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1. Beitrag zu den Publikationen | und Il

Die Durchfuhrung der Spender- und Empfangeroperation der orthothopen Nie-
rentransplantation in der Maus unter einem Operationsmikroskop wie unter 2.4
detailliert beschrieben, erfolgte fur die erste Publikation zu gro3en Teilen und fur
die zweite Publikation komplett eigenstandig.

Dies beinhaltete ebenfalls die Narkosefuhrung, die postoperative analgetische
Therapie, die Applikation von Medikamenten, die Uberwachung nach der Opera-
tion anhand eines Bewertungsbogen fur die postoperative Belastung sowie die
Organentnahme zur weiteren Analyse am Ende des Beobachtungszeitraums.

Zusatzlich wurde in eigenstandiger Arbeit ein neuartiges Verfahren der Uretera-
nastomose, wie von Han et. al. beschrieben, mittels Durchzugsmethode etabliert.
Die Ureteranastomose ist die Achillesferse der Nierentransplantation in der
Maus, mit hohen Insuffizienzraten mit einem letalen Ausgang. Durch diese tech-
nische Weiterentwicklung der Ureteranastome kam es zu keiner einzigen Insuffi-
zienz.

FUr beide Projekte habe ich zudem bei der histopathologischen Aufarbeitung der
Praparate wie auch bei der Durchfuhrung der RT-PCR mitgeholfen.

Ferner war ich in wochentlichen Labormeetings mit meinen Arbeitsgruppenleitern
in einem konstruktiven Dialog fur die jeweilige Projektausrichtung.

Auch war ich bei der Erstellung beider Manuskripte beteiligt.
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2. Einleitung

2.1 Aktueller Stand der Nierentransplantation

Die Nierentransplantation ist heute die etablierte Standardtherapie der chronisch
terminalen Niereninsuffizienz und kann als praemptive Transplantation einer
Niere bei noch nicht terminalen Nierenversagen erfolgen mit allein in Deutsch-
land im Jahre 2021 insgesamt 1992 durchgeflhrten Nierenverpflanzungen [1].

Meilensteine hierflr waren die Entwicklung moderner Naht- und Anastomosen-
techniken durch Alexis Carrel, neue und bahnbrechende Erkenntnisse auf dem
Gebiet der Transplantationsimmunologie sowie die Entdeckung immunsuppres-
siver Medikamente, die den initial experimentellen Charakter der Nierentrans-
plantation, 1954 durch J. Murray erstmals erfolgreich durchgefihrt, zu einem chi-
rurgischen Standardeingriff haben werden lassen [2, 3, 4].

Hierbei zeigt sich eine deutliche Uberlegenheit der Nierentransplantation gegen-
uber den Dialyseverfahren im Langzeitverlauf in Bezug auf Kosten, Lebensqua-
litat und Langzeituberleben [5].

Trotz der Erfolgsgeschichte der Nierentransplantation mit heutzutage erzielten 1
Jahres Transplantatuberleben von bis zu 90% blieben gleichwertige Erfolge fur
das Langzeittransplantatiberleben leider aus [6, 7].

Aggraviert wird diese Situation durch den Ruckgang an Organspenden auf der
einen Seite und dem stetig steigenden Bedarf an Spenderorganen auf der ande-
ren Seite [8].

Die Atiologie der chronischen Allotransplantatschadigung ist multifaktoriell mit so-
wohl immunologischen als auch nicht-immunologischen Ursachen [9, 10, 11].

Die gemeinsame pathophysiologische Endstrecke stellt die Transplantatvaskulo-
pathie mit sukzessiver Parenchymfibrose und Funktionsverlust dar [12, 13].

Hauptursachen hierfur sind rezidivierende Episoden akuter Transplantabsto3un-
gen sowie das nephrotoxische Nebenwirkungsprofil aktueller immunsuppressiver
Therapieregime [14, 15].

Der Ubergeordnete Gesamtzusammenhang der beiden Veroéffentlichungen, die
dieser kumulativen Dissertation zu Grunde liegen, ist die Erforschung des re-
noprotektiven Effektes innovativer Immunsuppressiva auf die akute Allotrans-
plantatabsto3ung im Modell der murinen Nierentransplantation.
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2.2 Hemmung der MCP-1-/CCR2-Achse

In der ersten Verdffentlichung “Multiparametric Functional MRI: A Tool to Unco-
ver Subtle Changes following Allogenic Renal Transplantation” wurde der Ein-
fluss der Chemokinhemmung der MCP-1-/CCR2-Achse auf die immunologischen
Vorgange der AllotransplantatabstoRung im murinen Nierentransplantationsmo-
dell untersucht.

Chemokine sind Signalproteine, die eine Schlisselrolle in der Migration
(Chemotaxis) und Aktivierung von Immunzellen spielen und ihre Wirkung durch
Bindung an Chemokinrezeptoren entfalten [16].

Bei der Transplantation solider Organe konnte gezeigt werden, dass Chemokine
am Prozess des Ischamie-Reperfusionsschaden sowie der akuten und chroni-
schen TransplantatabstoRung wesentlich beteiligt sind [17].

MCP-1 ist das Chemokin mit der starksten chemotaktischen Wirkung und sein
Rezeptor, CCR2, zeigt eine starke Expression auf Monozyten und aktivierten T-
Zellen [18, 19].

In anderen Arbeiten wurde bereits demonstriert, dass die Hemmung der MCP-1-
/ICCR2-Achse die AllotransplantatabstoBung im Modell der murinen Lungen-
transplantation und Inselzelltransplantation schwacht [20, 21].

Die pharmakologische Hemmung der MCP-1/CCR2-Achse erfolgte in unseren
Versuchsreihen durch das Spiegelmer mNOX-E36 der Firma Noxxon, welches
bereits seine Effektivitat in einem vorangegangenen Projekt im Modell der hete-
rotopen Herztransplantation in der Maus unter Beweis gestellt hat [22].

Spiegelmere sind stereochemische Spiegelbilder naturlicher Oligonukleotide, die
entsprechende pharmakologische Zielstrukturen ahnlich wie ein Antikdrper bin-
den kdnnen und aufgrund ihres spiegelbildlichen Aufbaus nicht immunogen sind
sowie eine erhohte Biostabilitat aufweisen, da sie von den naturlich vorkommen-
den Nukleasen nicht erkannt werden kdnnen [23, 24].

Im Versuchsaufbau gab es insgesamt 5 verschiedene Gruppen, mit einer jewei-
ligen GruppengrdofRe von n=5 Mausen, die alle mannlich in einem Alter zwischen
7-14 Wochen waren. Die Empfangertiere waren allesamt C57BI/6 Mause. In der
Kontrollgruppe wurden syngene Nierentransplantationen mit C57BI/6 Mausen als
Spendertiere durchgefuhrt. Im weiteren allogenen Transplantationssetting dien-
ten Balb/c Mause als Spendertiere. Hier gab es eine zusatzliche Kontrollgruppe
mit dem funktionsunfahigen Spiegelmer revmNOX-E36 (15,5 mg/kgKG/Tag). Die
Therapiegruppe erhielt das funktionsfahige Spiegelmer mNOX-E36 (15,5
mg/kgKG/Tag). Um einen madglichen additiven Effekt der Zytokinhemmung mit
MNOX-E36 in Kombination mit dem etablierten Immunsuppressivum Ciclosporin
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A zu detektieren, wurde eine weitere Gruppe mit einer Kombinationstherapie aus
MmNOX-E36 und Ciclosporin A (15,5 mg/kgKG/Tag und 10,0 mg/kgKG/Tag) sowie
eine weitere entsprechende Kontrollgruppe mit Ciclosporin A Monotherapie (10,0
mg/kgKG/Tag) transplantiert. Die Medikamentenapplikation erfolgte durch i.p.-In-
jektion.

Zusatzlich zur regularen Auswertung, welche unter dem Punkt 2.5 beschrieben
wird, erfolgte in dieser Publikation exklusivam 10. postoperativen Tag die Durch-
fuhrung einer Diffusion-weighted- und Dynamic-contrast-enhanced MRT-Unter-
suchung als nicht-invasives funktionelles bildgebendes Verfahren zur Detektion
der Prozesse der Allotransplantatabsto3ung in Korrelation mit den Ergebnissen
der weiteren histologischen Aufarbeitung [25, 26, 27].

Der Hintergrund hierfur ist die Tatsache, dass auch heute noch akute Nierenallot-
ransplantatabstoRungen schwer und zeitverzdgert detektiert werden und hierfur
eine invasive Gewebebiopsie notig ist, die mit moglichen schweren Komplikatio-
nen, wie einer Infektion oder Blutung, vergesellschaftet sein kdnnen [28, 29].

Eine nicht-invasive Methode ohne Strahlenbelastung zur Detektion einer Allot-
ransplantatabstol3ung kdnnte hierfur in Zukunft mittels MRT-Untersuchung erfol-
gen [30].

2.3 Hemmung der Cathepsin S-/PAR-2-Achse

In der zweiten Veroffentlichung ,Cathepsin S and Protease-Activated Receptor-
2 Drive Alloimmunity and Immune Regulation in Kidney Allograft Rejection®
wurde der Einfluss der Hemmung der Cathepsin S/ PAR2-Achse auf die immu-
nologischen Vorgange der AllotransplantatabstoRung im murinen Nierentrans-
plantationsmodell untersucht.

Cathepsin S ist eine Cysteinprotease mit intra- und extrazellularen Angriffspunk-
ten [31, 32, 33].

Intrazellular ist Cat-S nicht redundant an der Beladung von MHC-Klasse-Il Mole-
kilen antigenprasentierender Zellen mit (allo-) antigenen Peptid beteiligt [34].

Ein zentraler Mechanismus der Alloimmunitat ist die Prasentation von Alloantige-
nen mittels MHC-Klasse-II-Molekile durch antigenprasentierende Zellen sowohl
des Empfangers als auch des Spenders gegenuber T-Lymphozyten des Emp-
fangers, der sogenannten indirekten bzw. direkten Alloantigenerkennung [35, 36,
37].
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Zur Verhinderung einer vorzeitigen oder falschen Beladung der Antigenbindungs-
stelle der im endoplasmatischen Retikulum heranreifenden MHC-Klasse-II-Mole-
klle ist diese zunachst mit der sogenannten invariant chain Li blockiert. Es erfolgt
die sukzessive enzymatisch Stutzung der invariant chain Li, bis zuletzt der Aus-
tausch des kleinsten blockierenden Fragments, CLIP, gegen das antigene Peptid
erfolgt. Dieser letzte Schritt ist abhangig von Cat-S. Die pharmakologische Inhi-
bition von Cat-S verhindert die Entstehung von CLIP, mit konsekutivem Verbleib
der invariant chain Li in der Antigenbindungsgrube des MHC-Klasse-lI-Molekdl.
Die Beladung des MHC-Klasse || Molekul mit (allo-)antigenem Peptid bleibt somit
aus, was konsekutiv zu einer Hemmung der (Allo-)Antigen-Prasentation fuhrt [38,
39, 40, 41].

Extrazellular ist Cat-S direkt und indirekt an makro- und mikroangiopathischen
Gefalschadigung beteiligt [42, 43].

Die extrazellulare Sekretion von Cat-S erfolgt durch Monozyten/Makrophagen,
Neutrophile und Endothelzellen. Cat-S besitzt die Fahigkeit direkt elastische Fa-
sern zu spalten und spielt hierdurch eine Rolle im Entstehungsmechanismus von
Gefalkaneurysmen und fordert die Progression der arteriosklerotischen Degene-
ration von GefalRwanden [44].

