTR as well as the time below or above the thera-
peutic range. Briefly, this method assumes that a linear relationship exists between each
measured value and then assigns a specific value for each day between tests (Figure 1).
According to our mmunouppression sche dule, the TAC-Cy the rapeutic range was defined
as8-12ng/ ml during the first thiee months and 6-10 ng/ ml therafier We caleulated for
each patient the number of days in, above, and below the therapeutic range and expressed
the result a8 the percentage time for each studied period (from the first week until the first
biopsy and betweon both biopsies),

Tacrolirmus concentration dose ratio (C/D) Tacmlimus dose was meconded at 3, 6,
and 12 months as well as the day of biopsies. The mean tacrolimus corce ntration dose
ratio (C /1 ng /m L/ mg) was caleulated as the mean of concentration dose ratio at each
time point

2.5 Clinica Variak es

Demographic characteristics of donors and welplents as well as transplant-related
variables were meorded. Anti-HLA antibodies at the time of transplant and at the time
of each blopsy were determined by Luminex technology using the product Lifecodes
LifeSemen Dehixe (Gen-Probe; San Diego, CA, USA), and [gG specificities wem examined
by single antigen bead s testing with Lifecodes Luminex single antigen class [ and class
I kits. At the time of each biopsy, serum crealinine, TAC-Cp, and tacrolimus and MMFE
dose were recorded. In patients receiving BEC-MPA, equimolar doses o MMF were used
(720 mg of EC-MPA is equivalent to 1000 mg of MMF). Cytome galovirus (CMY) infecion
wasmanaged according to the ntemational critea [24] Briefly, valgancielovir prophy laxis
during the first 3-6 months was emploved in higherisk patients (seropositive donor o
seronegative recipient and patients teated with ATG) and a pre-emptive steategy with
CMV viremia monitoring at each visit for the remaining paients. Monitoring of polvoma
virus BK nfection was done by the determnation at each visit of BE vimria or BE viemia
for these with increasing viral load in urine (=107 log). In patients with increasing BK viral
load, reduction of MMF and tacrolimus dose and / or switch to low tacrolimus dose and
mTOR inhibitors was done according o the attending physician.

2.6 Statigics

Variables wen described as frequencies, median, and nterquartile range ormean and
standard deviation for categorical, norrnormally distributed continuous variables and nor
mally distribuked continuousvariables, wspectivelv. To compaie paired dat (Fisher exact
test, Wilcoxon T test, or paived f-test) and unpaired data (Fisher exact test, Marn-Whitney
U test, and f-test) appropriate tests wen emploved. Logistic mgression analysis was em-
ployed to analvee the associations between histological kesions and elinical and TDM data.
For multivariate logistic regression analysis, those varables with a pvalue < 0.20 in the
univariate analysis were considered. All tests were two-tailed, and a pvalue < 0.5 was
considered significant. Statistical analysis was done with Stata 131 softwane package (Stata
Corp LE, College Station, TX, USA).

3, Results
3.1 Patienis

During the study period, 692 renal rareplants were performed at our center. The flow
chart of included patients inthe present study s shown n Figure 2. Demographic data and
transplant-we lated variables from the studied echort are shown in Tablke 1 Clinical data at
the Hme of both suwvelllanee biopsies as well as TOM ar shown in Table 2. Renal function
remains sable between biopsies. According to our protocol, tactolimus doses and TAC-C,
were lower inthe second period. The CV of TAC-Cy was lower, and TTR was higher during
the second period. The biavailability of TAC was slightly higher (higher C/D ratio)
during the second period, but this difference did not wach statistical significance.
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Renal Iransplantation Patient’s dealh (1= 25|

HUWVH 2012-2018 Grafl loss (n = 15

n = G2 Combined ranspients (r= 12}

Dual frarsplants in = 10)
Conlramchcations {i = 3}
Disgnocta hiopey araund 3 manihs (o= 80)
Serum Creatiing = 2 mgdl (= 55
Prolginuna > 1g'p (n = 23]
Patirt non consemt (0 = 04)

19 survaillance biopsy
A=218

Patiert's death (r= 1)

Sargical complication (n = 4)

Contrandcation (= 28)

[ignnstc hiopsy around 12-18 months (r = 22
Pafent non consent (o= 108)

2 sirvelllance blogsy
n =185

Insufficient samals in one bicpsy (0 = 15) |

-

Paired survedlance blopslas
n=150

WmTOR (=232

LCP-TAC {m = 18}

B-TAC (n=5)

High immungiogical risk {r =12}

Lev irrramalogeeal riak
PR-TAC + MMF + P
Faired survedlance blopslas
n=85

Figure 2. Flow chart of included patients. PR-TAC, prolonged -release tacrolimus; MMFE, mycophe-
nolate mofetil; P, prednisone; LOP-TAC, extended -release mcrolimus; IR-TAC, immed iate-release
erolimus; i-m TOR, inhibitors of mammalian target of rapamycin. Contraindications for the first
surveillance biopsy include treatment with oral anticoagulants (n = 33), large abdominal obesity
(n = 2&), technical difficulties dve to perire nal hematoma or pmphocele (n = 9} idiomatic barrier
(n=13), and horseshee kidneys in = 4). Indications for the use of mTOR inhibitors in this cohort
was as follows: inclusion ina clinical trial containing i mTOR de novo orearly conversion in = 16),
pobyoma BE viremia during follow up (n = 61 CMY viremia after prop hy laxcis in high-risk recipients
(n = 8) and skin cancer (n = 2). High immunological risk patients were defined as those with FILA
donor-specific antibodies at the ime of transplant (n = 7) or receiving a desensitization tre atrment

before transplant (n = 5).

Table 1. Donor and recipient characteristics as well as transplant related-variables from the stud-

ied cohort.

Variable n=85
Domor type (5207 ECDY LD A2 (49045 ) 30 (3530 13 (15 30)
Donor age iyears) 52415
Danor gender fm /f) A (A 25 (4120
Recipient age (years) 413

Recipient gender (m,/f)

First transpl ant,/ re-transplant
Primary renal diseass
(GN/ADPEDY diabetes/ others) unknow n)
Class | HLA mismatch (A + B)
Class 1 HLA mismatch (1R
Induction (Basiliximab / ATG)

DGF inoy yes)

T cell-media ted rejection (no fyes)
ChWY infecton (no/ viremia /disease)
Polyoma BE viras infection
inoy viremia,/ nephropathy)
Post-transplant diabetes mellibs nofyes)

b (77, 6%/ 19 (22.4%)
Th (BOA%)/9 (106%)
21 (24.7%)/ 22 (25.9%)/ 8 (9.4%) /12 (14.1%) /22
(259%)
26+ 09
094+ 07
52 (61.2%6)/ 33 (38.5%)
(M%) /5 (609)
B1 (95.390) /4 (4.79%)
71 (S50 /10 (11.59%) /4 (4.79%)

79 (92.9%)/6 (7. 1%/ 0 (0F)
61 (79.2%)/ 16 (20.8%)

SO0 standand eriteria deceased donor ECD, expanded cnkena deceased donoe: LT Iy ng donee G, g bmenr
lowee phritis: A DPED autosomal dominant poly oy stic kideey disease ) DGE, delayed graft func bon; CROV op-

borre galow irus.
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Table 2. Clinical data at the time of the first and s cond sumveillance biopsies of the studied co-
hicrt i = B5).

Variable First Biopsy Second Biopsy p-Value

Time of biopsy months) 42419 173 +36 na.
Serum aeatinine (mg/dL) 1.31 £ 0.32 L& £0.28 (1106
eGFR im L/ min/ 173 sqm) GlLE = 177 634 +17.1 n.2z0
Lrine P/ Cratio (mg/g) 260 4+ 170 320 £ 370 U&7
Tacmolimus dose (mg/day ) b+ 39 494131 (.0
MME dose (mg/ kg/ day ) 134434 129433 (01056
TAC-CO{ng/ mL) Qi 14 [ R e L

CW b TAC-00 () a1+ 13 A+14 0om
Time in TR 54 M+25 oo

Time above TR (") A+ 5 X429 [RNANLE S
Time below TR %) 100 £ 13 4+ 11 0
/D (mg/mLmg) 200 £ 1.42 219102 0119

D miowro DSA () ] ] I

eGFR estimated glomerular Dlbration rate by MDRE T formoala; e P/C rabio, urne prote in ceatnine rabio:
TA GO tacrolmus trough levels; OV of TAC-CI, coe fiicient of variabilibty of tacrolimus trough levels from the first
week until the fust biopsy and bebween the Gst and the second biopsies; TR, percentage of time in/above /below
the therapeutic range unbl the first biopsy and between the frst and the second biopsies; CF T coneentrabion
dose rabo of e mlimus; DSA, donor specific anb bodies.

Theme exists a cormlation between the different TOM me thods emploved in this study
(correlation matrix at the time of both biopsies are shown in Tables 51 and 52).

3.2, Biopsies

The prevaknoe of subelinical rejection was low in both surveillance biopsies. Inthe
first biopsy, them was one single case of T aelbmediated rejection (TCMR) grade 1A
(isolated v-kesion in a patient without tubuke-interstitial inflammation or microvase ular
inflammmaton and without HLA antibodies). There were no cases reaching criteria for
tubulo-interstitial TCME (i = 2 and ¢ = 2). Borderline changes suspicious of TCME
(i zandt = 1but lower than 212) were observed in eightcases (9.4%) in the first biopsy
and in nire cases in the second one (10.6%), Isolated inflammation (i = 1 and ¢ = 0) was
chsewedin 11 (129%) and in five cases (5.9%) in the first and second biopsies. lsolated
tubulitis {{ = Oand ¢ = 1) was observed insix (7.1%) and in 13 (15.3%) cases in the first
and second biopsy, respedively. No tubule-interstitial inflammation (i = 0 and { = O)was
chserved In 60(70.6%) and 58 (68.2%) in the firstand second biopsies.

In the firstbiopsy, there were 43 cases (30.6% ) with IF/TA {ci = 1and cf = 1) that was
mild (= 38), moderate (i = 4), and severe (1 =1). In the second biopsy there were 57 cases
(67.1%) with mild in = 41), moderate (n = 13), and severe (n = 3) IF/TA. Criteria for dhronie
TCME weme fulfilled in two cases (2.2%) in the first and in five cases (5.9%) in the second
biopsy. The degmee of inflammatory lesions inany wnal compartment did not ¢ hange
between biopsies, although tubulifis ended to be higher in the second biopsy. By contrast,
chronic lesions including IF /TA and arteriolar hvalinosis significantly increased between
blopsies (Table ).

3.3, Interstitial lnflammation and T DM

‘atients displaying interstitial inflammation (Fscore = 1) in the first surveillance
biopsy had lower TAC-CO levels and higher CV-TAC until biopsy. There was no asso-
ciation between TTR or time above /below the therapeutic range and tubu le-interstitial
mnflarremation (Table 4.

By logistic mgrssionanalysis, the presene of inflammation in the first surveillanoe
biopsy was associated with TAC-C ) levels (odds ratio (OR): 069 and 95% confidence
interval (CI): 050-096; p = 0.027) while CV-TAC until biopsy was not included. In the
second survelllance blopsy, the time below the therapeutic range and TAC-Cy were lower
in patients with inflammation {Table 5).
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Table 3. Banff scomes in the first and second sumveillane biopsies in = B5).

Variable First Biopsy Second Biopsy p-Value
Glomerular sections (n) 1348 13 £ 8 0881
Global glomerul osderosis (%) 7410 8411 0.541
Clomerulitis () 012 + 0.56 15 £ 045 580
Inter stitial infiltrate (i) 0.2 + 0.5 17 +0.37 114
Tubulitis (t) D18 £+ 042 (131 &+ 158 L1, (1
Endothelialitis (v) 0+ 0 0 0,320
Peritubular capillaritis { pte) 013+ 0% 18 £+ 047 0.413
Arterinlar hyalinosis (ah) 038 £ 06 065 £ 079 0u00E
Transplant glomerulopathy jcg) 0 004 £+ 0.24 0183
Interstitial fibrosis ici) 073 £ 077 L0+ 054 002
Tubular atrophy ict) 076 & (.54 L8 £073 .00l
Vascular intimal thickening (ov) 062 £+ 091 (L67 £ 0,85 (.63
Mesangial matrix increase (mm) 0.02 £ 0,15 .01 +£0.11 0567
- IFTA 128+ 117 Las+1.21 (1444
EIFTA L3+ (155 (151 £ (L&7 (1128

i-[FLA. Intesttial inflamemation in areas of interstitial iibrosis and tubular atoo phy: SIFT A, tubulibs inareas of
nte mtitial (brosis and tubular atrophy.

Table 4. Clinical and therapeutic drug monitoring data in patients with fi-score > 1) and without
ii-scove = 1) interstitial inflammation in the first surveillane biopsy.

Mo Inflammation Inflammation

Variable (n=66) = 19) p-Value
Time of biopsy imonths) 43+ 15 37 £289 i.167
Serum aeatinine (mg/dL) 1.34 £ 0,33 1L.20 £0.24 1.106
eGFR (mLy ming 173 S Gl £ 17 B+ 1Y NRETs )
Urine P/ C ratio{mg/ e} D0+ 180 2200+ 130 252
Tacrolimus dose {mg,/ day ) fh7 £ A9 A44£35 0.184
MMF dose (mg/kg/ day) 13,2433 135438 0795
TaC4C0 [n:_'_‘.-"ml.] 1+ 24 B3 22 ey
OV of TAC-O0 (5 X412 W15 (030
Time in TR (") Hh £+ 2i Ah+ 21 LHE
Time abowve TR (%) b+ 26 A3+ 2] 642
Time below TR (%) Rt 13 12+ 14 246
/D ing,"ml.,"mgj 1+ 118 245+ 203 (1124

eGFE, estunated glomerular filtration rate by BMDED- formouda; ure P/C rabio, urine prote in ceatinine ratio;
TAC-CO tacrolin e trough leve b OV of TAC-CO, coefficient ofvanabdity of tacrolimus trough leve 1s from the
first wee kuntil the st biopsy, TR, penentage of tune n/above /be low the the mpe utic range fom the st week
until the first biopay: C/D, concentration dose ratio of taeralimus.

By logistic regression analysis, the presence of inflammation in the second surveillance
biopsy was associated with the time below the therapeutic range (OR: 1.06 and 95% CL:
L01-1.10; p = 0.023), while TAC-Cy was not mehided. Interstitial inflanmmation n scarmed
amwas (i-IFTA scom ) was not associated with surrogates of TAC ex posumre/ metabolism
(Tables 53 and 54).

3.4 IFTA Progression and T DM

Progression of IF/TA was observed in 35 cases (41.2%). Univariate analysis showed
that IF/TA progmession was associated with the mean C/D ratio and 1F/TA score in the
first biopsy (Tables & and 7). Multivariate logistic mgmression analy sis showed that mean
C/DOR: 048; 95% CL0.25-0.92; p = 0.026) and IF/TA in the first biopsy (OR: 043, 95% Cl:
0.24-0.77, p=0005) were associated with [F/TA progression.
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Table & Clinical and the apeutic drug monitoring data in patients with (i-scome > 1) and without
(i-score = ) interstitial inflammation in the second surveillane biopsy:

Mo Inflammation Inflammation
Variable p-Value
(n=71) in=14)

Time of biopsy imon ths) 7.4+ 38 164+ 25 O3B0
Serum crea lnine Emg_ﬂ'd L) 1.26 4 (126 1233 4 037 (L4115
eGFR imL/ min/ 17 3 sqm) fadd + 17.4 M2I+152 0217

Urine P/ C ratio img/g) AT+ ™S 47 £+ 4% 0.270
Tacrolimus dose (mg/day) S0 £33 43 +21 (142
MMEF dose (mg/kg/ day) 127435 121 +1.7 0591

Tac-Co ing/ mil) B+ 23 fA4+17 IR
OV of TAC-C0 (%) 2N+ 15 19+£7 LE26

Time in TR (%) L= 419 534
Time abowe TR{%:) e 14+ 21 LU 6
Time below TR (%) A+ 10 12+15 (LU
C/ D {ng/mL/mg) 2224+ 1M 204 + 082 (.55

eL PR, estimated glomerular iltrabon rate by MDOER D=4 formoula; urine P/C rabio, urine protein creatinine ratio;
TAC-C tacrolim e tmough leve k; OV of TAC-CO, ceefficient ofvardsdity of tacrolimus trough leve ls from the

first until the second biopsy: TR, perentage of time )/ above, below the therapeuts mnge from the Gt unti] the
second Biopey : OF [ concentration dose mbioof ta mlumus.

Table 6. Clinical and therapeutic drug monitoring daf in patients with and without interstitial
fibrosis and tbular atrophy progression between biopeies.

Mo Frogression

IFTA Progression

Variable p-Value
in = 50) in=35

Daonor age (years) 54+ 16 I o (.25
Dener type (DD L) 43 (B6%)/7 (14%) 29 (B2.8%)/ 6 (17.2%) (1,382
Redpient age (years) 24 £ 13 S0 = 14 (014
1st transplant /re-transplant 45 (90%)/5 (10%) 31 (88.6%)/ 4 (11.4%) (1,551
HLA-DE mismatch L £ 07 (9 £ 007 [1H56
Cold ischemia time (hours) 1547 14+ 8 (LBA0
Induction (IL2- BA/ ATG) 29 05EN 2] (42 22 RN YRS 1A (A1) L1554
DGF (no /yes) 48 [O6%0)/2 (4%) 32 ©1.4%) /3 (8.6%) 01,365
T-cell media ted rejection (no /yes) 47 3 (e R T S W] (1640
Time of biopsy (months) 177+ 4.1 166+ 27 (1155
Serum eatinine (myg,/d L) 125 £ 0.2 1.2 £ 0% (.582
eGPR imly/ ming 1.73 s fid + 1k 63 + 16 (IR
Urine P/ Cratio fmg/ g 310 £ 340 50 £ 425 LG22
Tacrolimus dose 1st by (mg/ day) AR AR T4 +£38 s
Tarmolimus dose 2nd by (mg, day ) 43+29 AR £AZ e
MMF dese (mg/ kg/ day) 12.9 + 42 127 + 3.4 (183
TAC-C0 15t |:Iin:J‘|:-z-|'_'r' I:n:_:,."ml.] 98+ L7 94 £ 1.9 (L5115
TACAC0 Ind biopsy (ng/mlL) =1 +£1.7 91 28 (U053
OV of TACACOuntil first binpay (%) 32413 A £13 0508
CV of TAC-Cy between biopsies (%) 21418 15£7 (1.305
Time in TR between biopsies (%) i+ 67 + 7 i1.353
Time abowe TR between biopsies (%) 22425 x4+X L.318
Time below TR between biopses (%) Ad12 4 £9 (.78
Mean C/ 1D ing/ ml/ mg 23413 L7+ 0y Ly

D0y deceased donor: LT Iving donor DGE delaved graft function e GFR, estimate d ghmenilar flbmtion rae by
MOED fomola: urne P/C mtio, wine proten creatnne rabo; TA GO0 tacro hous brough leve b OV of TAC-C0,
coe fhicien t of variability of acmlne trough levels; TR, perentage of Hme i/ above/ below the therape ubic
range: /D, concentrabion dose rabo of tacrolimus.
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Table 7. Banff scomes in the first and second suneillane biopsies in patients with and without IF/ TA
progression between biopsies

Mo Progression 1FTA Progression

i “Value
Variable (n=50) o = 35) p

gt pte scome 1st biopsy 032 = 074 114 =043 02w
i+ tscone 1st biopsy (.56 £ (19 (29 £ (.62 (125
FIFTA scome 1st biopsy 143 £ L1% Lid+1.12 0124
ci+ct score 1st biopsy 190+ 1.7 Q093 o
ah-score 1st biopsy 040 =+ 061 0M 069 N1 )
g4pte score 2nd biopsy 0.244 0.56 0.46 £ 0595 018
i+t score 2Znd biopsy UAR £ 0.8 46 £ 070 .85
ci+ ot soore 2nd biopsy Lol + 128 L71+ 164 0.0
i-IFTA soore Znd biopsy 1.20 + L% Lis 4+ 108 0073
ahrscomre Ind biopsy (LEH + 077 (el 4+ 085 (1558

& glomeruliie; pie, pentubular capillaribis; 4 inersbbal ndlammaton n non-scared codes; Lo tubulibis; ol a-
erstibial wse: ob tbular atrophy | -otal, noe sbtal oflanmation in the whole cores; SIFTA, e retitial
mflammation in scarred corex; ah, arteriolar hyalinosis.

3.8 Arteriolar Hialinosis Progression and TDM

During follow-up, artericlar hvalinosis progressed in 31 cases (36.5%). Clinical and
TDM data were not different among patients with and withoutaresolarhyvalinosis pro-
grossion,

4. Discussion

A relationship between progression of IF/TA, evaluated by means of sequential
surveillance biopsies, and surrogates of TAC exposure or metabolism, such as low TAC
trough levels [18], high TAC variability [19.20], and C/ 1D ratio [21], have been deseribed
in separate studies, In the present study, all these parameters were evaluated in the same
cohort of patients to further characterize their relative contribution to IF/TA progression.
We did not observe any association between TAC trough levels, TAC variability or time
be low the therapeutic range, and progression of IF/TA; whike low C/D ratio, a sumogate of
fast metabolizers, was associated with 1IF/TA progression. To interpiet these observations,
it should be taken into consideration that in the present cohort, TAC trough levels were
relatively high in comparizon to other immurnosuppressive schedules [25], and time below
the the rapeutic range was lower than in previous reported studies, Reganding the welation-
ship between high TAC variability and IF/TA, this mlationship has only been observed in
patients with a high variability and long-time periods of TAC kevels below the therape utic
range [10]. Thus, the lack of a relationship between surrogates of TAC exposure and
progmession of [F/TA in the present study s consistent with the above-mentioned studies.

Subclinical mflammation has been assoclated with [F/TA progression [26,27], an in-
cmeased risk for elinical rejection [25], the appearance of de novo donorsspecilic antibodies
espicially in patients with a high number of HLA mismatehes [12,29], the developrment
of dhronic antibod yv-med iated wjection [3], and decreased graft survival [31] However
in this study, we faiked to show an association between interstitial nflammation and
IF/ TA progression. This result may be ex plained by the low incidence and severity of
inflammation. Only inone out of 170 biopsies did we observe subclinical rejection ina
patient with isolated v-lesion, which is a histological phenotype that does not represent
true rejection in a significant proportion of cases [32,23]. Approximately, here wene 10%
of early and late biopsies that displayed borderline changes and an additional 13% and
6% of early and late blopsies showed mild inflammation without tubulitis. A ccordingly,
in approsdmately AP of cases, there was no interstitial inflarmation. The relatively low
neidence and severity of subclinical inflarremation may be ascribed to the relatively high
TAC trough kevelsthat wmamed most ofthe time within the the rapeutic range and to the
lowy immunological risk of these setof patients [3,17,34]. We abitarily emploved an bscom
= 1as the threshold o distinguish between inflammation and no inflarmmation. This deci-
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sion was based on previous observations showing that an Fscore > 1 is associaied with
decmased graft survival, whik isolated tubulitis has a minor and controversial influenoe
on outeome [35-37]. Despite the low degree of inflammation, TAC levels wem significantly
higher in early biopsies without inflammation, and the time below the therapeutic range
wis longer i late blopsies, suggesting that even in low mnmunological risk patients meoeiv-
ing a high TAC schedule, inte rstitial inflammation in healthy interstitial areas is modulaed
bv TAC exposure. This observation constitutes an argument to sustain that subelinical
inflammation in healthy areas may represent the balance between alloinmmune response
and immunosuppression. On the contrary, we did not observe any association be bween
nflarmation i scaried amwas and TAC exposure or metabo lisin, The welationship between
immunosuppressive tieatment and inflammation in scarmed Hssue (FIFTA) has been evalu-
ated in few studies. In the study conducted by Lefaucheur et al. [38], the withdrawal of
steroids, MME, or caleineurin inhibitors at 6 months was associated with a higher sk of
FIFTA at 1vear. Swnilarly, inthe stady conduded by Nankivell et al [29], tacrolimus was
associated with a lower risk of i-IFTA than eyelosporine. Inour study, all patients wen
treated with tacrolimus, MME and steroids untl the second biopsy. Thus, in patients wopiv-
ing a power lmmunosuppression, there was no association between i-IFTA and tacrolimus
oxposu e, suggesting that other non-controlled factors in the present study contribute
to the development of this kesion Interstitial fibrosis, with inde pendence of its trigges,
is frequently associated with mononuckear cell infiltration [40-42] In studies comparing
sene expression in for-cause renal allograft biopsies with inflammation in scarred and
unscarred areas, itwas observed that inflammation in unscarmd amas correlated with
transcripts associated with evtotoxic T eells, while miflarmmation n scarmwed areas corme lated
with B cell, plasma cell, mast aell, and injurv-repair transcripts [43,44] This d itk mence may
be explained by the selective effect of tacrolimus on activated T ecells [4546]. Our data
raise the question of whether the presence of inflanumation in healthy kidney areas may
facilitated TAC treatment adjustment to patient’ s needs, bllowing a personalized medicine
approach In the other hand, these data argue against the utility of inflammation in scarmed
areas to adjust TAC dose.