Eine indirekte GefalRschadigung durch Cat-S wird durch PAR-2, einem G-Protein
gekoppelten Rezeptor auf Gefaldendothelzellen, vermittelt. Dieser wird durch
Cat-S aktiviert und die hierdurch eingeleiteten Signaltransduktionswege fuhren
zu einer nachfolgenden Endotheldysfunktion [45, 46, 47].

Arbeitshypothese:

Die Hemmung der Cat-S/PAR-2-Signalkaskade bewirkt einen positiven Effekt auf
den Prozess der murinen Nierenallotransplantatabstof3ung.

Orthotope Nierentransplantationen in der Maus wurden in nachfolgenden Spen-
der-Empfanger-Konstellationen in zwei verschiedenen Versuchsreihen A und B
aufgrund der jeweils unterschiedlichen Therapieregime durchgefuhrt.

Die Versuchsreihe A bestand aus einer syngenen Kontrollgruppe und einer allo-
genen Kontrollgruppe jeweils ohne Therapie sowie einer allogenen Therapie-
gruppe. Die Empfangertiere waren allesamt C57BL/6 Mause. Die Spendertiere
der syngenen Gruppe waren C57BL/6 Mause und die der allogenen Gruppen
Balb/c Mause. Die jeweilige Gruppengrolie umfasste n=10 Tiere. Die Therapie
bestand in der zweimal taglichen gewichtsadaptierten oralen Verabreichung des
Cat-S Inhibitor RO5461111 beginnend einen Tag vor der Nierentransplantation
uber den gesamten Beobachtungszeitraum.
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In der Versuchsreihe B wurde ebenfalls eine syngene und eine allogene Kontroll-
gruppe ohne Therapie sowie eine allogene Therapiegruppe gebildet. Die ,Thera-
pie“ bestand hier jedoch in der Transplantation von Spendernieren aus PAR-2-
Knockout-Mausen um zu zeigen, dass auch die alleinige Hemmung der PAR-2
abhangigen Signaltransduktionswege einen positiven Einfluss auf die Allotrans-
plantatabstof3ung zeigt. Da die verwendeten Knockout-Mause in Bezug auf ihre
Genetik einen C57BL/6 Hintergrund aufweisen, musste im Vergleich zur Ver-
suchsreihe A eine vertauschte Spender-Empfanger-Konstellation gewahlt wer-
den, mit Balb/c Mausen als Empfangertiere in allen Gruppen sowie als syngene
Spendertiere und die C57BL/6 Mause als Spendertiere in der allogenen Kontroll-
gruppe ohne Therapie sowie die C57BL/6.PAR2 -/- Mause als Spendertiere in
der Therapiegruppe.

Der Beobachtungszeitraum in beiden Versuchsreihen erstreckte sich jeweils bis
zum 10. postoperativen Tag und es erfolgte keine weitere immunsuppressive
Therapie aul3er der oben genannten.

2.4 Modell der murinen Nierentransplantation

Alle Versuche waren durch den Tierversuchsantrag GZ 55.2-1-54-2532-80-2015
der Regierung von Oberbayern angezeigt und durch diese bewilligt worden.

Orthothope Nierentransplantationen in der Maus, erstbeschrieben von Skoskie-
wicz et al. wurden mit leichten Modifikationen nach Russel et al. sowie Wang und
Han et al. durchgefihrt [48, 49, 50, 51].

Die beiden Eigennieren des Empfangertieres wurden belassen, sodass die
Mause nicht von der Funktion der transplantierten Niere abhangig waren. Daher
erfolgte auch keine Bestimmung von Nierenfunktionsparametern wie Serumkre-
atinin oder Harnstoff.

Nach dem 10. postoperativen Tag erfolgte die Entnahme der Nieren zur weiteren
Analyse.

2.5 Auswertung

Die Aufarbeitung der Effekte dieser neuartigen immunsuppressiven Medikation
auf den Prozess der akuten murinen NierenallotransplantatabstoRung wurde in
beiden Arbeiten anhand der Histopathologie, der Immunhistochemie und der RT-
PCR durchgeflhrt.



2 Einleitung 13

Die Begutachtung der Histopathologie erfolgte anhand der 4 Kriterien Glomeruli-
tis, interstitielle Inflammation, intimale Arteritis und Tubulitis, semiquantitativ ab-
gebildet in einem 4 Punkte-Score (0-3) in Anlehnung an die Banff-Kriterien [52].

In der Immunhistochemie erfolgte die Farbung flr den Monozyten/Makrophagen-
Oberflachen-Marker F4/80+, da diese Immunzellen bei der akuten Nierenallot-
ransplantatabstoRung pradominierend sind [53].

In der RT-PCR erfolgte die Bestimmung der Expression verschiedener, fur die
akute Allotransplantatabstol3ung relevanter Zytokine, wie unter anderem Interfe-
ron-gamma und TNF-alpha [54].
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3. Zusammenfassung

Ziel dieser Doktorarbeit war die Erforschung des immunsuppressiven und orga-
noprotektiven Effekts innovativer Pharmaka.

In der ersten Verdffentlichung

“Multiparametric Functional MRI: A Tool to Uncover Subtle Changes follow-
ing Allogeneic Renal Transplantation”

wurde die Chemokinhemmung der MCP-1/CCR2-Signalkaskade durch das Spie-
gelmer mNOX-E36 auf die immunologischen Vorgange bei der Allotransplantat-
abstol3ung nach muriner Nierentransplantation untersucht. Die Spiegelmer-Hem-
mung zeigte einen synergistischen Effekt in Kombination mit Cyclosporin A im
Vergleich zur Cyclosporin A Monotherapie.

Hierfur wurden orthotope Nierentransplantationen in der Maus in insgesamt 5
verschiedenen Gruppen durchgefuhrt, wobei die jeweilige Gruppengrolie n=5
Mause umfasste und alle Empfangertiere C57BL/6 Mause waren.

Je eine Therapiegruppe erhielt das nicht funktionelle Spiegelmer revmNOX-E36,
eine das funktionstichtige Spiegelmer mNOX-E36, eine Cyclosporin A als Mo-
notherapie und eine die Kombinationstherapie mit mMNOX-E36 und Cyclosporin
A.

Die Medikamente wurden jeden Tag i.p. gewichtsadaptiert Uber den kompletten
Beobachtungszeitraum von 10 Tagen appliziert.

Der Read-out erfolgte Uber die Histopathologie der Nierentransplantate mit Ori-
entierung an den Banff-Score Kriterien Glomerulitis, interstitielle Inflammation,
Intima Arteriitis und Tubulitis, der immunhistochemischen Quantifizierung der
Transplantatinfiltration mit Monozyten und der Bestimmung der mRNA-Expressi-
onslevel an IFN-gamma, TNF-alpha, und B-cell activating factor durch RT-PCR
in den Transplantaten.

Zusatzlich wurde vor der Organentnahme mittels 3T-MRT eine funktionelle Bild-
gebung (DW-/DCE-MRT) durchgeflihrt, um den nichtinvasiven Nachweis in vivo
in Bezug auf die Erkennung der Transplantatschadigung und des Effektes der
immunsuppressiven Therapie in Korrelation zu den oben gewonnenen Daten zu
erbringen.

Die Monotherapie mit mNOX-E36 ging mit einer signifikanten Reduktion der Mo-
nozyteninfiltration und einer verminderten Expression an proinflammatorischen
Zytokinen in den Nierenallotransplantaten einher, wohingegen sich ungeachtet
dessen keine Verbesserung im histologischen Bild zeigte.
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Ein additiver Effekt der pharmakologischen Hemmung der MCP-1/CCR2-Achse
konnte fur die Kombinationstherapie mit Cyclosporin A in fast allen Experimenten
festgestellt werden sowie die Mdglichkeit, mittels funktioneller MRT-Bildgebung
Therapieeffekte der Immunsuppression und der Transplantatabstof3ung nichtin-
vasiv zu detektieren.

In der zweiten Veroffentlichung

»Cathepsin S and Protease-Activated Receptor-2 Drive Alloimmunity and
Immune Regulation in Kidney Allograft Rejection”

sollte der Nachweis erbracht werden, dass eine Hemmung der Cat-S/PAR-2-
Achse einen organoprotektiven Einfluss auf die immunologischen Prozesse der
akuten murinen NierenallotransplantatabstoRung zeigt.

Orthotope Nierentransplantationen in der Maus wurden in nachfolgenden Spen-
der-Empfanger-Konstellationen in den zwei verschiedenen Versuchsreihen A
und B aufgrund der jeweils unterschiedlichen Therapieregime durchgefuhrt.

Die Versuchsreihe A bestand aus einer syngenen Kontrollgruppe und einer allo-
genen Kontrollgruppe jeweils ohne Therapie sowie einer allogenen Therapie-
gruppe. Die Empfangertiere waren allesamt C57BL/6 Mause. Die Spendertiere
der syngenen Gruppe waren C57BL/6 Mause und die der allogenen Gruppen
Balb/c Mause. Die jeweilige Gruppengroflie umfasste n=10 Tiere. Die Therapie
bestand in der zweimal taglichen gewichtsadaptierten oralen Verabreichung des
Cat-S Inhibitor RO5461111 beginnend einen Tag vor der Nierentransplantation
uber den gesamten Beobachtungszeitraum.

In der Versuchsreihe B wurde ebenfalls eine syngene und eine allogene Kontroll-
gruppe ohne Therapie sowie eine allogene Therapiegruppe gebildet. Die , Thera-
pie“ bestand hier jedoch in der Transplantation von Spendernieren aus PAR-2-
Knockout-Mausen um zu zeigen, dass auch die alleinige Hemmung der PAR-2
abhangigen Signaltransduktionswege einen positiven Einfluss auf die Allotrans-
plantatabstof3ung zeigt.

Der Beobachtungszeitraum in beiden Versuchsreihen erstreckte sich jeweils bis
zum 10. postoperativen Tag und es erfolgte keine weitere immunsuppressive
Therapie aul3er der oben genannten.

Der Read-out erfolgte anhand der histopathologischen Auswertung der Nieren-
transplantate mit Orientierung an den Banff-Score Kriterien wie Glomerulitis, In-
tima Arteriitis, interstitielle Inflammation und Tubulitis sowie mittels CD8*T-Zell-
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Farbung in der Immunhistochemie und durch die Bestimmung der mRNA-Ex-
pressionslevel von in der Transplantationsmedizin relevanten Chemokinen und
Zytokinen in der RT-PCR.

Zusammenfassend lasst sich grundlegend festhalten, dass im Rahmen der Ab-
stoBungsreaktion erhdhte Expressionslevel an Cat-S bzw. PAR-2 in murinen Nie-
renallotransplantaten vorlagen.

Zusatzlich konnte gezeigt werden, dass durch die pharmakologische Hemmung
des Cat-S durch RO5461111 als auch durch die alleinige Hemmung der PAR-2
abhangigen Signaltransduktionswege mittels PAR2 -/- Spendernieren als , The-
rapie“ eine signifikante Abschwachung der murinen Nierenallotransplantatabsto-
Rung bewirkt, nachweislich durch eine Reduktion der histopathologischen Allot-
ransplantatschadigung, durch eine Reduktion der CD8*-T-Zellinfiltration im Allot-
ransplantat und durch eine Reduktion der Expressionslevel an transplantations-
relevanten Chemokinen und Zytokinen im Allotransplantat.
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4. Abstract

The objective of this doctoral thesis was the investigation of the immunosuppres-
sive and organ protective effect of innovative pharmaceuticals.

The first publication

“Multiparametric Functional MRI: A Tool to Uncover Subtle Changes following
Allogeneic Renal Transplantation”

investigated the chemokine inhibition of the MCP-1/CCR2-axis through the
spieglmer mNOX-E36 in the setting of murine kidney allotransplantation.

Murine orthotopic kidney transplantations were performed in five different groups.
Each group size consists of n=5 mice. All recipients were C57BL/6 mice.

One therapy group received the non-functioning spiegelmer reymNOX-E36, one
the functioning spiegelmer mNOX-E36, one ciclosporine A monotherapy and one
the combination therapy of mMNOX-E36 and ciclosporin A.

The drugs have been applicated weight-adapted every day i.p. for the whole ob-
servation period of 10 days.

The read-out was performed by histopathology with an orientation according to
the Banff-score criteria glomerulitis, interstitial inflammation, intimal arteritis and
tubulitis, the immunhistochemical quantification of transplant infiltration by mon-
ocytes and the determination of mRNA-expression level of IFN-gamma, TNF-al-
pha, and B-cell activating factor by RT-PCR.

In addition a functional imaging (DW-/DCE-MRT) with a 3T-MRT was carried out
before the organ removal to show non-invasively in vivo the damage of the al-
lotransplant and the immmunosuppressive effect in correlation to the acquired data.

Monotherapy with mNOX-E36 showed a significant reduction of monocyte infil-
tration and a reduced expression of proinflammatory cytokines in kidney al-
lotransplants, whereas no improvement of the histology has been detected.

An additive effect of the pharmaceutical inhibition of the MCP-1/CCR2-axis was
demonstrated for the combination therapy with ciclosporin A in almost all experi-
ments as well as the possibility of determining therapeutic effects of the immuno-
suppression and the transplant rejection non-invasively by functional MRT imag-

ing.
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In the second publication

»Cathepsin S and Protease-Activated Receptor-2 Drive Alloimmunity and
Immune Regulation in Kidney Allograft Rejection”

we wanted to establish proof of the organ protective effect of Cat-S/PAR-2 axis
inhibition on the immunological process of murine kidney allotransplant rejection.

Orthotopic kidney transplantation in the mouse were performed in the following
donor and recipient combination in two different series of experiments A and B
because of different therapeutic regimes.

In the experimental group A there was a syngenic and allogenic control group
without therapy and an allogenic therapy group. All the recipients were C57BL/6
mice.

The donors of the syngenic group were C57BL/6 mice and Balb/c mice in the
allogenic group. Each group size included n=10 animals. The therapy consisted
of the oral administration of the Cat-S inhibitor RO5461111 twice a day starting
one day prior to the kidney transplantation and extended over the whole obser-
vation time.

The experimental group B was built up of a syngenic and an allogenic control
group without therapy and an allogenic therapy group.

The therapy consisted in the transplantation of PAR-2 knock-out kidneys to show
that an exclusive inhibition of PAR-2 dependent signaling pathways has a positive
influence on the process of kidney allotransplant rejection.

The observation time in both experimental groups lasted 10 days and there was
no additional immunosuppressive therapy.

The read-out was carried out by the histopathology of the kidney transplants with
orientation according to the Banff criteria glomerulitis, intimal arteritis, interstitial
inflammation and tubulitis as well as CD8+T-cell staining in the immunohistology
as well as the detection of MRNA expression levels of relevant cytokines in the
RT-PCR.

In summary the acute rejection of murine kidney allotransplants was accompa-
nied by elevated expression levels of Cat-S and PAR-2.

It was further shown that the pharmacological inhibition of Cat-S by RO5461111
as well as the exclusive inhibition of the PAR-2 depending signaling pathways by
PARZ2 -/- donor kidneys as therapy causes a significant attenuation of the kidney
allotransplant rejection.
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This was demonstrated by the reduction of the histopathological damage of the
transplanted kidneys, the reduction of CD8+ T-cell infiltration of the allotrans-
plants and a reduction of relevant chemokines and cytokines in the setting of
kidney allotransplants.
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Abstract

Purpose

To investigate multiparametric functional MRI to characterize acute rejection in a murine
allogeneic renal transplant model and evaluate the effect of novel therapeutics.

Material and Methods

We performed allogeneic and syngeneic orthotopic transplantations (Balb/c to C57BI/6 and
C57BI/6 to C57BI/6). Allogeneic Groups (n = 5) were either treated with the anti-CCL2-Spie-
gelmer (MNOX-E36) in monotherapy or in combination with low doses of Ciclosporin-A
(10mg/kgBW/d) for 10 days. Controls received equivalent doses of a non-functional spie-
gelmer (revmNOX-E36) or low dose Ciclosporin-A. Diffusion-weighted (DWI) and Dyna-
mic-contrast-enhanced (DCE-) MRI-scans were performed using a clinical 3T-scanner.
DWI analysis (b-values from 0-800 s/mm?) was performed mono- and biexponentially,
while DCE-MRI was assessed with deconvolution analysis. Therapy effects were assessed
ex vivo with histopathology, immunohistochemistry and RT-PCR. Statistical analysis was
performed with unpaired t-tests and Spearman’s correlation coefficient.

Results

DWI showed a significant diffusion restriction in allogeneic compared to syngeneic trans-
plants (ADC: 0.63+0.08 vs. 1.29+0.12 mm?/s*10°) with decreasing diffusion restriction
under therapy. DCE-MRI showed restored organ perfusion under Ciclosporin A alone and
combination therapy (Plasma Flow: 43.43+12.49; 38.75+7.53ml/100ml/min) compared to
syngeneic controls (51.03+12.49mlI/100ml/min). Ex vivo analysis showed reduced mono-
cytic infiltrates, attenuated levels of inflammatory cytokines under mNOX-E36 monother-
apy with an additive effect of low dose Ciclosporin A. There was a significant (p<0.05)
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negative correlation between ADC and interstitial inflammation (r = -0.73) or macrophage
infiltration (r = -0.81) and between organ perfusion and intimal arteritis (r = -0.63).

Conclusion

Multiparametric functional MRl is suited to detect renal allograft rejection in an experimental
murine model and allows to characterize effects of immunosuppressive therapy alleviating
acute rejection processes in allogeneic transplantation.

Introduction

Kidney transplantation renders formidable short term results with one-year graft survival rates
of greater than 90% [1]. However, improvements of long term graft survival have been moder-
ate over the course of the last two decades [2]. This holds true not only for renal but for all
other solid organ transplants as well [3]. The immunological barriers, the required immuno-
suppression with their inherent problems and comorbidity of the recipients are the major fac-
tors impairing long-term survival [4].

The assessment of treatment effects of immunosuppressive agents as well as the diagnosis of
allograft rejection itself is a major problem in transplant medicine. Changes of respective
serum levels in combination with loss of function are indirect signs for ongoing allograft
injury/rejection. Though biopsies are routinely performed with a limited risk profile, sampling
errors and fatal complications with graft loss or even death can occur [5]. Furthermore, histo-
pathology does not necessarily reveal and reflect pathophysiological and functional changes.
Functional Magnetic Resonance Imaging (MRI) may serve as an alternative diagnostic non-
invasive method [6] Diffusion weighted Imaging (DWTI) allows to assess acute allograft rejec-
tion by probing molecular water diffusion. Microcirculation can be assessed by an advanced
biexponential analysis of the DWI-data applying the intravoxel incoherent motion (IVIM)
model or with dynamic contrast enhanced (DCE-)MRI. In exploratory human studies, these
non-invasive imaging methods allowed to distinguish between normally functioning organs,
acute allograft rejection and ischemic tubular necrosis [7]. However, as of yet, treatment effects
have not been evaluated and a direct correlation of MR to histopathological changes has not
been performed in the context of renal allograft rejection.

The CCL2-specificl-enantiomeric RNA-Spiegelmer mNOX-E36 neutralizes the biological
effects of the murine chemokine MCP1 in vivo and in vitro and ameliorates leukocyte recruit-
ment and inflammatory response in parenchymal interstitial renal disease [8-10]. Spiegelmers
are mirror-image oligonucleotides that are able to bind to a pharmacologically relevant target
molecule (in this case the chemokine MCP1) similar to an antibody recognizing an antigen.
Due to their specific structure, Spiegelmers cannot be recognized by naturally occurring nucle-
ases, resulting in an increased biostability [11]. In a previous study we demonstrated, that
mNOX-E36 has a beneficial effect following murine heart transplantation on the acute rejec-
tion process in monotherapy with a strong additive effect in combination with a low dose of
Ciclosporin A using manual palpation as clinical reference [12], which is obviously not applica-
ble to renal allografts.

The purpose of this study was to investigate the potential of functional MRI-techniques to
non-invasively characterize the acute renal allograft rejection process in a murine allogeneic
renal transplant model and evaluate the effect of novel pharmacological therapeutics designed
to specifically block CCL2.
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Materials and Methods
Animals

All procedures involving animals were performed according to the German animal testing Act
and approved by the Government of Upper Bavaria (# 55.2-1-54-2531-148-10). C57/BI6 (H?")
and Balb/c (HZ") mice (Charles River, Sulzfeld, Germany) were maintained in filter topped
cages under standard conditions with free access to a standard diet and water. The animals
were 7-14 weeks old at the time of transplantation

Orthotopic kidney transplantation

A non-life sustaining transplant technique was performed similar as previously described by
Russell et al [13]. Briefly, the left kidney was procured. The renal artery and vein were anasto-
mosed to the aorta and inf. V. cava in end-to-side technique. The time from start of the cold
perfusion until reperfusion averaged 59.8 + 10.8 min. The bladder patch was anastomosed to
the recipient’s open bladder. The native kidneys of the animals remained in place. Postopera-
tive analgesia was provided with daily buprenorphine s.c.

Experimental groups

Allogeneic and syngeneic transplantations were performed (Balb/c to C57BI/6 and C57Bl/6 to
C57Bl/6) using 37 donor and 37 recipient mice. Taking into account a perioperative failure rate of
30% (death, urinoma, complete renal infarction) a final group size of n = 5 resulted. The CCL2
binding Spiegelmer mNOX-E36 (5-GGCGACAUUGGUUGGG CAUGAGGCGAGGC CCUU
UGAUGAAUCCGCGGCCA-3') and the inactive control Spiegelmer revmNOX-E36 (composed
of the reverse nucleotide sequence, both conjugated at their 3" ends with Y-shaped 40 kDa PEG)
(5'-~ACCGGCGCCUAAGUAGU UUCCCGGAGCGGA GUACGGGUUGGUUACAGCGG-3')
are both modified at the 3'-terminus with 40kDa polyethylene glycol and were synthesized at
NOXXON Pharma AG (Berlin, Germany)[14]. The animals received either 15.5 mg (based on oli-
gonucleotide weight)/kg body weight mNOX-E36 or non-functional revmNOX-E36 (servingas a
control) intraperitoneally every other day. The Spiegelmer was given either as monotherapy or in
combination with a low dose of CsA (10 mg/kgBW/d). One further group of mice received CsA
(10 mg/kgBW/d) as monotherapy (Table 1). Transplanted animals were monitored via MRI on
d10 post transplantation and afterwards sacrificed for further ex vivo analysis.