In the present study, there was an association between low C/1 ratio, a surrogate
of TAC metabolism, and the progression of IF/TA between both biopsies. Paients w 1&1
a low O D raio epresent fast metabolizers, since they need a high dose to mach the
therapeutic kvels, It has been previously described that a low CF D ratio is associated with
poorer allograft function and a higher incidernce of BK nephropathy and decreased allograft
survival [15,47-49]. The pharmacokinetic curve in fast metabolizers is dharacterized by
a higherpeak TAC concentration (Cmax) in comparison with low mebolizers to reach
asimilar TACCO [50,51). Thus, it has been proposed that the progression of IF/TA in
these patients can veflect TAC nephrotosdeity. In fact, according to our data, tacrolimus
metabolism and not tacro linus exposuie contributes to IF/TA progression The progmession
of IF/TA was also associated with the severity of IF/TA in the firstbiopsy, but this is an
ox pected result that de pends on the definition of ci and ct-scoms according o the Banff
criteria. Seoring for ci and et is done according to the extension of interstitial fibrosis and
tul:'nuJa.r atrophy in the available tissue cortex as: <5% (el = 0and et =0);6-25% (ci = Land

=1);26-500 (ci=2 and o =2); and >50% (ci = 3 and o = 3). This kind of classification
J.mpJ_n:-:. that patients without IF/ TA in the firstbiopsy (ol and et < 5%) will have a higher
risk of progmssion than patients with mild IF/ TA (ciand et of 6-25%) considering that the
range of this last category is wider than the former. This associaion between [F/ TA in the
first biopsy and the risk of progression in biopsies performed later has been described in
provious studies with paired surveillanca biopsies [52]

Our study has some limitations. Preimplantation biopsies wemr notavailable, and we
were not able to chareterize IFTA progression from the donor to the first surveillance
biopsy. Additionally, a 24h phammaco kinetic study was not done to evaluate whether fast
metabolizers (lower C/D mtio) have a higher tacrolimus Cmax than poor metabolizers
(higher C/D ratio}

73



Jo Qi Med 201, 10,141 12 of 14

5 Conclusions

Ineonclusion, low C /1 ratio is essociated with [F / TA progression but not TAC wough
kevels, TAC variability, or time below the therapeutic range. Thus, TAC nephro tox icity
may contribuke to fibrosis progression in well immunosuppressed patients. Additionally,
we conlirm that high TAC levels decirase inflammation in healthy kdrey aras but not
in scarred areas, pointing out that inflammation inscarred areas is not resporsive to TAC
CXPOSLE,
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com S20F7-05385 71071 /141 /510 Table 51: Correlation matrix of surrogate variables of tcrolimus
exposune/ metabolism at the me of the first biopsy. Table 52: Comelation matric of surrogate
variables of tacrolimus exposume,/ me abolism at the me of the second biopsy. Table 53 Inflammation
and tubulitis in areas of interstitial fibrosistubular atrophy in the first surveillane biopsy and
surrogate variable s of tagolimus exposure /metaboism, Table 54 Inflammation and tubulitis in
areas of interstitial fibrosis ftubularatrophy in the second surveillance biopsy and surrogate variables
of acmlimus exposure/ meta bolism.
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A bstract Subclinical inflammation in protocol biopsies elates o @crolimus exposure and human
levkocyte ant gen (HLA) matdhing. We aimed to dharaderize transcripts associated with rejection
and tacrolimus exposure and the latter s association wi th ransplant outcomes We te sted whether
gene expression is assocdated with rejection using strictly normal protool biopsies (n = 17) and
biopsies with T cellme diaed wjection (TCME) or antibody- mediated mejection (4 BME) according
to Banff criteria (n= 121 Sobsequently, we analyzed these transcri pts in a set of 4-=month protocol
biopsies in = 137) to assess their assoda tion with donor and recipient characteristics, the intensity of
immunosu ppression, and the graftoutcome. Differential expression {false disoovery rate (FIDR) < 0L01,
fold (change (FC) > 3) be tween normal and mjection biopsiesyielded aset of 111 genes In the pro oo
b opsy cohort (n= 1373, 19 out of these 111 genes correlated with tacrolim s trough levels at the time
of biopsy (TAC-Cg), and unsupervised analysis split this cohort into two clusters. The two clusters
differed in donor age and tacrolimus trough levels. Subclinical rejection, including bord erline lesions,
ended o occurin the same cluster Logistic regression analysis indicated that TAC-Cp at the time of
biopsy (OF: (B3, 95%CT0.72-0.06, p = (L0117} was assodated with cluster 2. In afolow-up averaging
7+ A0 maonths, this patient group displayed a significant decline in renal function jp = (LN25) The
expression of eectonassociated transcripts inearly prooo] biopsies is associated with morolimus
exposure and a fasker decline in enal functon

Kevwords: renal transplantati on; biop sies; rejedion; gene expression; tacrolimus

1. Introduction

Foutine graft monitoring in renal ransplantation relies on non-invasive biomarkers
such as serum creatinine, proeinuria, and HILA antibodies. More than 30 vears agp, to
explom the feasibility of histological monitoring, some centers started programs of protocol
biopsies and cbserved that there were grafts with stable function de picting histological
changes of rejection, leading to the definiion of subclinical rejection (SCR) [1-3]. During
the cyclosporine era, SCR was prevalent (>20%) and it was proven that its teatment
better presrrves wenal unction [2,4]. However, a clinicaltrial addressing SCE treatnent n
patients on mode rn immuncsup pression with tacrolimus/ MMF vielded limiked elinical
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benelit due to the low rate of SCR [5]. For this reason, it has also been explored whether
minor histological changes are associated with graft outcome. In a study including a large
set of -month protocol biopsies (n = 957), it was shown that interstiial inflammation
{i-score = 0) in otherwise normal protocol biopsies is assoclated with a significant v lower
15y graft survival, comparable to 5CR or inte rstitial fibrosis/tubular atrophy (1IF /TA) with
inflammation [6].

Although the evaluation of renal biopsies based on the Banff classification for reral
transplant pathology has been refined since 1991 [7], some uncertainties persist, notably
conceming the presence of borderline changes suspicious for T celbmediated mjection
(TCME) and the incomplete phenotypes of antibody-mediated mejection (ABME). To further
charackerize underlying mechanisms kading o different histological phe noty pes, an analy-
sis of the transcriptome has been incorporated [5-11]. It has been shown that molecular
diagnostics allow the detection of transcript sets strongly associated with TCME and have
proven useful in difierentiating borderline infikrates likely to kead to the development of
overt TOME and/or graft fibrosis [12] Becently, we have shown that a rejecion-associatked
gene expression score is present in 83% of protocol biopsies with SCR but only in 17% of
protocol biopsies with borderdine dhanges [12]. Imporantly, to distill information from
EMNA microarrays that evaluate thousands of genes, the Banlf group has delineated gene
sets wlated to TCME, ABME, ssue-repair injury, and other pathway s implicated in graft
dvsfunection [9-14].

In studies of serial protoool biopsies performed in renal transplants, the prevalence
of SCR s maximal during the inital three months, progressively decrases until the first
vear, and persists in a small number of patients after the first vear Risk factors associated
with SCR am the number of human keukoovte antigen mismatches, the degree of sensitiza-
tion, retransplantation, the presence of previous clinical acute refection episodes, and the
mmunosuppressive egimen being lower inpatients treated with tacrolimus and MMFE [3].
Our group and others have shown that reduced exposume to tacrolimus and/ or MMF is as-
sociated with a higher incidence of subclinical inflammation in protocol biopsies performed
during the first vear [15,16]. Rurthemmore, while certain studies have linked SCE to HLA
ABDR alle e mismatch [17], disparities at the mokaular levelmight offermore informative
nsights [15]. Motably, in lve rtransplant reciplents, reduced Inmunosuppression exposune
and an incrased number of HLA epitope mismatehes between donor and recipient have
been implicated in the molecular pathogenesis of subclinical liver allograft damage driven
by an interferon gamma-orehestrated cellular immune response [19].

In this curment study, we employ microfluidie cards o serutinize the transeriptome
of a predefined set of genes related to different histological diagnoses (maink TCME and
ABME) previously described by the Bandf group [14]. We aim to determine whether tran-
scripts increase or decrease in biopsies with rejection, reflecting changes in resident and for
infiltrating cells. To achieve this, we compamr gene expression normal-protocol biopsies
and for-cause biopsies that meet the Banff criteria for TCME or ABME. Subsequently, we
quest these transcripts in a large set of early protocol biopsies to evaluate whether gene
expression is associated with donor and recipient characteristics, including the intersity of
mrrunesuppression and donor-mecpient HLA mismatch at the allelic or molecular level

2, Results
2.1 Patients and Biopsies

In the present study, we have included three groups of patients: patients with a strictly
normal early protocol biopsy (group 1, n = 17); patients with a biopsy for cause displaving
wjection, either TCMR or ABMR, (group 11, n= 12); and a large cohortof patients with a
protocol biopsy displaving different histological phenotypes (group 111 n = 137). Donor
and mcipient charackeristics as well as transplantrelaked variables from the three studied
groupsare shown in Table 1. Biopsies were evaluated according to the 2019 Bandf criteria [9].
The timing of the biopsy and laboratory data at the time of the biopsy are detailed in Table 2.
Inthe wjecion group 11 {n=12), there was a mix of cases with TCME (n = 5), adive ABME
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in=5), and mixed mwjection (n = 2). Ingroup I, whidh contained only protocol biopsies
(n=137), the histological Banif categories were as follows: norespecific changes (n= 40),
subclinical TCME (n = 5), subelinical ABMR (= 3), borderline changes (n = 16), interstiial
librosis and tubular atrophy (IF/TA) without interstitial inflammation (n = 59) and IF /TA
with inte rstitial inflammation (IF/TA + U in= 141, These msults agmeed with the prevalence
of the different histological phenotypes in the cohort of early protocol biopsies (n= 397)
obtained at our center @0.1%, 3.1%, 2.7%, 11.5%, 3.3%, and 8.3%, respectively).

Table 1. Donor and recpient characeristics as well as fransplant-relaid variables in the
A study groups.

Variable Group I in=17) Group Il in= 12 Group 11 (n=157]
Lonor type (B0 DD LD 10743 FrAfa T T b
Donor age (years) 45 4+ 18 M4 15 A7+ 14
Donor gender (m/f) 10,7 48 776D
Becipient age (years) 46 £+ 13 Al + 16 a5+ 14
Recipient gender (m,/ ) 10/7 B/ 6 91/ 46
First transplant, retr ansplant 15/2 75 117 /20
G 7 Al Ihr: ;I:firl‘; hr:*;il.-":iﬁmi::!llnknnl.-';nﬁl o/ 07440 Wl lidd A/ 1871 25f %6
Tass | HLA mismateh (A + B 25408 21409 2H4+ 10
Class I HLA mismatch [ DR) L1+ 05 L3+ (& L1+ (&
nduct on (basiliximab,/ thymoglobuling B/a 48 7760
Cold ischemia time 143 + &7 130 £ 7.0 134 + 68
Delayed graft function (no/yes) 1641 1,2 13/19
Previous e pimd&*:« of rejection (noyyes) 17 /0 Q3 13477
054 at the ime of transplant (nofyes) 15/2 1141 1307
CMY infection {no/viremia/ disase ) 147241 Hia00 1151874

Group [—nommal protocol biopsies; Group [—bopeies with eection group Tl—protecol biopeies with diffe e ot
histological phenstypes BOO—Dbrain death doner; DOD—donation after arailatory death; LD—living donoe;
CM—glome nilone plibs; ADPED—autosomal dominant polyeystic kidrey dissaze; DSA—HLA donor-specific
anbbodies: CMY—eytomegalovinis, Mean £ S0 or raw numbers are employved o describe variables.