MR Imaging

In vivo MR imaging was performed under intraperitoneal Medetomidin-Midazolam-Fentanyl-
anesthesia with a clinical 3T-scanner (Magnetom VERIO, Siemens Healthcare Sector,
Erlangen, Germany) and a dedicated 8-channel mouse-coil (Rapid Biomedical, Rimpar, Ger-
many) for signal reception. Following morphologic coronal and transversal T1- and
T2-weighted sequences, a transversal Echo-Planar-Imaging- sequence (time of

Table 1. Treatment Groups.

Group Therapy n=
Sygenic (C57BI/6 to C57BI/6) | none 5
Allogeneic (Balb/c to C57BI/6) Non-functional revmNOX-E36 (15.5mg/kgBW/q.0.d) 5
Allogeneic (Balb/c to C57BI/6) Csa (10mg/kgBW/d) 5
Allogeneic (Balb/c to C57BI/6) mNOX-E36 (15.5mg/kgBW/q.0.d) 5
Allogeneic (Balb/c to C57BI/6) mNOX-36 + CsA 5

doi:10.1371/journal.pone.0165532.t001
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repetition = 2600ms, echo time = 90ms) with ten b-values 0, 10, 30, 50, 80, 120, 200, 400, 600
and 800 s/mm” and a resolution of 0.6x0.6x3mm?’ covering the abdomen was acquired for
DWI. For DCE-MRIa TWIST-sequence with a spatial resolution of 0.4x0.4x3mm? and tempo-
ral resolution of 1.5 seconds/slab and total acquisition time of 6 minutes was acquired after tail
vein injection of 0.05ml/kg Gadobutrol (Gadovist, Bayer Healthcare Pharmaceuticals, Berlin,
Germany) in 100yl saline. The paramagnetic Gadolinium-based contrast agent Gadobutrol
causes shortening of the T1-time and thus increased signal in T1-weighted sequences, such as
the exploited dynamic sequence. Total acquisition time was approximately 30 minutes. The
animals were sacrificed after the MRI-examinations by cervical dislocation and exsanguination,
while still under anesthesia. The transplanted kidneys were then harvested for further analysis.

Postprocessing

Postprocessing was performed using the in-house built software PMI 0.4 written in IDL (ITT
VIS, Boulder, Colorado, USA). The Apparent Diffusion Coefficient (ADC; mm?/s* 10_3) was
derived from whole-kidney ROIs excluding the pelvis defined on parametrical maps calculated
from a monoexponential fit of all b-values.

IVIM-metrics for separation of diffusion and pseudodiffusion/perfusioneffects were
derived as with a voxelwise biexponential analysis [15]. The model for the magnetization M
has four parameters: total magnetization My, perfusion fraction fj,, pseudo-diffusivity D, and
tissue diffusivity Dy:

M = My((f,exp(=bD,) + (1 — f,)exp(=bD,)) (1)

A segmented IVIM-analysis was performed as described previously [16-19] to ensure a
more robust analysis compared to an unconstrained fit, albeit at the expense of some accuracy
due to the assumptions involved in the separate measurement of D as follows. When the b-
value is significantly greater than 1/D,, (e.g. for D, = 10pm*/ms, 100s/mm?) the pseudodiffu-
sion term is small, so that Eq (1) can be simplified:

Mg, = M,((1 = f,)exp(=bD,)) )]

D, was determined from a monoexponential fit of the asymptotic high b-values range (b> 200
s/mm?). Its zero intercept My(1-f,,) = Mjy is used along with the unweighted (b = 0) signal M,
to determine fp.

Mu - Mim
f= M, 3)
Dp—values were calculated from a biexponential fit with constrained D, and f;, according to Eq
(1). Parametric maps of the mean D,, fp, and D, over all directions were generated.

DCE-MRI was analysed based on whole kidney ROIs using model-free deconvolution which
is robust and does not impose any constraints on the form of the residue function or the structure
of the tissue. It produces a measurement of the impulse response directly from the arterial and
tissue tracer concentration. The plasma flow FP (ml/100ml/min) can then be found as the maxi-
mum of impulse response. The extracellular volume ECV (ml/100ml) by integration of the
impulse response, and the mean transit time (MTT) from the ratio of ECV to FP.

Reverse transcriptase polymerase chain reaction (RT-PCR)

Total RNA was extracted from kidney samples using Trizol (Invitrogen). To determine the
mRNA-expression levels 1 ug total RNA was used to perform reverse transcription and
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quantitative real time PCR using LightCycler (Roche, Basel, Switzerland) as described previ-
ously [20].

Primer sequences were as follows:

Interferon-g: forward 5-TCAAGTGGCATAG ATGTGGAAGAA-3' and reverse 5'- TGGC
TCTGCAGGATTTTCATG-3'.

Tumor necrosis factor-a: forward 5-CCATTCCTGAGTTCTGCAAG-3', and reverse 5'-
GCAAATATAAATAGAGGGGG GC-3'

B-Cell activating factor: forward 5’- TCCAGCAGTTTCACAGCGAT-3, and reverse 5-
TTGACTCCAGCGGTCAACTC-3'

B-Actin: forward 5-CCCTAAGGCCAACCGTGAAA-3', and reverse 5-ACGACCAAGG
CATACAGGGA-3'.

Normalization was performed against B-Actin as housekeeping gene.

Histology

Harvested allografts were split in half and either paraffin embedded or snap frozen and kept at
-80°C. Light microscopy was performed on HE- and PAS-stained whole cross sections of kid-
ney allografts. An experienced blinded nephropathologist (S. M.) evaluated and scored intersti-
tial inflammation, intimal arteritis, tubulitis and glomerulitis as well as periarteritis using a
4-point-score (0-3) and assigned a score according to the Banff criteria [21].

Immunohistochemistry

Immunohistochemistry was performed on 3 um paraffin embedded cross-sections. Antigen
retrieval was performed by Proteinase K (Sigma Aldrich, St. Louis, Missouri) for 20 minutes at
37°C. After blocking with 2.5% goat serum (Vector laboratories, Burlingame, California) the
primary antibody (anti-mouse F4/80, 1:100; eBioscience, San Diego, CA) was added for an
overnight incubation at 4°C. InmPRESS HRP kit (Vector laboratories, Burlingame, California)
was used for detection. Samples were developed using 3.3'-diaminobenzidine (Sigma Aldrich,
St. Louis, Missouri) and nuclear staining was performed using methyl green.

For the analysis five randomly chosen powerfields were analysed per each slide at 20x mag-
nification. Afterwards all slides were analysed using Image J-Image Processing (http://imagej.
nih.gov/ij/) adjusting threshold and calculated percents of infiltration area.

Statistical analysis

Statistical analysis was performed with Microsoft Excel 2013 (Microsoft, Redmond, Washing-
ton, USA), SPSS 15 (IBM, Armonk, New York USA) and Prism 6.00 software (GraphPad Soft-
ware, Inc., San Diego, CA). Differences between groups were investigated with unpaired, two-
tailed t-tests after testing for normal variance with the Kolmogorov-Smirnov-method. Correla-
tion between the metric MR parameters and metric leukocyte infiltration was determined with
Pearsons s correleation coefficient and correlation to ordinal histopathology with Spearman s
correlation coefficient. Significance was determined at p<0.05. We have performed Bonfer-
roni-correction for multiple tests.

Results
Diffusion Weighted Imaging

The ADC (mm?/s*10™°) of native kidneys and syngeneic allografts (Fig 1) did not show signifi-
cant differences (1.29+0.12 vs. 1.17+0.16). Allogeneic controls treated with revmNOX-E36
showed significantly lower ADC (0.63+0.08) than syngeneic allografts (p<0.001). Allografts
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Fig 1. Diffusion Weighted Imaging. (a) Apparent Diffusion Coefficient (ADC): Allograft rejection occurring under revmNOX-E36 shows strong diffusion
restriction, i.e. low ADC. Treatment with low dose CsA and mNOX-E36 leads to slight but not significant reduction of the diffusion restriction. Only combined
CsA and mNOX lead to a significant increase of ADC, which is still lower than of syngeneic and native kidneys. (b-e) Exemplary parametric ADC-maps
(mm?/s) of orthotopic renal allografts (continuous lines) and native kidneys (broken lines). (b) shows revmNOX-E36, (c) dose CsA, (d) CsA + mNOX-E36, (e)
isograft. The images illustrate a strong diffusion restriction occurring without therapy which partially resolves under low dose CsA and CsA + mNOX-E36.
There is only slight diffusion restriction for isografts, attributable to ischemia reperfusion.

doi:10.1371/journal.pone.0165532.9001

treated with low dose CsA showed a considerably higher ADC (0.78+0.09) (p = 0.05) than
revmNOX-E36-controls. Allografts treated with mNOX-E36 only showed a slightly higher
ADC (0.83+0.18). The ADC of allografts treated with the combination of CsA and mNOX-E36
were significantly higher (0.90+0.06mm?/s) than of revmNOX-E36-controls (p=0.002) and
slightly higher than of mNOX-E36-monotherapy and still significantly lower than of syngeneic
kidneys (p<0.001).

IVIM-analysis did not provide additional information (S1 Fig) Tissue diffusivity D, of allo-
grafts was significantly lower than of sygeneic and native kidneys (p<0.001), however there
was no significant difference between the untreated and treated groups. Perfusion fraction f,
and pseudodiffusion D}, did not show significant differences between all groups.

Dynamic Contrast Enhanced-MRI

Syngeneic allografts and native kidneys (Fig 2) did not show significant perfusion differences
(plasma flow (m1/100ml/min): 51.03+12.49 vs. 46.65+11.20) and a significantly higher perfu-
sion than allogeneic allograft controls treated with revmNOX-E36-controls (plasma flow 23.48
+10.95). Single treatment with mNOX-E36 did not show significant improvement of perfusion
(plasma flow 26.60+9.36). Treatment with low dose CsA without or with mNOX-E36 showed
an increasing plasma flow (43.43+12.49; 38.75+7.53 ml/100ml/min) which was significantly
higher than in untreated allografts (p<0.01) and mNOX-E36 monotherapy and not signifi-
cantly different from native kidneys.

Effect on intragraft proinflammatory cytokines

RT-PCR measurements from the grafts revealed lower levels of B-cell activating Factor
(BAFF)-, IFN-y- and TNF-o- mRNA under the combination therapy compared to
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Fig 2. Dynamic Contrast Enhanced-MRI. (a) Plasma flow diagram: Allograft rejection occurring under revmNOX-E36 shows significantly reduced organ
perfusion. Treatment with low dose CsA with or without mMNOX-E36 leads to significantly increasing organ perfusion, similar to syngeneic and native
kidneys. (b-e) Exemplary parametric Plasma flow maps (ml/100ml/min) of orthotopic renal allografts (continuous lines) and native kidneys (broken lines). (b)
shows revmNOX-E38, (c) low dose CsA, (d) CsA + mNOX-E36, (e) isograft. The images illustrate a strong reduction of perfusion occurring without therapy.
The perfusion deficit resolves already under low dose CsA as well as under CsA + mNOX-E36 with values similar to isografts and native kidneys.

doi:10.1371/journal.pone.0165532.9002

revmNOX-E36 treated controls (BAFF:p<0.0001; IFN-y:p = 0.0002; TNF-ou:p = 0.0005) (Fig
3). Monotherapy with mNOX-E36 resulted in reduced levels of IFN-y (p = 0.01 vs. control)
and TNF-o (p = 0.05 vs. control). Low dose CsA as monotherapy showed similar results with
significantly reduced IFN-y-levels (p = 0.01 vs. control) and BAFF (p = 0.01 vs. control). Of
note, combination therapy confirmed an additive effect over monotherapy especially for BAFF
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Fig 3. Intragraft pro-inflammatory cytokines. Intragraft mRNA levels of a) B-cell activating Factor (BAFF)-, b) IFN-y- and c) TNF-a- were significantly
reduced under the combination therapy compared to the controls (BAFF: p<0.0001; IFN-y: p = 0.0002; TNF-a: p = 0.0005). Monotherapy with mMNOX-E36
resulted in reduced levels for IFN-y (p = 0.01 vs. control) and TNF-a (p = 0.05 vs. control) but not for BAFF (p = 0.24). CsA monotherapy significantly
reduced IFN-y- and BAFF-levels (p = 0.01 vs. control) but had less effect on TNF-a (p = 0.09). Combination therapy confirmed again an additive effect over
monotherapy.

doi:10.1371/journal.pone.0165532.9003
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(combination vs. mNOX-E36, p = 0.01; combination vs. CsA, p = 0.05). IFN-y-concentrations
showed a trend (combination vs. mNOX-E36, p = 0.08; combination vs. CsA, p = 0.06). TNF-
o-mRNA levels were significantly reduced under the combination compared to mNOX-E36
(p =0.02) but not to CsA (p =0.1).