Table 2. Data at the ime of biopsy in the 3 study groups,

Variable Group lin=17) Group 11 in= 12) Group [11(n = 137)

Time of biop sy (months) 47+ 1.7 43455 44+ 14
Serum creatinine (mg/dL) 1.22 £ 013] A72 L1055 L4 £ 032
eLFR (mL/min/1.72sqm) Gifh + 0 a51 4+ 211 5L24+ 1446
Urine I/ ratio {mg/ g} 260 4 1490 1850 + 1340 265 4 192

6 A at the time of biopsy (no/ yes) 17/0 H5/4 13374

Tacrolimus dose (mg/day ) filt £ 4.2 ECE ] A5+ 42

TAC Ly ing/ml ) mE o+ A0 F94846 93 x L7

MMF dose (g day) Lo £z 09 02 (06 = 1 e

Group [—normal pratocal biopsies; Group [I—biopeies with mjection: Group [l—peotecol biopsies with diffe e ot
histological phenotypes; e GFR—estimate d glomerular Altration rate acoording to the CEKDVEPL foemwila; urine
P/C ratio: protein bo creatinine rabio ia spot mormirg urine sample: D5A—HLA dororspecific antibodies;
[ACC r—tacrolimus trovgh levels; MMF—mycophenclate mofetd. Mean £ SDor raw numbers are emploved to
de seribe vanables.
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To evaluate whether them was an assoclation between subelinical inflammation and
donor/ meipient characiristics, transplankrelated variables, or immuncsuppression, we
compare patients in whom the protocol biopsy showed interstitial inflarmmation (i = 0) and
patients in whotn the prntn_'n| biopsay did not show interstitial infiltrates (i = (). Among
the evaluaked variables, subeclinical inflammation was assoclated with prolonged cold
ischemia time (p= 0.040) and lower tacrolimus trough kevels [ TAC-Cy) at the e of biopsy
ip = 0.002) Tables 3 and 4).

Table 3. Donor/ red pient characteristics and transplant-related variables according to inkerstitial
inflammation in the promcol biopsy

Varable FErare = 0 (ne 95 i-Scare > 1 (n = 28 pValue
Danar type (BDD/TDCD LY BES2T/ 14 2TIT 0490
Danar age (vears) e T Shd 15 QLE37
Danor gender (m/f Sa/43 2107 [l ]
Fecipient age {years) =E 574 14 453
Red pient gender (m/ f) a5/ 5 o]
First trans plant/ reta ns plant B/l Q=07
Class 1 HLA mismatch({A + B) 2E& 09 294 10 0521
Class 1 HLA masmatch (DR) 1.1 40 12406 [ B o ]
Chiss1 Eplet mismatch 14 & & 14 4 & 0545
(lass 11 Eplet mismatch 15410 17 £15 LS
FIRCHEI class 19+ 7 49 & 29 0s14
FIRCHE11 dass 11 M35 e 0596
D54 atthe time of transplant ino/ ves) Oy 3 M nmwd
Irduction (Basiliximab A TG) 546 24/ 14 0N
Cold ischemia tirme 126 & 69 1534 G2 o
OO0 Fimnd wes) /12 a7 naag
TCME before protocol biopsy (nodves) M/ 5 M2 10960

BDD—brain death donor; DED—dmation after ciiculatoey death; LD—living donor; TG F—de laged gralt
furcton; DSA—donoe-specific antibo dies. Mean = 50 or raw numbers are employed to desceibe variables.

Table 4. Data at the time of biopsy according to inter titial inflammation in the protocol biopsy.

Variable i-Scome = 0in= 99) i-Seore =1 (n= 38 =Wl ue
lure of Biopsy (months) L3+ 14 Lo+ 1.7 0169
Serwum creabindne (mg/dL) 1.5 +03 l4+03 074
eGFR (mL/mn/ 173 ) 52+ 14 B3+ 14 0.7
Lrme P/ ratio (mg g 5+ 26 39+ 148 11.331
54 at the tme of biopey (o) ves) %A i A
Taeralimus dose (mg/ day ) a7 +4.5 60 +33 1425
T 0t/ L) QF 27 82 +22 Qe
C/ Dtacrolmus (ngd mLS me) L7 2 (Loe-2 8000 154 (105198 0.2
OV TAC- G from day 7 b opey (%) 3654+ 233 3646+ 143 1.5
Fimein TR (%) a7 + 31 a9 + 33 0738
lime abive TR (%) 24 +28 17+ 26 0154
Ture be ks TR (%) 7+ H 10 = 18 0,303
BAF dose (g day) 940z 09+ 02 075
eGFR de cline (mL/min/ 173 m fvean &+ 4.3 L1+ 29 163

el P R—edtimated glomerular fltration rate by MDED-4 fommula; urine P/C rabo—urine protein creatinine mbio;
[AC-Cy—tacrolimue tough kvels a the time of biopey: O of TA CCp—oce fMicient of v ariabality of tacrolims:
O D—coneentmation dose ratio of tac olimus, Mean = 5D or raw numbers ag emplyed to desenibe vanables.
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Danor and recipient demographics, HLA mismatches at the allelic or molecular kevel,
the presencoe of delayed graft function, the timing of the biopsy, and mnal function did
not differ between groups (Table 3). At the time of biopsy, three out of four patients with
DA displayed subelinical ABME. Multivariate logistic regression analysis showed that
TAC-C (odds ratio [OR]: 0.76; 95% confidence interval [C1] 0.63-0.92; p-value = 0.004)
wias associated with Fscom = 0w hik cold ischemia time was on the verge of significance
(0R: 1.06; 95% CL.0.99-113; p-value = 0.077).

2.2 Transoriptome Analysis by Microfluidi s

The gene expression n the thee groups of blopsies was firgly analvzed by principal
component analysis (PCA), and it can be observed that biopsies from group | (noamal) and
biopsies from group 1 { TCME/ABMR) cluster in different areas of the plotw hike the largest
sample of protocol biopsies (group 1) clusters in between (Figure 1). The most relevant
genes in PCA were ADAMDEC], CCLS, CLECAC, CXCL13, and CXCLY for compornent 1;
and COL1IAT, NPHS1, NPHS2, SLC22A2, and SLC4AT for component 2. As expecded, the
e expression comparison between group [ and group 1 {adjusted p-value < 0,01 and
fold ehange = 3) vielded as many as 111 differentially expressed genes (Sup pleme ntary
Table51). These 111 genes extracted from the list provided by the Banff group [14] were
mainly mlated to TCME (72 genes), ABME (16 genes), and tissue damage (8 genes).

»
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- »
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—n- -
.
-3 ] 40
PL4ET %

Fgum 1. Principal com ponent analy sisw ith the ex pression of 307 genes in the diferent study groups

2.3, Transcriptome Analysis and Clinical Variables

We evaluaied whether there was an association between TAC-Cy at the time of biopsy
and the 111 genes associated with rejection (Supplementary Table 52). In group | (strictly
normal protocol biopsies) there was a close correlation between TAC-Cy at the time of
biopsy and expression of IKZF3 and CD2 genes (Figure 2). Conversely, in group 11 (blopsies
for cause with TCME/ A BME) there was no correlation between TAC-Cy at the time of
biopsy and the expression of any gene. Finally, 19 genes mainly melated to TCME (12 out of
19} correlated with TAC-Cy in group 11

82



Int. . Mol Sa. 2024 25,3189 6ol 16

@ Groupl. Normal biopsies {n=17)
@ Group it Biopsies for cause {n=12)
@ Group il Protocol biopsies (n=137)
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Figure 2 Correlation between tacrolimus trough levels (TAC-Cy) at the time of bicpsy and the
expression of IKZF3 and CD2 genes in the different study groups.

Unsupervised cluster analysis allowed two clusters of biopsies to be defined, one
containing all normal protocol biopsies (with one exception) and the other containing all
biopsies with rejection (Figure 3).

Heatmap with selected genes
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Figure 3, Heatmap of the 19 genes correlated with tacrolimus trough levels (TAC-Cg) at the time of
biopsy in the different study groups.
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Protocol biopsies from Group [l were distributed in a similar proportion in both
clusiers (77 in Cluster 1 and 60 in Clusier 2). We compamed both clusiers of biopsies from
group 111 and observed that older donors and lower tacrolimus trough levelsat the time of
biopsy were grouped in cluster 2 (Table 5).

Table 5. Donor/ veci pient characteristics, transplant-related variables, and data at the time of biopsy
in patients from both clusters accord ing to gene expression.

Variable Cluster 1 in=77) Cluster 2 (n = &0 p-Value
Do bype (B DD DACLDS LLY) 4717713 1 T W [i%
Donor age (y ) M+ 13 il 4+ 15 Y RENTE
Patient age (y) M3 515 ns
Patient sex (m/f) 2 24 Anf22 ns
First transplant/ retransplant [ 49411 ns
Class 1 HLA mismatch (A + B) 27+ 10 A0+10 (RN
Class I1 HL A mismatch [DE) 1.1+ 07 L2+l 1571
HLA eplet class [ mismatch 13+6 1547 (106
HL A eplet class Il mismatch 4+11 16+ 9 0335
HLA ALY t‘pk‘t DEE mismatdh 2B+ 14 N 1L 15
HLA ABY eplet DOB mismatch 2h+ 26 25423 0757
PIRCHE-11 d ass | 48 £+ 24 hd + 24 L4416
PIRCHE-II class 1l 34 +28 M1y v
Induct on (basliximab, thymoglobuling M3 13/27 ns
LG F(n/y) &7/ 10 alsw ns
TCME before protocd biopsy (n/y) 7/8 a8 /2 rs
el FR{ml/ min/ 1.73 sqm ) biopsy SR 3l + 16 ns
Urinary protein/creatinine (g/ g) biopsy 0.24 1017 03004 ns
TAC-Cy {ngy/ mL) biopsy UB+ i a1 (133
CV of TAC-Cy from day 7 to hiopay (74 Mo+ 224 W2+ N5 0.2453
Timein TR (%) i 4+ 32 AU+ 30 (430
Time above TR () 5+ 15+ 235 0304
Time below TR (%) 5415 12+ 18 NI
MW dose (g/day) na+0.2 09402 ns
eGFR decline (mL/ min/ 172 m?/ year) DZx3d7 159=x 41 Q.0145

BDD—brain death donor; DED—dmation after ciculabay death: LD—living donor; DG F—delayed gralt
funcbon; TCME T celbmediaked gpecion; M—oormal; Bl—bonde dine beaions: SCR—subelinieal e clion
[FTA—inte rstibial Abrosis—and tubular atrophy; eGF R—estimated glomenilar flbration eabe; TA CCp—tae olimus
trough levels at the tme of blopsy. Mean & S0 or rasw numbers are employed to describe varlables.

Moticeably, subelinical mjection including borderline lesions (19 out of 24 cases) and
biopsies with IF/TA + i (Soutof 14 cases) also tended to be grouped in cluster 2 (Figure 4).
Loglistic regmssion analysis showed that only TAC-Cy at the time of biopsy ({OR: (L83, 95%
CL 0.7 20096, pvalue = 0.0117) was associated with cluster 2,
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Mumber of cases
::nl'

Cluster 1 Cluster 2
Mormal BIFTA W Borderline BSCE WIFTA+H

Figure 4. Histological diagnoss in the two cluster s of biopse s was defined according to the gene
expression of the 19 genes correla ted with tacralimus trough levels (TAC-Cq) at the time of biopsy.

24 Renal Outcome ard Protoml Biopsies

At a mean follow-up of 70 + 30 months, the mean deeline in renal function was
0.9 4+ 39 ml/min,/ 173 m* fyear nn the group of patients with a protocol biopsy (group 110).
While the mean arnual decling in renal Rinction did not differ sigrificantly between patients
with (i = 07 orwithout inflammation {(—1.1 £ 29vs. 0.8 + 43 mL/ min/1.73 rrnycaJ;
Table 4), it was sigrificantly higher in patients from cluster 2 than in patients from cluster 1
(—19 +£4.1 vs, —02+ 37 mL/min/ 173 m*/ vear; p = (L0135; Table 5). Moreover, this
difference was ndependent of the presenoe of miflammation inthe protocol biopsy (cluster 1
withi=0i{n=66) —0.20 £ 3.9; cluster 1with i=0({n= 11} +0.19 &£ 1.99; p = 0L.691; and
cluster 2with i=0{n=33) 203 £ 4.5 clusker 2withi=0{n= 27) =1.71 £ 3.233; p = 0.763).

The total number of patients developing de nowvo DSA during follow-up in our cohort
was low (n = 4; 2.9%). Kaplan-Meier analysis showed that patients with and without
inflammation have a non-different rate of development of de novo DSA (p = 0.876), whike
this rate ended o ke higher in patients from cluster 2(p = (0L07 3]

3. Diiscussion

We conducted a prospective study ona set of 4-month protocol biopsies to evaluate
whether validated rejection-associated transcripts ame associated with tacrolimus exposumr
at the Hime of biopsy, The main findings of our study amwe thatwe confirm the discrimination
capacity between normal and repction biopsies of a large set of these genes and that the
expression of 19 rejection-associated rarecripts inearly protocol biopaies is associated with
tacrolumus exposure at the time ofbiopsy, Cluster analysis using this set of 19 genes ident’
lied a pool of patients with a higher proportion of inflammatory phe noty pes, including
TUME, borderlire lesions, and IFTA with inflammation Interestingly, patients from this
cluster had less exposure to tacrolimus and displaved a faster decline in renal function
during follow-up. The low rate of de novo DSA development in our eohort (2.9%) limits
further analysis of s assoclation with subclinical infl amimation. Thus, our ks suggest
that adjusted immuncsup pression during the early months after transplantation favors a
better control of the inflammatory resporse without deleterious effects on reral function in
the mid-termm.

Tacrolinus isthe mamstay of rimunosuppiessive regimens for kidney transplantation
sinee it prevents T eell activation and proliferation. A lthough tacrolimus educes the acuke
rejection rate and improves short-term outeormes atter kidney transplantation, it is associ-
ated with both acute and chronie nepleotosdeity and triggers serious side effects. Although
monitorng of tacmolimus exposumre reles on cinical practice for determining trough levels,
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the e is no agreement on the target kevels during the first vear in renaltrangplant ecipients.
While the largest clinical trial suppored the minimization of tacrolimus exposure [20]
one randomized elinical trial has shown that in case of steroid discontinuation and B
reclucion, maintaining TAC-Cy » 7 ng /mL after the fourth month reduces the risk of acute
wjedion and appearance of de novo DSAs without herasing renal toxieity [15]. Similarly,
in low-immunologicakrisk mnal wansplants treated with TAC, reduced MME and low-dose
steroids, TAC-C ) levels are associated with subclinical inflammation in patients monitored
by protocol biopsics [16]. Additonally, it has been described that the effect of tacrolimus
trough kvels was modulated by the meipient’s baseline alloimmune risk, as defined by
their class 11 HLA donor-recipiente plet mismatch [15]

In the present study, we analvzed whether inkerstitial inflammation is assoclated with
clinical characteristics of donors and recipients a8 well as with transplantrelated variables.
I our cohort, the presencee of niterstitial inflanenation was associated with lower TAC-Cy
at the Hme of biopsy and with longer cold ischemia Gme, but itwas not assoclated with
miid-te rm renal function deterdoration or the development of de novo DSAL Importantly, in
our cohort, as inseveral others [6,16], few casos met the criteria for subclinical borderline
mwejection (11.7%) or TCME/ABME (5.8%). Since the presence of interstitial inflammation
(1= 0) in othe rwise nommal biopsies has been associated with 15-year death-censored graft
survival [6] ina similar way to SCR, we chose this threshold for our analysis. Notably,
in other studies ineluding patients treated with a stercid-free regimen, the incidenc s of
borderline rejoction and TCME were sigrificantly more frequent (31% and 2008%) [21]. In
this study, the authors did not find associations between TAC-Cy and subelinical inflamma-
tion, but it should be noted that at the time of the 3-month protocol biopsy, the TAC-Cy
average was close to 10 ng/mL [22] Inthis study, SCR within the first post-transp lant
vear is associated with a signilicantly greater hazard of subsaquent clinical rejection and
death-censomed graft loss. On the contrary, other shudies have shown that T celbme diated
inflammation detecied in protocol biopsies mostly meflects the injurv-repair response o
implantation stresses and has litte relationship with future events and outcomes [23].
Acute kidney injury (AKI) after renal trareplantation can also induce interstitial infiltration
and tubulitis [24] kading to a histological picture indisinguishable from that of TCME.
In this sense, in our cohort of protocol biopsies, we observed an assoclation betwen in-
terstitial inflammation and longer cold ischemia time. Thus, the presence of interstitial
inflammation is urcommon in our cohort of low-immunological-risk kidney trarsplants
maintaining steroids (27.7%) and it is associated with tacrolimus exposure and cold is-
chemia time, suggesting that both immune and non-immune factors may contribute to
subclinical inflammation in wellfunctioning grafts.

The disagreement between different studies on the prevalence of subelinical inflamma-
tion and its association with later elinical outeomes is partly explained by the irelusion of
different populations and diffeent maintenance mmunosuppression reg mens, Howeves,
there is general agreement that conventional biopsy assessment is limited due to poor
interobserver rep roducibility of individual kesions [11,25] To overcome these limitatiors,
it has been proposed that molecular phenotyping be incorporated. The application of
microarray s to transplant biopsies has been an ongoing effort by many groups and the inter
pretation of molecular changes alded by the understanding of their biological mechanisms
led to the grouping of diffe rent transcripts [10,14,26,77]. To summarize information derived
from EMNA microarravs, which evaluate thousands of genes, in the last reports of the Bandt
mectings gene sets containing a few hundred genes related o TCME, ABME, tissue-repair
injury and other pathways leading to graft dvsfunction were described [6,26,2529). In
the present study, we evaluaed the panel of genes described in the Banf meeting in 2017
via ET-PCR [14]. As expected, we confitm the discrimination capacity of a high number
of these genes (111 out of 308 evaluated genes) to differentiate normal protocol biopsies
from biopsies for cause with mjection. In the principal component analysis, we observed
that TCMB-selective penes expressed in acivated eflector T cells (ADAMDECT ) and genes
encoding different oy tokines and their rece ptors mainly welated to TCMR (CCLS, CXCL13
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and CXLC9) wem the most relevant in component 1, whilke genes encoding matrix pro-
teins and solute ransporters (COL1AL SCL22AZ and SCL4AAT) weme the most relevant in
component 2,

Regarding the derived gene set, we were interested in evaluating its relationship with
tacro limus exposure at the time of biopsy. We lound that 19 of these 111 genes, mainly
melaked to TCME, were mildly corelated with TAC-Co, suggesting that a higher tacrolimus
ex posure contributes to a better control of subclinical inflammation. Interestingly, in the
small set of normal protocol biopsies, we observed a close correlation between TAC-Cy
and the expression of 2 out of these 19genes (IKZF3 and CD2, Figu e 4) IKZF3, expressed
mostly inthe lymph and spleen, is found in several immune cell ty pes, including B cells,
MK cells, CId+, and CD&+ T cells. It is ex pressed moest strongly in B oells and studies of
[FAFS knockout mice indicate a critical role for IKZF3 in B-cell differentiation, maturation,
prolikeration, and T celbdependent B-cell mesponses. [K2F3 is upregulated in pre-B cells,
and it has been found to play a role I executing the fransition from large pre-B aells
to small pre-B cells during normal Becell development. [KZF3 has also been found to
play an important wole in T cell regulation. It is expressed in interleukin-17-producing
helperT cells and promotes differentiation through silencing of interkeukin 2 producion.
Fecently, it has been shown that IKZF3 s upregulated not only o ABME but also in TCMRE
urinary cell specimers suggesting that B aells may play a more active role in TCME than
previously rocognized, perhaps functioning as classical antl gen-presenting cells [30-32].
The CD2 family of costimulatory and adhesion molecules has also been shown to play
a significant role n the execution of an alloimmune response sinoe it is constitutively
ex piessed by all T cells and upregulated upon antige n recognition. Importanty, CD2 is
mome highly ex pressed on effector memory T eells wlative to central memorny T aells and
therefore more effectivel v targets those cells that are poised torapidly exert effector function
upon encounter with cognate antigen. In addition to its role in facilitating the adhesion
of T aells to antigen-presenting cells during the immunological synapse, CD2 ligation
mesults in the direct transmission of co-stimulatory signals to promote T cell aclvation and
differentiation [3334]. Importantly, in the evaluated set of biopsies, the expression of these
19 genes associaked with TAC-Cy and split our protocol biopsy group into two clusters
one containing all but one normal protoco ] biopsies and the other containing all mjection
biopsies. The large set of protocol biopsies was distributed ina similar proportion in both
clusters. Patients with protocol biopsies grouped in cluster 2 received a lower exposure to
tacrolimus, showed more frequently an inflammatory phenotype, and displayed a faster
decline of renal function in the mid-term. Thus, our esults suggest that more adjusted
immuncsuppression during the early months after transplantation favors a better control
of the inflammatory resporse and better preserving renal function in the mid-term.

O effort to detect associatiors between gene expression, tacrolimus exposure, and
HIA compatibility at the allelic or molecular level did not show significant associations
in the multivariate analysis. It should be mmarked that HLA typing in this cohort was
performed according to clinical practice and thus, higheresolution HLA tv ping was not
performed and the availability of HILA typing for all loci (especially DO was limited.
However, i this cohort of successfully mmunosuppessed enal transplant recipients, the
number of patients developing de novo DSA was very low (2.9%) and although patients
from eluster 2 ended to develop de novo DSA more frequently, this association did not
reach statistcal si gnificarc e. Additionally, the present gudy has other important limitations,
since assoc iations between tacrolimus exposure and histological findings or gene transeripts
wee based on a single determination of TAC-Cy onthe day of biopsy and a more mefined
evaluation of tacrolimus pharmacokinetics (e.g, amrea under the time—concentration curve)
or pharmacod ynamics ez, calcineurin activity) was not done. Finally, patents in group
Il facute rejection) underwent biopsies later in comparison to patients in the other groups
(protocol biopsies), and the impact of biopsy timing on gene expression has been widely
acknowled ged [11,35,36]
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4, Materials and Methods
4.1. Patients

We considemd wnal transplants included in a prospecive, observational study with
anearly {at 3=5 months) protocol Blopsy peformed between 2012 and 2019 as previously
described [16] Surveillance biopsies were performed in patients fulfilling the follow ing
criteria: (a) serum ereatinine lower than 2 mg/dL; (b) stable renal function defined as
avariability of serum cratinine lower than 15% between the determination at the time
of biopsy and the previous one; (¢) urirary protein ceatinine ratio lower than 1 g/ g
{d) non-use of oral anticoagulants; {e) nor-techrical difficulties to perform a enal biopsy
(e.g., patients with large abdominal obesity, patients with large perirenal hematomas or
patients with an idiomatic bamier were not considered ) and (f) written informed consent.
Two control groups of biopsies were selected from ourbiobank: strictly normal protocol
biopsies (group 1, n = 17) and biopsies for cause witheither TCME or ABME (group 11,
n = 12) to generate a set of genes associated with rejection.  Later, we selected a large
sample of protocol biopsies (group I, n= 42) to evaluate whether gene expression was
associated with donor and recipient charactefigtics orthe infensity of Immunosuppression.
The flow chartof the study is shown in Figume 5.

January 2012 = December 2019 Patient’s death n= 7%
Renal transplants

M =033 Dual transplants n=15

Graftloss n= 44
Comblined transplant n= 22

I » Contraindications n= 58

Dlagnostic blopsy around 3 months n=91
Sarum creatining » 2 mgfdLn= 97
Prateinuria> 1 g/g n=29

Patient non consantn=111

T T

Mon valid samples
M=5

3=5 maonths PB Biopsies for cause with rejection
M=397 M=853
L L
FEB Group L. Strictly normal PB Group Il. Biopsies far cause with rejection
N=158 | N=17 N=12
— Differentially expressed genes

Group lll. Gene expression in PB according to O/R characteristics & immunosuppression

N=137

Figure 5. How dhart of the patients and W opsies induded in the shady, PER—protocol biopsies.

Demographic characteristics of donors and recipients as well as transplant-related
variables were recorded. Patients wem followed inthe outpatient ama and the decline in
menal fundion was estimated from the lnear regression of all available measumements and
expressed as ml/min/1.73 m /vear to adjust for the different timings of follow-up.

The present study has been approved by our Fthics Committee (Comité Fieo de
Irwvestigacion Clinica del Hospital Universitari Vall d"Hebron PRIAG)369 /2014, approval
date 1 Decemnber 2014) and all participants signed written nformed consent. The study was
conducted by the Declaration of Helsinki and ad hered to the Principles of the Declaration
of Istanbul on Ongan Trafficking and Transplant Tourism
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4.2 HLA Typingand HLA Antibodies

The meipients” and donors’ HLA typing was petformed by DNA-based low-meso lution
tvping with sequence-specific primers (550°). For class 1A and B loci) and for class 11 {DR
locd), results were available for all donor/ weipient pairs. HLA O tv ping was available in
116 cases from donors and 47 cases for recipients. HLA DO loci typing was available for
40 donors and 26 recipients.

The HLA Matchmaker program {Rene Duquesnoy, 2016, University of Pittsburgh
Medical Center, Pitsburgh, PA HLA-ABC Eplet Matching Version 3.1 and DEDOQDP Eplet
Matching Program V3.1 from http:/ /S wwwe pitopes. net/ dow nloads. html, {(accessed on
17 Movernber 2022) was used to calculate eplet scores. Donor and recipient tvping was
conve tted to high resolition using a local fiequency table typed by sequence-based typing,
Total numbers of incompatible eplets and antibody-verified e plets were caleulated.