Histopathology

Ten days after transplantation in accordance to the other results, controls (revmNOX-E36)
showed most extensive infarction/necrosis (> 80%, Fig 4). In comparison, under nNOX-E36
treatment only 5-10% of the grafts were affected. No infarction was seen under CsA as mono-
therapy or in combination with mNOX-36.

Intimal arteritis Interstitial inflamation

Tubulitis Periarteritis
. 04 ’ 41 ; 06 ’
3 ’ 0.06 ; ' 03 :
1 ., 06 . 001 , 04 07 4, 03 . 005

Fig 4. Rejections scores. Rejection scores for a) intimal arteritis, b) interstitial inflammation, c) tubulitis and d) periarteritis were high in all allograft
groups. The scores for the combination therapy were significantly reduced only for “intimal arteritis” compared to the controls (p = 0.04). Monotherapy
with mNOX-ES36 did not show an effect. CsA as monotherapy was significantly reduced only for “intimal arteritis”.

doi:10.1371/journal.pone.0165532.9004
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Syngeneic control renal transplants had almost no signs of inflammation (intimal arteritis
0.6+0.7; interstitial inflammation 0.2+0.4; tubulitis 0.8+0.7; periarteritis 0.4+0.8) and rejection
scores were significantly increased in revmNOX-E36 controls (1.9+0.5; 2.0+0.6; 1.6+0.8; 2.5
+0.5) and in all treatment groups (interstitial inflammation 1.6 to 2.3; tubulitis 1.2 to 2.3 and
periarteritis 2.0 to 2.8) except low dose CsA and combination therapy for intimal arteritis (0.1
+0.2 and 0.9+0.2). The combination therapy showed reduced scores compared to either low
dose CsA or mNOX-E36 for tubulitis (1.2+4 vs. 2.0+0.6 and 2.3+0.0) and a trend for interstitial
inflammation (1.6+0.5 vs 2.2 + 0.4 and 2.3+0.5) and periarteritis (2.0£1.0 vs. 2.6+0.5 and 2.8
+0.4) (Figs 4 & 5). According to the Banff-classification these data showed the following pic-
ture: no T-cell mediated rejection and minor capillary/glomerular changes for the syngeneic
grafts; moderate-severe T-cell mediated rejection for the combination therapy and CsA as
monotherapy; severe T-cell mediated changes for mNOX-E36 and revmNOX-E36 (Table 2).

Immunohistochemistry

Immunohistochemical stainings showed that in revmNOX-E36 treated control renal trans-
plants 22.1+2.3% of the examined area was infiltrated with F4/80+ cells (Fig 6). This was signif-
icantly increased compared to either low dose CsA (10.8+1.5%, p<0.0001) or mNOX-E36
(10.8+1.8%, p<0.0001) as monotherapy. Combination therapy of CsA and mNOX-E36
showed an additive effect (5.2+1.2%), with significantly less monocytic infiltration compared
to CsA (p<0.0001) or mNOX-E36 (p<0.0001) monotherapy. Combination therapy reached
levels almost comparable to the syngeneic controls (3.4+0.5%).

Correlation between MRI and histologic parameters

There was a significant (p<0.05) negative correlation (r = -0.63) between perfusion of the
transplanted kidney with the degree of the intimal arteritis. Furthermore, we found a signifi-
cant (p<0.05) negative correlation between interstitial inflammation and ADC (r = -0.73) and
between macrophage infiltration and ADC (r = -0.81) (Fig 7).

Discussion

Functional MRI may play a complimentary role to histopathology data in diagnosing paren-
chymal renal disease and the imaging findings of this study were closely correlated to patho-
physiology. This is important as invasive biopsy with all its complications such as haemorrhage
or infection is currently the only established method to quantitatively assess renal allograft
rejection. While several studies have used functional MRI to depict renal pathology in an ani-
mal model [22,23], only two studies have assessed renal allograft rejection using functional
MRI [24,25]. Several other studies have used functional MRI to identify transplant rejection in
heterogeneous patient cohorts [26-30], but up to date no study has utilized functional MRI to
directly assess and graduate therapeutic effects in correlation to histology. In the present study,
we exploited functional MRI to detect and grade changes under different treatment regimen
and to pinpoint these non-invasive imaging findings to a direct histomorphological correlate.
In allogeneic transplanted controls we could demonstrate considerably impaired mobility of
water molecules as measured with DWI, potentially related to a) increased cell density due to
MCP1-mediated leukocyte recruitment and b) subsequently increased cell volume due to inter-
stitial inflammation as evidenced by histopathology and RT-PCR [31]. Although more refined
diffusion techniques such as diffusion tensor imaging and intravoxel incoherent motion imag-
ing assessing tubular integrity and microcirculation have been developed [27,28,32-34], sepa-
ration of increased cell density and cell volume is not possible with current techniques.
Biexponential analysis yielding the microcirculatory diffusion component based on intravoxel
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Fig 5. F gy of idneys. magnification 200x; a, b, ¢, e PAS; d HE a) syngeneic, no therapy
(d10 post Tx): no interstitial inflammation, tubulitis or intimal arteritis (arrow); b) allogeneic, CsA+mNOX-E36 (d10
post Tx): mild interstitial inflammation, tubulitis and intimal arteritis (arrow); c) allogeneic, CsA (d10 post Tx):
moderate interstitial inflammation and dense perivascular cuff-like lymphocytic inflammation (asterisk), mild intimal
arteritis; d) allogeneic, CsA (d10 post Tx): focus of severe tubulitis under CsA monotherapy (arrow); e) allogeneic,
mNOX-E36 (d10 post Tx): moderate interstitial inflammation with dense perivascular cuff-like lymphocytic
inflammation (asterisk), moderate intimal arteritis (arrow); f) allogeneic, revmNOX-E36 (d10 post Tx): arterial fibrinoid
change with medial smooth muscle necrosis (black arrow), mild interstitial inflammation (red arrow). Consecutive
ischemic parenchymal necrosis isk)

doi:10.1371/journal.pone.0165532.9005

Table 2. Banff scores.

Sy i CsA+mNOX-E36 CsA mNOX-E36 revmNOX-E36
Banff- 211,211,211, 211, | 37211, 411A, 4l1A/211, 411A/211, 37211, 41A/211, 41A/211, 41A/211, | 411B/211, 411B/211, 411B/2I1, 411B/211, 411B/211, 411B/2I1, 4111,
score 41A 4lIA/211 4iB/2l1 4liB/21l

doi:10.1371/journal.pone.0165532.t002
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Fig 6. Monocytic infiltrates. Exemplary F4/80+ immunohistochemistry of a specimen treated with (a) low dose
CsA + mNOX-E36 or (b) low dose CsA. Under combination therapy considerably less positive F4/80+ cells can be
detected. (c) Control grafts (revmNOX-E36) had 22.1+2.3% of the examined area infiltrated with F4/80+ cells.
Monotherapy with either mNOX-E36 or low dose CsA showed significant benefits over the controls (10.8+1.8%,
p<0.0001). Combination therapy showed an additive effect (5.2+1.2%) significantly reduced compared to both
monotherapies and (p<0.0001) almost reaching levels of syngeneic controls (3.4+0.5%).

doi:10.1371/journal.pone.0165532.g006

incoherent motion was possible with our acquired data, nevertheless the observed findings
were inconsistent with a high degree of variation, potentially due to the complex acquisition
and postprocessing technique to separate the flow and diffusion compartments. However, in
our study the diffusion restriction assessed with the monoexponential analysis was significantly

PLOS ONE | DOI:10.1371/journal.pone.0165532 November 7, 2016 11/16
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Fig 7. Correlation of functional imaging with histopathology. (a) There was a significant negative correlation between ADC and macrophage infiltration
(r=-0.81; p<0.05) determined with immunohistochemistry (F4/80). (b) There was also a significant negative correlation between ADC and interstitial
inflammation (r = -0.73; p<0.05) determined with histopatholoy. (c) Furthermore there was a significant negative correlation (r = -0.63; p<0.05) between the
reduction of organ perfusion and the degree of intimal arteritis determined with histopathology.

doi:10.1371/journal.pone.0165532.9007

correlated to leukocyte density and interstitial inflammation and decreased with increasing
immunosuppression.

DCE-MRI may help further studying the vascular part of allograft rejection by assessing the
organ passage of a contrast agent bolus. We found a significant correlation of perfusion param-
eters with intimal arteritis and corresponding to histopathology low dose CsA with or without
mNOX-E36 led to a reduction of microvascular inflammation, a re-established plasma flow
and thus restored microcirculation of the transplanted organ.

Principally, in patients DCE-MRI assessed with multi-compartment-models also allows for
calculation of split glomerular filtration if a very high temporal resolution is obtained. Our
experiments have been performed with a human scanner using dedicated animal equipment,
however an already very high temporal resolution of 1.5sec/slab did not allow for a robust cal-
culation of GFR (data not shown), so that only perfusion data based on a deconvolution analy-
sis was available. Examination with dedicated high field small animal scanners may help to
further increase the temporal resolution to non-invasively determine glomerular filtration in
mice. Overall we could show that combining DWI with DCE-MRI yielded results closely
resembling significant parts of histopathology and immunohistochemistry, particularly leuko-
cyte infiltration and vascular inflammation. However, DWI and DCE-MRI are not the only
non-invasive techniques allowing assessment of transplant organs. Arterial Spin Labeling MRI,
dynamic contrast enhanced ultrasound (CEUS) and CT (DCE-CT)[35] allow for assessment of
perfusion similarly to DCE-MRI and have been used in exploratory studies, particularly
addressing ischemia-reperfusion damage. However only DWI allows to non-invasively address
tissue cellularity, which is linked to leukocyte recruitment and inflammation [6].