PIRCHE-II scores were calculaked using version 3.3 from https: )/ Swww pirche org
{accessed on 22 May 2023). The MNethMHC Dpan 30 algorithm predicted norameric-binding
cores of donor mismatched HLA-derived peptides that could bind to meipient HLA-DEEL
For cases with only low-resolution HLA tvping, PIRCHE-II generates a potential high-
msolution HLA tvping and PIRCHE-1 was caleulated for each potential ty ping for both
donors and recipients. These values were weighted by haplotype frequencies in the general
population as validated ina previous study [37].

AntiFHLA antibodies on the day of transplant, biopsy, and during follow-up wenr
determined using a single-antige n class-1 and class-11 flow beads-assay kit (LIFPECODES,
division of Ilmmucor, Stanford, CA, USA) Beads with a normalized MFL = 500 wen
considered positive if (MFL/MFE] lowest bead) = 5.

4.3 Immunosippresson

Induction and maintenance o f Inmunosuppiession withtacm lenus, MME, and steroids
woere performed as previously described [16] Target TAC-C levels during the Hrst 2 months
were 812 ng/mland 6-10 ng /mL thereafter. Exposure to tacrolimus was evaluated us-
ing a concentration dose ratio (C /1), coefficient of variation of TAC-Cy until the day of
biopsy, and TAC-Cp at the time and time in/above /below therapeutic range of biopsy, as
previously described [35]

4.4 Biopsies

Ultrasound-guided renal biopsies were performed with a 160 automated needle,
and 3 cores of Hssue were obtained: one was processed for optical mictoscopy; one was
embedded in OCT for immuno luorescence and the other one was stored in RNA laker
Histological ksions were evaluated according to the last Banff criteria [9] and the de finition
of borderline changes were foci of tubulitis (t11-t3) with mild interstiial inflammation (i1} or
mild tubulitis (t1) with moderate-severe interstiial inflammation (2-403). C4d was gtained
with ndimet immuno fluowsenae with a monoclonal antibody (Quidel, San Diego, CA,
UsA) and deposition in peritubular capillaries was graded according to the Banff crieria,
The third com was stored with Ambion™ RNAlaed™ Tissue Collection at —80°C (A pplied
Biosyvsterns, Austin, TX, LA

4.5 Analysis Usng Fluidigm Miooluidics Dynani c Arrays

Total BRNA extraction, assessment of ENA quality, and cDMNA synthesis were done as
previously described [13]. The aim of the study was the quantitative analysis of 318 genes
(308 target genes and 10 housekes ping genes: ECD, EIF1, FUBPS, GGNEP2, GNE1, RPN,
RPNZ, SERBI], UBC, UBE2DD3) in the biopsies. The 308 target genes were selected from
a listof identified, non-mepeated prime gene lists ppored in e Banfl 2017 meetng [14].
For this purpose, we used the Blomark HD Nanofluidic Quanttative PCR (qI'CR) system
(Fluidigm Corporaion, San Franeiseo, CA, USA) combined with GE 9696 Dynamic Arravs
IHCs. For sequence detection, predesigned Primetime gl’CR primer assavs or custom
primer assavs were used for amplification and detedion using the EvaGreen fuorodhrome.
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The assays have been divided nto four 10T assay plates and all house keeping genes have
been included in all plates. Samples wer treated with Exonuclease 1{Exo ) (Thermo
Scientific ENIGS2, Willmington, DE, USA) to remove unincorporated primers. QLAGEN®™
Multiplex PCE Kit Cat MN.206143 (Hilden, Germany) was used for the specilic target am-
plification. According to the manufactumr’s instructions, 13 genes wemr eliminated due
to pokental amplification of genomic DNA and 12 geneswer also not considered due to
lack of expressionin more than half of the samples. The analvsis of the expression of the
cDNA was performed with Blomark HD Nanofluidic qlPCR system (Fluidi gm Corporation,
San Francisco, CA, USA) combined with 96,96 Dyvnamic Arrays [FCs by employing the
Master Mix Sso FastTM Eva Green™ Supermix with Low ROX (Bio-Rad Laboratories, Her
cules, CA, USA) The Ct (Cyvele Thieshold) data and the Quality Call of the amplification
curve were determined by the Fluidigm Real-Time PCR Aralysis Software version 4.1.3.
Sarmples with a Ct value higherthan 27 (n = 5) were eliminated sinee they am not meliable
aceord ng to Fluidigm, the owner of the tedhnology (https S Swww luid igm . com, acoessed
on 21 December 20200 All procedures were conducted as part of the genomics and pro-
teomics service of the Universidad del Pais Vasco Science Park (Centro de Biokeenologia
Maria Goyvri).

4.6 Statidics

Results am ex pressed as raw numbers for categoricalvariables, as the mean & standard
deviaion for continuous nommally distributed variables and median (interquartile range)
for non-normally distributed variables. To compare unpaired data, Fisher's exact test,
Mann-Whimey U test, Student’s f-test, Kruskal-Wallis, and analysis of vardance wemr ap-
plied accord g to the distribution of variables. Logistic regression analy sis wasemploved
for mulvarate analysis. Kaplan-Meier analysis was emploved for survival analvsis
with a log-rank test for comparisons between groups, All p-values were two-tailed and a
p-value < 0.05 was corsidered significant.

4.7, Bioinformatic Anayss

Bicinformatic analysis was performed at the Statistics and Bioinformatics Uniti UEB) of
the Vall d'Hebron Insttute of Research (VHIE, Barcelona, Spain). The analy ses wem carried
out with the statistical program “R” (Rversion 36.3 (), Copyright (C) 2021 The B Foundation
for Statistical Computing, https:/ Swww B-project.org/, accessed on 29 Febmary 2020). A
comprehensive quality contmol process was applied to assess the sultabilty of all samples
for inclusion in the study, The calculation of relative quantification (RO = 27840 was
performed aceording to Livak's method [39]. A principal component analysis (PCA) was
performed to describe how the samples are grouped according to the Ct values obtained.
Because the variability between genes used as normalizers was low, all were used as
housekeeping geres. The geometric mean of the Ctvalues of the housekee ping genes
was cbtained as described by Vandesompele et al. [40] In the proaess of normalizaton,
the Ct values of each gene were subtracted from the geometric mean value of the two
housekeeping genes selected to obtain the ACt values. Later, they were used to malke
comparisons. Spearman'’s correlation between the expression of each of the geres and
tacrolimus levels was pedormed to select significant genes follow ing criteria of old change
(FC) and statistical significance (FC = 3 and p-value < 0.01).

5 Cone lu sions

In summary, we evaluated a cohort of patients with an early protocol biopsy and
observed that lower tacrolimus through the kevel at the time of biopsy was associated
with interstitial inflammation and a higher ex pression of reje ction-associated transcripts in
stable grafts. Cluster analvsis allowed the detectionof a group of patients who had lower
tactolimuis through kevels at the time of biopsy, who showed an hilammato ry phenotype
and displayved a faster decline in wnal funcion in the mid-term Thus, our results suggest
that adjusted immunosuppression during the early months after transp lantation fav ors
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better control of the inflammatory response without deleterious e fects on renal function
inthe mid-erm Furthermore, although transcriptomic analysis is not curmre ntly widely
available in most reral rareplant units, its future integration into clinical practice could con-
fribute o improving the management of immunosuppression in renal transplant recipients.
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Abbreviations

ABME Antibody-mediated rejection.

DaA Donor-specific HLA antibod ies.

FC Fold change.

FDR False disoowvery rate.

eGFR Estimated glomerular filtration rate by CEDCEPL formula

IF/TA Interstitial fibrosis and tubular atrophy.

[F/TA +i  Interstitial fibrosis and tubular atrophy with inte rstitial infiltra tes.
SR Subclinical rejection

TAC-Cp Tacmolimus trough levels

TCME T cell mediaked mjection
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Este trabajo de investigacion se origina a partir de un proyecto que tenia como objetivo
principal definir la relacion entre las distintas formas de monitorizacion de los niveles
de TAC, la inflamacion subclinica, la fibrosis intersticial/atrofia tubular y la expresion de

genes de rechazo en biopsias de seguimiento en trasplante renal.

La monitorizacion del injerto renal se fundamenta en la observacién de parametros
clinicos en sangre, como la creatinina sérica, la proteinuria y los anticuerpos HLA, asi
como en la monitorizacién farmacoldgica e histologica. Hace méas de tres décadas,
algunos centros iniciaron programas de biopsias de protocolo, revelando que injertos
con funcion renal estable presentaban cambios histolégicos de rechazo, conduciendo
a la definicibn del rechazo subclinico (RSC). Aunque la histologia proporciona
informacion significativa, subsisten limitaciones en su interpretacion, especialmente en
relacion con cambios BL y fenotipos incompletos de rechazo mediados por
anticuerpos. La incorporacién del andlisis del transcriptoma puede contribuir a

caracterizar mejor estos fenotipos incompletos.

En nuestro primer trabajo titulado: “A Rejection Gene Expression Score in
Indication and Surveillance Biopsies Is Associated with Graft Outcome”, el
objetivo era caracterizar la expresion de genes de rechazo en biopsias por indicacién y
en biopsias de seguimiento con diagnosticos de rechazo subclinico, cambios
borderline y FI/AT.

Para este primer trabajo se revisaron biopsias realizadas en nuestro centro desde julio
del 2015 hasta agosto del 2018, se realizaron 435 biopsias durante este periodo. En
181 casos se dispuso de un tercer cilindro renal para estudio de genes mediante
técnica de microarrays. Para el estudio no se incluyeron pacientes con hallazgos
histologicos de recidiva de patologia de base, nefropatia diabética, pielonefritis o
nefropatia por poliomavirus BK, quedando un total de 161 casos. Finalmente del total
de biopsias se escogieron de forma sucesivas las biopsias con diagnéstico histolégico
normal, rechazo subclinico, rechazo clinico, cambios BL y FI/AT; quedando los grupos
conformados por 45 biopsias por indicacion y 51 biopsias de seguimiento (total n=96)

con los diferentes diagndésticos histologicos.

El primer paso fue utilizar un andlisis de componentes principales (ACP) para observar
la distribucién de los grupos. Se observaron 7 grupos: biopsia normal: Normal-S
(n=17); biopsia de rechazo por indicacién: REJ-C (n = 12); biopsia de seguimiento con
rechazo subclinico: REJ-S (n = 6); cambios borderline en biopsias de indicacién: BL-C
(n = 13); cambios borderline en biopsias de seguimiento: BL-S (n= 12); fibrosis

intersticial y atrofia tubular en biopsias de indicacién: FI/AT-C (n= 20); fibrosis
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intersticial y atrofia tubular en biopsias de seguimiento: FI/AT-S (n= 16). EI ACP
mostré una separacion entre las biopsias normales y biopsias con rechazo, quedando

entre medio de estas las biopsias con diagndsticos de BL o FI/AT.

Posteriormente, describimos los genes mas diferencialmente expresados entre
biopsias por indicacion y biopsias de seguimiento. Se obtuvo un total de 109 genes
expresados mas diferencialmente (valor de p <0,01 y fold change (FC)> log 1,75), tras
lo cual calculamos la media geométrica de estos genes para definir un score asociado
a rechazo (RAG-score). Este score estd constituido por genes relacionados con la
presentacion de antigenos, activacion de células T, proteinas citotdxicas, expresion de

guimiocinas, transcripciones de células B y células plasmaticas.

La binarizaciéon del RAG-score para clasificar las biopsias como positivas o negativas
para rechazo (con un punto de corte de positividad =5.89), mostr6 un RAG-score
positivo en el 83 % de las biopsias REJ-S, en el 38 % de las biopsias con BL-C, en el
25 % de las biopsias FI/AT-C, el 17 % de las biopsias con BL-S y el 5 % de las
biopsias con FI/AT-S. La variabilidad en el RAG-score en estos grupos indica que

existen pacientes con y sin sefiales de rechazo en cada categoria de diagnostico.

Al realizar la regresion de Cox en el andlisis multivariante, observamos que un RAG-
score =5.89 fue un predictor independiente de los diagndsticos histol6gicos sobre la
evolucion del injerto (HR: 3.5, IC 95 %: 1.1-10.9; p = 0.031). Una puntuacién RAG
positiva, predice el prondstico del injerto en biopsias de seguimiento y biopsias de

indicacién, que tienen un fenotipo incompleto de rechazo.

En nuestro segundo trabajo, titulado “Progression of Interstitial Fibrosis and
Tubular Atrophy in Low Immunological Risk Renal Transplants Monitored by
Sequential Surveillance Biopsies: The Influence of TAC Exposure and
Metabolism”, exploramos una cohorte de trasplantados renales de bajo riesgo
inmunolégico (n = 85) tratados con TAC, MMF y esteroides. Disponiamos de biopsias
de seguimiento pareadas realizadas a los 3-6 meses y a los 12-18 meses
postrasplante. Analizamos las lesiones histol6gicas y su asociacion con parametros
del metabolismo de TAC: niveles de TAC-Cy al momento de la biopsia; Coeficiente de
variabilidad del TAC, tiempo en rango terapéutico y relacién C/D de TAC durante el

seguimiento.