The results regarding effectiveness of the novel chemokine-antagonist mNOX-E36 and its his-
topathological outcome require further addressing. Only few reports investigated the CCL2/
CCR2 axis in the context of organ transplantation, showing that inhibition of the chemokine
CCL2 or its receptor CCR2 in the lung and islet allograft rejection process significantly prolongs
survival [36,37]. Similar results were obtained in a previous laboratory study of our group using a
murine heart transplant model with similar therapy regimen [12]. Here, the combination of
mNOX-E36/CsA resulted in reduced monocyte infiltration, interstitial tissue damage and
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prolonged graft survival. In previously tested parenchymal renal disease models, e.g. diabetes, it
was shown that mNOX-E36 effectively blocked macrophage recruitment into the glomerular and
interstitial compartments of the kidney [9,10]. Similarly, we found reduced monocytic infiltrates
under mNOX-E36 monotherapy. Furthermore, pro-inflammatory cytokines and the ADC as
measured by DWI were moderately improved. On the contrary, organ perfusion as measured by
DCE-MRI did not recover nor were there improvements using the classical histopathology
parameters. When looking at the Banff scores for example, nNOX-E36 was not better than the
controls although the extent of infarction/necrosis of the tissue was much less (example Fig 4).
Also, the combination therapy failed to show better Banff scores than CsA monotherapy even
though the combination led to less interstitial, peritubular and periarterial inflammation. The
reason for this was an extraordinary low level of intimal arteritis (v0-0.5) which was even lower
than under the combination (v0.5-1). These data were in part confirmed by a non-significant
trend towards a better perfusion under CsA mono- vs. combination therapy as measured by
DCE-MRI. We lack a good explanation why intimal arteritis was less under CsA monotherapy
and can only speculate that the different composition of cellular infiltrates (reduced monocytes
under mNOX-E36) or another as of yet unkown cellular/humoral effect is responsible for this.

Importantly, in almost all our experiments a certain additive effect was seen when
mNOX-E36 was administered in combination with CsA and that the combination of
DCE-MRIand DWI were able to detect these subtle changes.

We furthermore show that histopathology alone with its current scores and classifications
lack accuracy. The major weaknesses of the Banff classifications for example are that lesions in
the biopsies are empirically derived and thus not specific for any disease entities and their
assessment is prone to subjective interpretation and limited reproducibility [38]. These prob-
lems have been identified and several Banff working groups are currently focused on a data-
driven, evidence-based refinement of the classification [39]. We are convinced that diagnosis
of early acute or late ongoing chronic rejection processes should be based on a more multiface-
ted approach including histology, cellular tests as well as MRI techniques.

Limitations

The measured ADC values were relatively low compared to values found in human studies,
which may be attributed to effects of anesthesia and cooling. However this is a systematic error,
which will affect all groups alike. Furthermore group size was small with a final group size of

n = 5, however one has to take into account, that the orthotopic kidney transplantation model
is very demanding with a perioperative failure rate of approximately 30% [13].

Conclusion

In summary, multiparametric functional MRI is suited to detect renal allograft rejection in an
experimental murine model and allows to characterize effects of immunosuppressive therapy
alleviating acute rejection processes in allogeneic transplantation.

Supporting Information

S1 Fig. Intravoxel Incoherent Motion Analysis. (a): Tissue diffusion D;: D is significantly
lower for allografts compared to native and syngenic kidneys, however without significant dif-
ference between allograft groups. (b) Pseudodiffusion D, and (c) perfusion fraction f, did not
show significant differences between all groups.

(TIF)
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Alloantigen presentation is an essential process in acute allorejection. In this context, we
speculated on a pathogenic role of cathepsin S (Cat-S), a cysteine protease known
to promote antigenic peptide loading into MHC class Il and to activate protease-
activated receptor (PAR)-2 on intrarenal microvascular endothelial and tubular epithelial
cells. Single-cell RNA sequencing and immunostaining of human kidney allografts
confirmed Cat-S expression in intrarenal mononuclear phagocytes. In vitro, Cat-S
inhibition suppressed CD4 + T cell lymphocyte activation in a mixed lymphocyte
assay. In vivo, we employed a mouse model of kidney transplantation that showed
preemptive Cat-S inhibition significantly protected allografts from tubulitis and intimal
arteritis. To determine the contribution of PAR-2 activation, first, Balb/c donor kidneys
were transplanted into Balb/c recipient mice without signs of rejection at day 10. In
contrast, kidneys from C57BL/6J donor mice revealed severe intimal arteritis, tubulitis,
interstitial inflammation, and glomerulitis. Kidneys from Par2-deficient C57BL/6J mice
revealed partial protection from tubulitis and lower intrarenal expression levels for Fas/,
Tnfa, Ccl5, and Ccr5. Together, we conclude that Cat-S and PAR-2 contribute to
immune dysregulation and kidney allograft rejection, possibly involving Cat-S-mediated
activation of PAR-2 on recipient parenchymal cells in the allograft.
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INTRODUCTION

Among the different forms of renal replacement, therapy kidney transplantation, when available, is
the preferred option for most patients with end-stage kidney disease (Wolfe et al., 1999; Robinson
et al,, 2016). Alloimmunity remains an important factor limiting graft survival, and life-long
treatment with relatively non-specific immunosuppressants has remained the standard of care
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to date for the vast majority of patients (Durrbach et al., 2010).
More selective interference with alloimmunity may broaden the
range of options for those patients facing drug toxicity.

Presentation of alloantigen’s is a central path mechanism
of alloimmunity and involves MHC class II molecules on
professional antigen-presenting cells (Borges et al., 2016; Robson
et al., 2018). Within antigen-presenting cells, the maturation of
MHC class I molecules is tightly regulated, whereby the invariant
chain covers the peptide-binding domain up to when peptide
loading occurs and the molecule is shuttled to the cell surface
(Roche and Frusta, 2015; Robson et al., 2018). Cathepsin (Cat-)
S is one of several proteases that chop the invariant chain in a
stepwise process (Shi et al., 1999; Roche and Frusta, 2015); hence,
Cat-S deficiency or pharmaceutical Cat-S inhibition prevents
MHC class II-mediated (auto)antigen presentation (Rise et al.,
1996, 1998; Dresden et al., 1999; Saugus et al., 2002; Stickle et al.,
2012). Indeed, Cat-S inhibition effectively suppresses the immune
dysregulation in numerous experimental autoimmune diseases
(Saugus et al., 2002; Baugh et al., 2011; Rupanagudi et al., 2015;
Tato et al., 2017).

Beyond its role inside cells, monocytes/macrophages,
neutrophils, and endothelial cells secrete Cat-S in the
extracellular space where it processes several matrix proteins
(Lutgens et al., 2007; Reiser et al, 2010). For example, its
elastase activity contributes to vascular wall degeneration in
atherosclerosis and aortic aneurysm formation (Shi et al., 2003;
Sukhova et al., 2003; Rodgers et al., 2006; Aikawa et al., 2009;
Samokhin et al.,, 2010; Qin et al., 2012; Figueiredo et al., 2015).
Indeed, increased serum levels of Cat-S are associated with
several cardiovascular risk factors including chronic kidney
disease (Jobs et al., 2011, 2013; Lv et al,, 2012). As a new
finding, we and others recently described that Cat-S activates
protease-activated receptor (PAR)-2 on vascular endothelial
cells in a thrombin-like manner (Elmariah et al., 2014; Zhao
et al.,, 2014; Kumar et al., 2016). Cat-S-driven PAR-2 activation
induced endothelial dysfunction, a central path mechanism in
microvascular complications of diabetic mellitus or systemic
autoimmunity (Kumar et al., 2016; Tato et al., 2017).

As both mechanisms, MHC class II-mediated antigen
presentation and microvascular injury also contribute to
immune dysregulation and allograft dysfunction in solid organ
transplantation, we hypothesized that interfering with either Cat-
S or PAR-2 would attenuate organ injury in a robust model of
allograft rejection. To address this concept, we decided for a
rigorous mouse model of acute kidney allograft rejection without
further immunosuppressive therapy.

MATERIALS AND METHODS

Single-Cell RNA Sequencing of Human
Kidney Biopsies

Tissue Processing

The renal biopsy was minced into small pieces with a razor
blade and incubated at 37°C in freshly prepared dissociation
buffer containing 0.25% trypsin and 40 U/ml DNase I, filtered
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resuspended in buffer (9% OptiPrep). Nuclei from normal human
nephrectomy tissue were isolated with Nuclei EZ Lysis buffer with
protease inhibitor and RNase inhibitor. Samples were cut into
<2-mm pieces, homogenized, and incubated on ice for 5 min
with an additional 2 ml of lysis buffer. The homogenate was
filtered, centrifuged, resuspended in suspension Buffer (1 x PBS,
0.07% BSA, 0.1% RNase inhibitor), and counted.

InDrops Single-Cell RNA-Seq

InDrops was performed as described (Klein et al., 2015). In
brief, cells were diluted into 60,000 cells/ml in 9% OptiPrep
buffer. Single-cell encapsulation was carried out using an
inDrops instrument and microfluidic chip manufactured by
1CellBio. In total, 4000 cells were collected. Library preparation
was performed according to the protocol provided by the
manufacturer. Libraries were sequenced by HiSeq 2500 with a
sequencing depth of 50K mapped reads/cell.

10x Single-Nucleus RNA-Seq

RNAs from 6000 single nuclei loaded into one lane of the
10 x Genomics 3-prime V2 platform were encapsulated,
barcoded, and reversed transcribed. The library was sequenced in
HiSeq 2500 with a sequencing depth of 12.5K mapped reads/cell.

Data Preprocessing

We used the inDrops computational pipeline, dropEst (Klein
et al,, 2015), to process the single-cell InDrops data. We used
STAR to map the high-quality reads to the human genome
(GRCh38). We next ran the dropEst program to estimate the
accurate molecular counts, which generated a UMI count matrix
for each gene in each cell. We used the zUMIs computational
pipeline to process the single nuclei data according to protocol
(Parekh et al., 2018). In brief, fastq files were filtered for low-
quality barcodes and unique molecular identifier (UMIs). Next,
cDNA reads were mapped to the reference genome using STAR.
Count matrices were generated for exon + intron overlapping
reads. These count matrices were used for downstream analysis.

Unsupervised Clustering and Cell Type Identification

UMI count matrices were loaded into the R package Seurat. For
normalization, the DGE matrix was scaled by total UMI counts,
multiplied by 10,000, and transformed to log space. Only genes
found to be expressed in >10 cells were retained. Cells with
a relatively high percentage of UMIs mapped to mitochondrial
genes (>0.3) were discarded. Moreover, cells with fewer than 300
or more than 4,000 detected genes were omitted, resulting in
4,487 cells. We also regressed out the variants arising from library
size and percentage of mitochondrial genes using the function
RegressOut in R package Seurat. The highly variable genes were
identified using the function MeanVarPlot with the parameters
x.Jow.cutoff = 0.0125, x.high.cutoff = 6, and y.cutoff = 1, resulting
in an output of 2,404 highly variable genes. The expression level
of highly variable genes in the cells was scaled and centered along
each gene and was conducted to principal component analysis.
Based on PCEIbowPlot and PCHeatmap Seurat function analysis,
we first selected 20 PCs for two-dimensional t-distributed
stochastic neighbor embedding (tSNE), implemented by the
Seurat software with the default parameters. Based on the
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tSNE map, sixteen clusters were identified using the function
FindCluster in Seurat with the resolution parameter set to 0.6.
We applied the same unsupervised clustering analysis on the
single nucleus dataset. After filtering low-quality nuclei, 4,609
nuclei with >400 genes expressed were imported into Seurat for
clustering analysis. In total, we identified 13 cell types in the single
nucleus dataset, which included macrophages and endothelial
cells. Integrated analysis of rejecting and normal human kidney
was performed using the Seurat function IntegrateData.

Immunohistochemistry in Human Renal
Biopsies

Human renal tissue, fixed in formaldehyde and embedded
in paraffin, was selected from the files of the Service of
Pathology, University Hospital Geneva: control normal renal
tissue was obtained from two patients with nephrectomy
performed for neoplasia, involving the possibility of tumor-
related immune exhaustion. Five biopsy specimens were
obtained from renal transplant patients with acute T cell-
mediated rejection. For all biopsy specimens, standard analyses
were performed. Each patient gave informed consent before
enrollment. The institutional ethical committee board approved
the clinical protocol (CEREH number 03-081). The research was
performed according to the Helsinki’s declaration principles. For
immunostaining, serial paraffin sections were stained with the
primary antibodies anti-cathepsin S (monoclonal mouse anti-
human Cat-S, LSBio, Seattle, WA, United States) and anti-CD68
(DakoCytomation, Glostrup, Denmark) or double stained with
anti-cathepsin S and anti-CD68. Counterstaining was performed
using Mayer hematoxylin. Negative controls included the absence
of the primary antibody (not shown).

Bone Marrow-Derived Dendritic Cell

Isolation and Differentiation

For bone marrow-derived dendritic cell (BMDC) preparation,
cells were isolated and cultured according to a standard method
with minor modifications (Han et al., 1999). Briefly, bone marrow
cells were cultured in RPMI 1640 media supplemented with 1%
penicillin and streptomycin, 10% of fetal calf serum (50115, EMD
Millipore, United States), 20 ng/ml of mouse recombinant IL-
4 and GM-CSF (ImmunoTools, Friesoythe, Germany). At day
8, non-adherent cells were transferred to a fresh plate, primed
by 500 jg/ml lipopolysaccharide (LPS, Sigma) for another 24 h,
and used for MLR. In BMDC stimulation assays, non-adherent
cells were transferred to 12-well plate at 2 x 10®/ml at day
8, stimulated with indicated stimuli for 24 h, and analyzed
by flow cytometry.

Mixed Lymphocyte Reaction

For in vitro assessment of allogenic T-cell activation, mixed
lymphocyte reaction (MLR) was set up by incubating T
cell-enriched splenocytes together with bone marrow-derived
dendritic cells (BMDCs). C57BL/6 (H-2b) and Balb/c (H-2d)
mice were used at the age of 7-15 weeks. For T cell preparation,
pan T-cells were enriched from splenocytes by a magnetic bead—
based negative selection method (Mouse Pan T-cell Isolation Kit
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11, Miltenyi Biotec, Germany) according to the manufacturer’s
instruction (purity >90%, data not shown). Purified T cells were
labeled with 5 uM carboxyfluorescein succinimidyl ester (CFSE)
dye (CellTrace™ CESE Cell Proliferation Kit, Invitrogen)
for 5 min according to the manufacturer’s instruction. For
proliferation assay, 1.5 x 10° CFSE-labeled T cells and 1 x 10°
of primed BMDCs were cocultured in round bottom 96-well plate
(Nunc, Germany) for 4 days. Mixed cells were afterward analyzed
by flow cytometry to evaluate the proliferation.

Flow Cytometry Analysis

Single-cell suspensions from BMDC stimulation assay or
MLR were washed in cold DPBS (PAN Biotech, Germany)
twice and suspended in cold FACS buffer (DPBS with 1%
BSA and 0.05% sodium azide). Single-cell suspensions were
first treated with anti-mouse CD16/32 antibody (BioLegend,
United States). Cells from BMDC stimulation assay were
stained for anti-mouse CD11c-PE (clone HL3, BioLegend,
United States) and anti-mouse MHCII-FITC (clone M5/114.15.2,
BioLegend, United States). Cells from MLR were stained for
anti-mouse CD8-PE (clone 53-6,7, BioLegend, United States)
and then stained for anti-mouse CD4-APC antibody (RM4-4
clone, BioLegend, United States). Samples were analyzed on
a flow cytometry analyzer (BD FACSCalibur). For analysis of
proliferation, after gating in live/CD4 + CD8- or live/CD4-
CD8 +, CFSE histograms were deconvoluted to differentiate
each daughter generation from parent cells by software (FlowJo,
version 7.6.5) (Supplementary Figure S1A). Division index was
calculated by the ratio of the total number of divisions over the
number of cells at start of culture.

Lactate Dehydrogenase Cytotoxicity

Assay

Lactate dehydrogenase (LDH) cytotoxicity assay was set up by
mixing 1.5 x 10° of CFSE-stained T cells and 1 x 10° of LPS-
primed BMDCs in RPMI 1640 media supplemented with 1%
penicillin and streptomycin and 10% of fetal calf serum. Cells
were incubated for 4 days. At day 4, cell death was evaluated using
LDH cell cytotoxicity assay kit (Roche, Mannheim, Germany)
according to the manufacturer’s protocol.

Animal Study Design

C57BL/6] (H2b) and Balb/c (H2d) mice were obtained from
Charles River (Sulzfeld, Germany) and used at the age
of 8-12 weeks. Par2-/- mice in the C57BL/6] background
were purchased from Jackson Laboratory (Bar Harbor, ME,
United States). Offspring were genotyped by polymerase chain
reaction (PCR) of genomic DNA derived from tail clippings.
Animals were assigned by stratified randomization to different
groups co-housed in groups of five in filter top cages with
unlimited access to food and water. Cages, nestlets, food,
and water were sterilized by autoclaving before use. Humane
endpoints were monitored throughout the study. All experiments
were conducted according to the European equivalent of the
NIH’s Guide for the Care and Use of Laboratory Animals and had
been approved by the local government authorities.
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Kidney transplantations were performed as previously
described (Skoskiewicz et al., 1973). Following a midline
abdominal incision, the left kidney, aorta, and inferior vena
cava of the donor were fully exposed and mobilized. The kidney
was procured en bloc including the renal vein; the renal artery,
along with a small aortic cuff; and the ureter. The vessels
of the graft were anastomosed end-to-side to the recipient’s
abdominal aorta and inferior vena cava using 10-0 nylon sutures
(AROSurgical, Newport Beach, CA, United States). For urinary
tract reconstruction, the ureter was directly anastomosed into
the bladder using a pull-through (Han et al., 1999). The times
of cold and warm ischemia of the graft were maintained at 40
and 30 min, respectively. The native kidneys of the recipient
remained untouched as this was a non-life-sustaining approach.

Primary Endpoint: Harvested allografts were split in half and
either paraffin embedded or snap frozen and kept at —80°C.
Light microscopy was performed on HE- and PAS-stained whole
cross sections of kidney allografts. An experienced blinded
nephropathologist (S. M.) evaluated and scored for tubulitis,
intimal arteritis, interstitial inflammation, and glomerulitis as
well as periarteritis using a 4-point-score (0-3) and assigned a
score according to the Banff criteria (Haas et al., 2014).

Secondary Endpoints: Real-time reverse transcription-
polymerase chain reaction (RT-PCR). Gene expression was
assessed by real-time quantitative RT-PCR as described
(Lech et al, 2010). In brief, total RNA was isolated using
an RNA extraction kit (Life Technologies, Darmstadt,
Germany) according to the manufacturer’s instructions.
After isolation of RNA, cDNA was generated using reverse
transcriptase  (Superscript II; Invitrogen, Carlsbad, CA,
United States). A SYBR Green Dye detection system was
used for quantitative real-time PCR on Light Cycler 480 (Roche,
Mannheim, Germany) using SYBR Green (SABiosciences)
as marker and 18s rRNA as a housekeeping gene. Gene-
specific primers blasted with ensemble-BLAST and NCBI
primer-BLAST ~ (Metabion, Martinsried, Germany) were
used. The following are forward and reverse gene-specific
primers, respectively (300 nM; Metabion, Martinsried,
Germany): 18s, GCAATTATTCCCCATGAACG and AGG
GCCTCACTAAACCATCCG; Ifng, TGAGCTCATTGAATGCTT
GG and ACAGCAAGGCGAAAAAGGAT; Fasl, TTAAATGGG
CCACACTCCTC and ACTCCGTGAGTTCACCAACC; Citss,
GAGTCCCATAGCCAACCACAAG and AAGCGGTGTCTATG
ACGACCG; and Ccl5, GTGCCCACGTCAAGGAGTAT and
CCACTTCTTCTCTGGGTTGG; Ccr5, GTCTACTTTCTCTT
CTGGACTCC and CCAAGAGTCTCTGTTGCCTGCA; Foxp3,
CTGGACACCCATTCCAGACT and TTCATGCATCAGCTC
TCCAG; I12ra, GCGTTGCTTAGGAAACTCCTGG and GCATA
GACTGTGTTGGCTTCTGC, Cd8bl, GAATGTGAAGCCAGA
GGACAGTG and GGGCAGTTGTAGGAAGGACATC; Cdd4,
GTTCAGGACAGCGACTTCTGGA and GAAGGAGAACTCC
GCTGACTCT. Non-template controls consisting of all used
reagents were negative for target and housekeeping genes.
To reduce the risk of false-positive crossing point, the high-
confidence algorithm was used. The melting curve profiles were
analyzed for every sample to detect eventual unspecific products
or primer dimers.
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Histology was a secondary endpoint. Kidneys were fixed
in 4% formalin, embedded in paraffin. Immunostaining was
performed as described using anti-mouse MHC-II (1:100, clone
M5/114.15.2, eBioscience, United States) (Kumar et al., 2016).

Statistical Analysis

Normal data distribution was tested using the Shapiro-Wilk
test. Comparisons between two groups were performed with
Student’s t-test or Mann-Whitney U test. Comparison of
multiple groups was performed with ANOVA or Kruskal-Wallis
test; a multiple comparison test was performed with Dunnett
or Dunn’s correction, respectively. A value of p < 0.05 was
considered to indicate statistical significance. Data are presented
as mean =+ SD.

RESULTS

Cathepsin S-Positive Cells Accumulate
in Rejecting Human Kidney Allografts

We compared single-cell Cat-S expression (CTSS) in human
kidney allograft with mixed rejection and normal human kidney
(Wu et al., 2018). Integrated analysis of rejecting and normal
human kidney identified 16-cell clusters including all major
tubular and immune cell types and endothelial cells (Figure 1A).
Compared to normal kidney, high expression of CTSS is seen in
macrophages and intercalated cells (Figures 1B upper, 1C left).
To confirm these data, we performed immunostaining in biopsies
from transplanted patients diagnosed with kidney allograft
rejection, as well as biopsies from healthy controls. As shown in
Figure 2A, Cat-S-positive cells were sparse in the interstitium of
healthy kidneys and were most likely expressed by CD68 + cells.
In contrast, we found numerous CD68/Cat-S double-positive
cells accumulating in rejected allografts (Figure 2B). Together,
Cat-S was strongly expressed inside human kidney allografts.