Observamos que la inflamacién intersticial (puntuacién i-Banff = 1) en la primera
biopsia de seguimiento se asocioé con niveles inferiores de TAC-Co, (OR: 0,69, IC 95

%: 0,50-0,96; p = 0,027). En la segunda biopsia, la inflamacién intersticial se asocio
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con el tiempo por debajo del rango terapéutico (OR: 1,05 y IC 95 %: 1,01-1,10; p =
0,023). La inflamacion en areas con fibrosis (puntuacion i-IFTA = 1) no se asocié con

ninguno de los pardmetros de evaluacion del metabolismo del TAC.

Observamos progresion de la FI/AT en 35 casos (41,2%). Los pacientes con un
metabolismo mas rapido (relacion menor de C/D de TAC), presentaron una mayor
progresion de FI/AT, sugiriendo que la nefrotoxicidad de TAC puede contribuir a la
progresion de la fibrosis en pacientes estables. Ademas, se ha descrito una asociacién
entre los metabolizadores rapidos y una menor funcién del injerto renal, una mayor
incidencia de nefropatia BK y una menor supervivencia del aloinjerto 3437, En el
andlisis multivariante, observamos que tanto la media de C/D de TAC (OR: 0,48; IC 95
%: 0,25-0,92; p = 0,026) como el grado de FI/AT en la primera biopsia (OR: 0,43; IC
95 %: 0,24-0,77, p = 0,005) se asociaron con la progresion de FI/AT.

Por otro lado, aunque la inflamacion subclinica se asocia con la progresion de FI/AT
45138 en nuestro estudio no encontramos esta asociacién probablemente en relacién

con la baja incidencia de inflamacion y el bajo riesgo inmunoldgico de los pacientes

139,140

Por dltimo, en nuestra tercera publicacion titulada: “Expression of rejection-
associated transcripts in early protocol renal transplant biopsies are associated
with tacrolimus exposure and graft outcome”, analizamos la asociacion entre la
inflamacién intersticial, la expresion de genes de rechazo y la implicacién de la

inmunosupresion en la modulacién de estos genes.

En nuestro estudio incluimos tres grupos de pacientes: pacientes con una biopsia de
seguimiento normal a los 3 meses de trasplante (grupo |, n = 17); pacientes con
biopsia por indicacion con rechazo, ya sea RMC o RMA (grupo Il, n = 12), y una
cohorte de pacientes con biopsia de seguimiento a los 3-4 meses que mostraban

diferentes fenotipos histoldgicos (grupo I, n = 137).

En el grupo Il (n = 12), hubo una combinacion de casos con RMC (n =5), RMAca (n
= 5) y rechazo mixto (n = 2). En el grupo lll, solo biopsias de seguimiento (n = 137)
constaban las siguientes categorias histolégicas: cambios no especificos (n = 40),
RMC subclinico (n = 5), RMA subclinico (n = 3), cambios borderline (n = 16), FI/AT sin

inflamacion intersticial (n = 59) y FI/AT con inflamacion intersticial (IF/TA + i) (n = 14).

Para evaluar si hubo una asociacion entre la inflamacion subclinica, las caracteristicas

del donante/receptor, las variables relacionadas con el trasplante y Ila
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inmunosupresién, comparamos pacientes con inflamacion intersticial (i > 0) y
pacientes sin inflamacion intersticiales (i = 0) en las biopsias de seguimiento. Entre las
variables evaluadas, la inflamacion subclinica se asocié con un tiempo prolongado de

isquemia fria (p = 0,040) y menores niveles TAC-C, a la biopsia (p = 0,002).

La expresion génica en los tres grupos de biopsias se analiz6 en primer lugar
mediante analisis de componentes principales. Utilizando RT-PCR en tarjetas
microfluidicas para analizar los genes descrito por el Grupo de Banff en 2017 25,
Encontramos que 111 de los 308 genes evaluados se diferenciaron entre biopsias de
seguimiento normales y biopsias por indicacién con rechazo. Estos genes estaban
relacionados principalmente con RMC (72 genes), RMA (16 genes) y dafo tisular (8

genes).

Evaluamos si habia una asociacion entre los niveles TAC-Co en el momento de la
biopsia y los 111 genes asociados con el rechazo. En el grupo de | (biopsias de
protocolo normal) hubo una estrecha correlacién entre niveles de TAC-C, a la biopsia 'y
la expresion de los genes IKZF3 y CD2, ambos genes implicados en la regulaciéon y
activacion de células T 144142, Por el contrario, en el grupo Il (biopsias por indicacion)
no hubo correlacion entre los niveles de TAC-CO a la biopsia y la expresion de ningun
gen. Finalmente, 19 genes relacionados principalmente con RMC (12 de 19) se

correlacionaron con los niveles de TAC-Cy en el grupo .

Un analisis no supervisado permitié definir dos clusters de biopsias: uno con todas las
biopsias normales y otro con todas las biopsias de rechazo. Las biopsias de
seguimiento del Grupo lll se distribuyeron en una proporciéon similar entre ambos
grupos (n= 77 en cluster | y n= 60 en cluster 2). Los pacientes que se ubicaron en el
cluster 2, presentaron una menor exposicién a TAC, mostraron con mayor frecuencia

un fenotipo inflamatorio y un descenso mas rapido de la funcion renal a medio plazo.
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En nuestro primer trabajo, observamos que la mayoria de los genes mas
diferencialmente expresados entre las biopsias normales y las biopsias de rechazo

coinciden con conjuntos de genes descritos en trabajos previos 14314

Estos de conjuntos de genes se han obtenido mediante diferentes enfoques. Venner et
al. 3, describieron los genes mas diferencial expresados entre el RMC y todos los
demas diagndsticos, incluido el RMA en biopsia por indicacion. Khatri et al. %4,
emplearon ocho conjuntos de datos independientes de trasplantes de rifién, higado,
corazon y pulmén para caracterizar los principales genes de rechazo expresados
diferencialmente entre o6rganos. Wang et al. %, consideraron los genes
diferencialmente expresados en el rechazo, cancer, enfermedades autoinmunes y
dafio tisular durante la infeccion. En nuestro estudio, el RAG-score estd compuesto
principalmente por un conjunto de genes relacionados con la presentacion de
antigenos, la activacion de células T, proteinas citotoxicas, expresion de quimiocinas,

transcripciones de células B y células plasmaticas.

Observamos que la puntuacibn RAG no mostré diferencias entre las biopsias de
seguimiento con rechazo subclinico y las biopsias realizadas por rechazo clinico. La
puntuacion RAG se utilizé6 de manera binaria para clasificar las biopsias como rechazo
0 no rechazo. Solo uno de cada seis pacientes con rechazo en las biopsias de
seguimiento tuvo una puntuacién RAG negativa. Esta observacion sugiere que, en el
rechazo subclinico, al igual que en el rechazo clinico #, hay una concordancia
razonable entre el diagnostico histologico y el molecular. Ademas, esta observacion

respalda el tratamiento de pacientes con rechazo subclinico 30-39.146-

En un estudio que evalu6 biopsias de seguimiento realizadas a las 6 semanas, se
encontr6 una mayor expresion de genes inflamatorios en biopsias con cambios
borderline y rechazo #’. No obstante, la expresion aumentada de estos genes fue mas
mayor en paciente con funcion retrasada del injerto comparado con aquellos con
funcién inmediata. Esto sugiere que, en las biopsias tempranas de seguimiento, la
expresion de genes inflamatorios podria también reflejar una respuesta a las lesiones
de lesion reparacion. En este mismo trabajo, no se encontré asociacion entre la
expresion de genes inflamatorios y el resultado del injerto a los 2 afios. Sin embargo,
estudios que evaltan la utilidad del diagndstico histolégico en biopsias tempranas de
vigilancia para predecir el resultado del injerto han demostrado que se necesita un
seguimiento prolongado para establecer una relacion entre la inflamacién temprana y

los eventos relacionados con el injerto 344546.112,
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El RAG-score en biopsias con cambios borderline fue mayor en biopsias por indicacion
gue en las biopsias de seguimiento, coincidiendo con resultados de estudios previos
148 Estos hallazgos sugieren que el deterioro funcional en pacientes con cambios
borderline podria explicarse parcialmente por una mayor expresion de genes
asociados al rechazo. Un RAG-score positivo en biopsias con cambios borderline
podria indicar un verdadero rechazo, respaldando estudios anteriores que informaron

un diagnéstico molecular de rechazo en proporciones similares de casos 8%7,

En cuanto a las biopsias de seguimiento con FI/AT, no mostraron diferencias
significativas en comparacion con las biopsias normales, lo que sugiere que los
injertos estables con FI/AT son inmunolégicamente inactivos. Sin embargo, en el 25 %
de las biopsias con FI/AT por indicacion y un solo caso de las biopsias con FI/AT de

seguimiento presentaron un RAG-score positivo.

Aunqgue la inflamacién fue baja en biopsias con FI/AT, ya sea por indicacion o
seguimiento, una proporcion significativa se clasific6 como rechazo, segun el RAG-
score. Esto podria estar relacionado con la sobre expresion de transcripciones
inmunes innatas, células presentadoras de antigenos y células T citotdxicas, indicando
la activacion de mediadores de la sefializacion de rechazo . Por otro lado, es
conocido que la supervivencia del injerto se acorta en las biopsias con FI/AT e

inflamacién de seguimiento en comparacién con las biopsias con FI/AT sin inflamacion

43,149

Finalmente, una puntuacion RAG positiva se asocié con la evolucion del injerto en los
grupos de estudio. Esta asociacion fue independiente de la indicacion de la biopsia y
del diagndstico histolégico. Curiosamente, esta asociacion se confirmé cuando se

excluyeron del analisis los pacientes con rechazo subclinico.

En cuanto a las limitaciones del estudio, una de ellas fue la falta de una cohorte de
validacién que confirme la utilidad del RAG-score para prediccion de resultados. Sin
embargo, en un estudio donde se evalué la utilidad de un score de rechazo en
pacientes con FI/AT sin inflamacion, ya sea en biopsias por indicacion o de
seguimiento, se observo una asociacion entre tener un score de rechazo elevado y la
supervivencia del injerto 1*°. Otra de las limitaciones que observamos fue el reducido
tamafio de la muestra, especialmente para evaluar la utilidad del RAG-score en

biopsias de seguimiento.

Se han descrito por separado trabajos que relacionan la progresion de FI/AT, mediante

biopsias de seguimiento y parametros de metabolismo del TAC, como niveles bajos de
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TAC-Co 8, variabilidad intrapaciente %15! y relacion de C/D de TAC %2, En nuestro
segundo trabajo todos estos pardmetros se evaluaron en la misma cohorte de

trasplantados renales para caracterizar mejor su contribucién a la progresion de FI/AT.

No observamos relacién entre la progresiéon de FI/AT con niveles de TAC-Co, ni
tampoco con el TRT, CV-TAC. El principal resultado que obtuvimos fue, que la
progresion FI/AT se asoci6 a la relacion C/D de TAC baja entre ambas biopsias. Sin
embargo, en nuestra cohorte, los niveles TAC-C, fueron relativamente mas altos en
comparacion con otros centros *, y el tiempo por debajo del rango terapéutico fue
menor que en otros estudios, motivo por el cual se entiende que nuestros resultados
sean diferentes. La falta de una relacion entre los parametros de metabolismo del TAC
y la progresion de FI/AT en nuestro estudio es consistente con los estudios

mencionados anteriormente.

Empleamos arbitrariamente una puntuacion inflamaciéon (i = 1), como umbral para
distinguir entre inflamacion y no inflamacion. Basamos nuestra decisidbn en
observaciones previas que muestran que una puntuacién i = 1 se asocia con una
menor supervivencia del injerto, mientras que la tubulitis aislada tiene una influencia
menor y controvertida en el resultado 1%%%, Sabemos que la inflamacién es un factor
conocido de progresién de FI/AT 46138, Su incidencia en nuestro estudio fue baja,
probablemente debido al bajo riesgo inmunolégico de los pacientes 191139140 3 niveles
altos de TAC, y a un mayor tiempo en rango terapéutico, lo que sugiere que incluso en
pacientes de bajo riesgo inmunoldgico que recibieron dosis alta de TAC, la inflamacion
en areas sanas puede estar modulada por la exposicion al TAC, pudiendo representar

un equilibrio entre la respuesta aloinmune y la inmunosupresion.

No encontramos asociaciébn entre la inflamaciébn en areas cicatriciales y la
exposicion/metabolismo del TAC. Estudios previos indican que la inflamacién en areas
sanas se correlaciona con la presencia de células T citotdxicas, mientras que en areas
cicatriciales se asocia con células B, células plasmaticas, mastocitos y transcripciones
de reparacion de lesiones %1%, Esta diferencia puede ser explicada por el efecto

selectivo del TAC sobre las células T activadas 169161,

La curva farmacocinética en los metabolizadores rapidos se caracteriza por una
concentracion maxima de TAC (C-max) mas alta en comparaciéon con los
metabolizadores lentos para alcanzar un TAC-Co similar %6157, Se ha propuesto que la

progresion de FI/AT en estos pacientes puede reflejar nefrotoxicidad por TAC. De
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hecho, segun nuestros datos, el metabolismo de tacrolimus y no la exposicion a

tacrolimus contribuyen a la progresion de FI/AT.

El estudio plantea la posibilidad de ajustar el tratamiento de TAC de manera
personalizada segun la inflamacion en areas sanas, mientras que no habria utilidad en

ajustar TAC en inflamaciones en areas cicatriciales.

Finalmente, el estudio presenta limitaciones, como la falta de biopsias pre-implante
para caracterizar la progresion de FI/AT desde el donante hasta la primera biopsia de
seguimiento y la ausencia de un estudio farmacocinético completo para evaluar la C-
max de TAC en metabolizadores rapidos y lentos, asi como la falta de estudio del
CYP450.

En cuanto a nuestro tercer trabajo analizamos la asociacién entre la inflamacion
intersticial, la expresion de genes de rechazo y la implicacion de la inmunosupresién

en la modulacién de estos genes.

La presencia de inflamacion intersticial fue poco comun en nuestra cohorte (27.7 %) y
estuvo asociada con niveles TAC-Cy bajos y un tiempo de isquemia fria prolongado,
pero no se asocié con un deterioro de la funcién renal a mediano plazo ni con el
desarrollo de ADEs dn, esto sugiere que tanto factores inmunolégicos como no
inmunolégicos pueden contribuir a la inflamacién subclinica en injertos que funcionan

correctamente.

Observamos, al igual que en otros estudios, pocos casos que cumplieron con los
criterios de cambios borderline (11.7 %), RMC/ RMA (5.8 %) '*3. Mehta et al. ***,
efectuaron un estudio en donde se incluyeron pacientes con inmunosupresion libre de
esteroides, y observaron una incidencia de cambios BL y RMC 31 % y 20,8 %,
respectivamente. Sin embargo, en otro estudio, no encontraron asociaciones entre los
niveles TAC-Co y la inflamacion subclinica cuando los valores promedio de TAC-Co
eran cercanos a 10 ng/mL*. Otros estudios han demostrado que la inflamacién
mediada por células T detectada en biopsias de seguimiento es secundaria a la
isquemia-reperfusion y tiene poca relacion con eventos y resultados futuros #’. La
lesiébn renal aguda (LRA) de la isquemia-reperfusion puede inducir inflamacion
intersticial y tubulitis %2, lo que conduce a un cuadro histolégico que no se distingue

del rechazo celular.
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La valoracibn de biopsias mediante histologia convencional tiene limitaciones
relacionadas con la posibilidad de obtener muestras con baja representatividad y
reproducibilidad diagnéstica inter-observador. La heterogeneidad en el analisis
transcripcional observada en biopsias con un mismo fenotipo histolégico sugiere que
diferentes mecanismos inmunopatologicos pueden conducir a un mismo patrén de
lesion en el injerto. Por este motivo, se estd evaluando incorporar el estudio del
fenotipo molecular como complementario a la histologia convencional para mejorar la
precision diagnéstica y establecer tratamientos mas dirigidos al mecanismo del dafio.
Esto implica el uso de microarrays en biopsias del injerto para estudiar el fenotipo
molecular, lo que ha permitido agrupar diferentes transcritos relacionados con varias

patologias y mecanismos bioldgicos.

Evaluamos el panel de genes descrito por el grupo de Banff en 2017 mediante RT-
PCR 2°. Se confirmé la capacidad de discriminacion de 111 de los 908 genes
evaluados. En la evaluacion mediante ACP, observamos que los genes de RMC,
expresados en células T efectoras activadas (ADAMDEC1), y los genes que codifican
diferentes citoquinas y sus receptores principalmente relacionados con RMC (CCL5,
CXCL13 y CXLC9) fueron los mas relevantes en el componente 1, mientras que los
genes que codifican proteinas de la matriz y transportadores de solutos (COL1A1,

SCL22A2 y SCL4A1) fueron los mas relevantes en el componente 2.

Identificamos que 19 de estos 111 genes, mayoritariamente asociados con RMC,
mostraron correlacion con niveles de TAC-Co, lo cual sugiere que una mayor
exposicion a tacrolimus favorece un mejor control de la inflamaciéon subclinica. Es
interesante destacar que, en el pequefio conjunto de biopsias de seguimiento normal,
observamos una correlacion estrecha entre niveles de TAC-Co y la expresion de 2 de
estos 19 genes. El gen IKZF3, presente principalmente en la linfa y el bazo, se
encuentra en varios tipos de células inmunitarias, incluyendo células B, células NK, y
células T CD4+ y CD8+. Recientemente, se ha demostrado que IKZF3 esta regulado
positivamente no solo en RMA sino también en muestras de células urinarias de RMC,
lo que sugiere que las células B pueden desempefiar un papel més activo RMC de lo
que se reconocia anteriormente, tal vez funcionando como células presentadoras de
antigenos clasicas 142 También se ha demostrado que la familia CD2 de moléculas
coestimuladoras y de adhesion desempefia un papel importante en la ejecucion de
una respuesta aloinmune, ya que todas las células T la expresan constitutivamente y

se regulan positivamente tras el reconocimiento del antigeno.

104



Posteriormente definimos dos clusters de biopsias. Los pacientes con biopsias de
seguimiento que se ubicaron en el cluster 2 recibieron una menor exposicion a
tacrolimus, mostraron con mayor frecuencia un fenotipo inflamatorio y una disminucién
mas rapida de la funcion renal a medio plazo. Asi, nuestros resultados sugieren que
una inmunosupresion mas ajustada durante los primeros meses tras el trasplante
favorece un mejor control de la respuesta inflamatoria y una mejor preservacion de la

funcion renal a medio plazo.

A pesar de la correlacion entre ciertos genes y la exposicién a TAC, no se encontraron
asociaciones significativas entre la expresion génica, la exposicion a TAC y la
compatibilidad HLA a nivel alélico o molecular. En nuestro estudio, el numero de
pacientes que desarrollaron ADE dn fue muy bajo (2,9 %) y, aunque los pacientes con
menor exposicion a TAC tendieron a desarrollar ADE dn con mayor frecuencia, esta

asociacion no alcanz6 significacion estadistica.

La principal limitacion del estudio es que las asociaciones se basaron en una Unica
determinacion de TAC-C, al momento de la biopsia, sin una evaluacion mas detallada
de la farmacocinética o farmacodinamica del TAC. Este aspecto podria haber influido
en la precision de nuestras conclusiones sobre la relacion entre la exposicién a TAC y

el prondstico del injerto.
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/.CONCLUSIONES
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1. El RAG-score, basado en la expresion de genes de rechazo, demostr6 una
asociacion significativa con la presencia de rechazo subclinico en diversas categorias
de diagndstico, incluso en casos de cambios borderline y la fibrosis intersticial y atrofia

tubular.

2. Un RAG-score positivo se asocié con la supervivencia del injerto de manera
independiente al diagndstico histoldgico. Esta asociacion se mantuvo incluso al excluir

pacientes con rechazo subclinico.

3. En nuestro segundo trabajo, la progresion de la fibrosis intersticial y atrofia tubular
se asocié con un menor cociente entre la relaciébn concentracion/dosis de TAC en
biopsias pareadas. Sin embargo, no observamos asociacion con la exposicién al

tacrolimus.

4. En nuestro tercer trabajo, una mayor exposicion a tacrolimus durante los primeros
meses postrasplante se asocidé con mejor control de la inflamacién subclinica y

preservacion de la funcién renal a medio plazo.

5. En nuestro tercer trabajo, la inflamacién intersticial, aunque con baja prevalencia en
nuestra cohorte, puede ser influenciada por ambos factores, inmunolégicos y no

inmunolégicos, como la exposicién a TAC y la lesion de isquemia reperfusion.

6. Nuestros estudios sugieren la necesidad de una personalizaciéon en el manejo del
tratamiento inmunosupresor complementado con el diagnéstico molecular y la
evaluacion del metabolismo del tacrolimus para optimizar los resultados del trasplante

renal.
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8.LINEAS DE INVESTIGACION FUTURAS.

La evaluacion histoloégica de las biopsias de trasplante renal sigue siendo un
componente clave en la valoracién del injerto. El desarrollo de la clasificacién de Banff,
utiliza un sistema de consenso basado en reglas para clasificar los casos en

categorias de enfermedades segun las puntuaciones de las lesiones. En este sistema,
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el rechazo mediado por células T (RMC) se diferencia del rechazo mediado por
anticuerpos (RMA) principalmente en funcion de la localizacién de los infiltrados
inmunes (tubulointersticial versus microvascular) y en la presencia/ausencia de
anticuerpos donante especificos circulantes y el depoésito de la fraccion C4d del
complemento como indicadores de la participacion de anticuerpos. Si bien, los
diagnésticos moleculares permiten discriminar entre estos principales fenotipos
histologicos, la dicotomia entre RMCT y RMA no refleja el mecanismo

inmunopatolégico subyacente.

La asociacion entre los principales fenotipos de rechazo definidos por Banff y el tipo de
infiltrado inflamatorio no estd bien definido en la actualidad. Estudiar los tipos de
células inmunes infiltrantes podria mejorar la comprension del proceso de rechazo en
sus diferentes fenotipos, mejorar la clasificacion diagnéstica al incluir mas informacion

causal y permitir el desarrollo de tratamientos dirigidos.

Durante los ultimos 20 afios las tecnologias de transcriptébmica, como los microarrays,
la secuenciacion de ARN (RNA-seq) y la secuenciacion de ARN de una sola célula o
de un solo nucleo (scRNA-seq o snRNA-seq) han dominado la investigacion de
perfiles génicos en trasplantes, dando lugar a distintos grupos de investigacion. Estas
tecnologias han identificado varios paneles de genes diagndsticos para mejorar la
deteccion del rechazo agudo del injerto en las distintas areas del trasplante (renal,
cardiaco, pulmonar y hepatico) cuando se utilizan junto con la histopatologia
tradicional, como los diagndsticos del microscopio molecular, el médulo de rechazo
comin y el panel Banff de Trasplante de Organos Humanos (B-HOT). Los
diagnésticos moleculares del microscopio y el panel B-HOT han recibido la mayor

atencion para estudios de validacién actuales y futuros.

El perfil transcriptomico en tejidos fijados en formalina e incluidos en parafina (FFPE)
ha permitido ampliar las cohortes de validacion, incluyendo la correlacion entre las
puntuaciones Banff y la medicién del panel de genes B-HOT en 326 biopsias de
trasplante renal FFPE. Este panel pudo detectar evidencia sub patologica de rechazo
(antes de las manifestaciones histopatoldgicas), con inflamacién de los capilares
peritubulares y anticuerpos especificos del donante, como los principales impulsores

de la firma del rechazo mediado por anticuerpos.

En esta linea de investigacion nuestro grupo de investigacion ha obtenido financiacion
de un proyecto FIS (PI-01909) con el titulo “Contribucién de la aloreactividad y

autorreactividad en el microambiente inflamatorio local en el ABMR en trasplante
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renal” con el objetivo de caracterizar la composiciéon del infiltrado inflamatorio de los
agregados linfoides en el tejido renal, la formacion de tejidos linfoides terciarios (TLTS)
y el contenido de células B donante(HLA)-especificas en los distintos fenotipos
histologicos de rechazo en trasplante renal y su traduccién a través de la biologia
molecular caracterizando el perfil transcripcional mediante el panel B-HOT y poder
definir estos resultados transcripcionales a nivel espacial de los infiltrados inflamatorios
con/sin células B donante(HLA)-especificas y su perfil clonal para diferenciar células

aloreactivas de autorreactivas.

En esta area de investigacion, se ha publicado un trabajo colaborativo con el servicio
de Inmunologia del Hospital Central de Asturias, en donde se combina
Transcriptomica espacial junto con ARN-secuencial, explorando el uso de esta

tecnologia para el estudio del rechazo a nivel del injerto renal 163,
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