Cathepsin S Inhibition Suppresses
Alloimmune Lymphocyte Proliferation

in vitro

As Cat-S is a non-redundant component in MHC class II-
driven antigen presentation, it should also drive MHC class
II-related alloantigen presentation and alloimmunity. We tested
this concept by performing mixed lymphocyte assays (Figure 3A)
and measured CD4 + T lymphocyte division as a readout
for alloantigen-specific lymphocyte activation. As shown in
Figure 3B, Cat-S inhibition did not significantly affect BMDC
MHC class II expression. In MLR, however, Cat-S inhibitor-
treated groups had less proportion of divided CD4 + T cells
(Figure 3C). Quantification of the division index also showed that
the Cat-S inhibitor suppressed CD4 + T cell and CD8 + T cell
division in a dose-dependent manner (Figures 3D,E). This effect
was independent of cytotoxicity of the Cat-S inhibitor as LDH
release was identical in all groups (Figure 3F). Thus, we conclude
that Cat-S inhibition blocks alloimmune CD4 + and CD8 + T
lymphocyte proliferation in vitro.
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FIGURE 1 | Cat-S and PAR-2 gene expression in healthy and rejected human kidney biopsies by single-cell RNA-seq. (A) UMAP plots of combined correlation
analysis of a mixed rejection kidney transplant biopsy and a healthy human kidney tissue sample. Left: cell clusters labeled by cell type. Right: clusters labeled
according to rejection (blue) or healthy (red) kidney. (B) Violin plots of Cat-S (CTSS) and PAR-2 (F2RL1) gene expression per cell type, in rejection (green) and healthy
(red). Upper: CTSS expression. Lower: F2RL1 expression. (C) Feature UMAP plots of Cat-S (left) and PAR2 (right) expression. Purple color demotes high gene
expression.
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320X

were marked by black arrow.

FIGURE 2 | Cat-S expression in kidney biopsies from renal transplant patients with acute T cell-mediated rejection by immunostaining. (A) Cat-S and CD68 staining
in health human kidney tissue. Consecutive kidney slides were stained for CD68 (left, in red) and Cat-S (right, in brown). CD68-positive cells and Cat-S-positive cells
were marked by black arrows. Magnification 200x. (B) Cat-S and CD68 staining in rejecting human kidney allografts. CD68 single staining (left), Cat-S single
staining (middle), and Cat-S/CD68 double staining (right) was performed on tissues from patients undergoing kidney rejection. Cat-S/CD68 double-positive cells

Preemptive Cathepsin S Inhibition
Attenuates Acute Kidney Allograft
Rejection

Based on these findings, we tested whether Cat-S inhibition
can attenuate kidney allograft rejection in vivo. We set up
an experimental model based on C57BL/6] (H2b)-recipient
mice (Figure 4A). We investigated the Cat-S expression in
transplanted kidneys. Compared to syngeneic controls, allograft
showed numerous Cat-S-positive cells accumulating in the
interstitium, especially around vessels (Figure 4B). Likewise,
Cat-S gene expression was also significantly induced in allograft
(Figure 4C). Transplanting a kidney from a donor of the same
strain showed minimal differences in the histological picture
compared to the native kidneys 10 days after the surgery,
implying that the transplant procedure per se was reliably
performed and did not cause tissue damage by ischemia-
reperfusion injury (Figure 4D). In contrast, kidneys from Balb/c
(H2d) donor mice showed signs of severe rejection with tubulitis,
glomerulitis, intimal arteritis, and interstitial inflammation
(Figure 4D). Treating recipient mice with the Cat-S inhibitor

RO5461111 completely abrogated tubulitis, intimal arteritis, but
not glomerulitis and interstitial inflammation (Figure 4D). As a
further sign of intrarenal inflammation, quantitative RT-PCR of
total kidney RNA revealed increased levels of proinflammatory
mediators such as Ccl5, Ccr5, Fasl, and Ifng (Figure 4E). Cat-S
inhibition reduced intrarenal expression levels of above genes.
Cat-S inhibition also reduced Cd4 and Cd8b1 gene expression
(Figure 4F). However, it did not affect Foxp3 or Il2ra gene
expression (Supplementary Figure S1B). The Cat-S inhibitor
also did not affect MHC class II expression in graft (Figure 4G
and Supplementary Figure S1D). Cat-S inhibition reduced
intrarenal expression levels of the above genes (Figure 4E).
Taken together, Cat-S inhibition substantially attenuates kidney
allograft rejection.

Lack of Par2 in the Kidney Allograft
Attenuates Acute Rejection in Recipient
Balb/c Mice

PAR-2 is a G protein receptor and acts as the receptor for
many extracellular enzymes, such as Cat-S, trypsin, and tryptase.
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FIGURE 3 | Effect of Cat-S inhibitor on MLR and cytotoxicity. (A) Experiment design of mixed lymphocyte reaction for proliferation and LDH assay. LPS-primed
BMDCs (Balb/c) and CFSE-stained T cells (C57BL/6J) were used as stimulator and responder, respectively. Mixed cells were cocultured for 4 days and analyzed by
flow cytometry or LDH assay. (B) BMDC stimulation assays. BMDCs were stimulated with 500 ng/ml LPS, Cat-S inhibitor, or vehicle for 24 h and analyzed for
MHC-II expression among CD11c + cells. (C) CD4 + T cell proliferation monitored using CFSE labeling. Mixed cells were in the presence of 0.2, 2, 20 pg/ml, or
vehicle, and proliferation was analyzed by flow cytometry at 4 days of culture. As controls, mixed cells with no CFSE were treated as the same way as vehicle but
without CFSE staining; single T cells were treated with vehicle but without adding BMDCs. After gating in CD4 + cells, divided cells were gated in the histograms of
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deconvoluted histograms of the CFSE channel, the division index was calculated by the ratio of the total number of divisions over the number of cells at start of
culture. (E) The division index of CD8 + T cells. (F) LDH assay for Cat-s inhibitor-treated cells. Supernatant of mixed cell culture was analyzed at day 4 by LDH.

*p < 0.05, *p < 0.01, **p < 0.0001.
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FIGURE 4 | Cathepsin S inhibition attenuated renal allograft rejection in vivo. (A) Experimental design. Wild-type C57BL/6 kidneys (syngeneic) or wild-type Balb/c
kidneys (allogeneic) were transplanted into wild-type C57BL/6 mice. Allogenic recipients were orally administrated with either vehicle or Cat-S inhibitor 10 mg/kg
twice daily for a total of 11 days. At day 10 after transplantation, mice were analyzed. (B) Cat-S staining in mouse kidney grafts from syngeneic (B6 to B6) and
allogeneic group (Balb/c to B6). White dash lines represent for vessels. Magnification 200x. (C) Ctss mRNA expression in mouse kidney grafts. (D) Histological
score for mouse kidney grafts. Tubulitis, intimal arteritis, glomerulitis, and interstitial inflammation were quantified by Banff scoring method. ***p < 0.001 Balb/c to B6
vs. B6 to B6; ****p < 0.0001 Balb/c to B6 vs. B6 to B6; *#p < 0.01 Balb/c to B6 vs. Balb/c to B6 + Cat-S inhibitor. N = 10 for B6 to B6, n = 9-10 for Balb/c to B6,
n = 8-10 for Balb/c to B6 + Cat-S inhibitor. (E) Proinflammation gene expression in mouse kidney grafts by RT-gPCR. (F) Cd4 and Cd8b1 gene expression in mouse
kidney grafts. (G) Quantification of interstitial MHC-II positive cells in mouse kidney graft. *o < 0.05; *p < 0.01; ***p < 0.001. B6 represents for C56BL/6J.
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FIGURE 5 | Par2 deficiency in grafts attenuated renal allograft rejection in vivo. (A) Experimental design. Wild-type Balb/c kidneys (syngeneic) or wild-type C57BL/6
(allogeneic) were transplanted to wild-type Balb/c mice. Par2-deficient kidneys from C67BL/6 background (allogeneic) were transplanted into wild-type Balb/c mice.
At day 10 after transplantation, mice were sacrificed for analysis. (B) Histological score for mouse kidney grafts. Tubulitis, intimal arteritis, glomerulitis, and interstitial
inflammation were quantified by the Banff scoring method. **p < 0.01 B6 to Balb/c vs. Balb/c to Balb/c, ***p < 0.001 B6 to Balb/c vs. Balb/c to Balb/c, #p < 0.05
B6 to Balb/c vs. Par2KO to Balb/c. N = 4 for Balb/c to Balb/c, n = 4-6 for B6 to Balb/c, n = 6 for Par2KO to Balb/c. (C) Proinflammation gene expression in mouse
kidney grafts by RT-gPCR. (D) Cd4 and Cd8b1 gene expression in mouse kidney grafts. “p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. B6 represents for
C56BL/6J. Par2KO represent for Par2 deficiency.
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The Cat-S/PAR-2 axis was previously reported to play a role
in itch, pain, and diabetic microvasculopathy (Kumar et al.,
2016; Zhao et al, 2014; Mihara et al, 2016). Interestingly,
using single-cell sequencing data of human kidney allograft
rejection, we found F2RL1, the human gene encoding for PAR-
2 to be expressed at low levels by several renal parenchymal
cell types including endothelial cells and tubular epithelial cells
(Figures 1B lower, 1C right). We therefore asked whether
PAR-2 also plays a role in this setting. We designed the
animal experiment as shown in Figure 5A. Compared to
kidneys from wild-type B6 donors, kidneys from Par2-deficient
donor mice showed significantly less tubulitis, non-significant
trends toward less glomerulitis, and less intimal arteritis, and
no effect on interstitial inflammation (Figure 5B). However,
Par2-deficient allografts also showed reduced expression of the
inflammatory genes Ccl5, Cer5, Fasl, and Ifng (Figure 5C). In
contrast to mice treated with Cat-S inhibitor, Par2-deficient
allografts did not show reduced mRNA expression of Cd4 and
Cd8b1 (Figure 5D) and of Foxp3 and Il-2ra (Supplementary
Figure S1C). Together, donor Par2 deficiency attenuates acute
allograft rejection.

DISCUSSION

We had hypothesized that interfering with either Cat-S or
PAR-2 would attenuate kidney injury in a robust model
of renal allograft rejection. We tested this concept using a
pharmacological inhibitor of Cat-S and genetic Par2 deficiency
in different versions of the same kidney transplant model in
mice based on the two strains C57Bl/6] (H2b) and Balb/c
(H2d). By avoiding additional immunosuppressive therapy,
we tested the role of these targets in severe acute rejection.
The results confirm the hypothesis and identify Cat-S/PAR-
2 as potential molecular targets in the context of solid
organ transplantation.

Alloantigen recognition is a central path mechanism of
alloimmunity. Both donor- and recipient-derived antigen-
presenting cells activate recipient alloreactive T cells to proliferate
and circulate, a process leading to alloantigen recognition
inside the graft and local alloimmunity, i.e., rejection. These
processes involve both MHC class I and IT molecules of which
peptide loading into MHC class II but not class I molecules is
controlled by Cat-S (Rise et al., 1996). In support of this concept,
Cat-S inhibition suppressed lymphocyte proliferation in a mixed
lymphocyte assay, an accepted in vitro model of alloantigen
recognition (Ansari and Strom, 2010). Our in vivo data further
demonstrate that preemptive Cat-S inhibition was sufficient to
suppress some aspects of acute renal allograft rejection, namely,
tubulitis and arteritis, while, e.g., interstitial inflammation was
hardly affected. This may relate to the contribution of MHC
class I-mediated alloantigen recognition, and this suggests that
monotherapy with a Cat-S inhibitor may be insufficient to control
allograft rejection. In this regard, alloimmunity significantly
differs from autoimmunity, which can be well controlled
by Cat-S inhibitor monotherapy (Rupanagudi et al, 2015;
Tato et al., 2017).
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However, we and others have previously shown that
Cat-S inhibition also prevents Cat-S-mediated activation of
PAR-2 on vascular endothelial cells and thereby attenuates
endothelial dysfunction-related organ injury (Kumar et al,
2016). In the setting of kidney transplantation, this would
imply a potential dual renoprotective effect of Cat-S inhibition,
one on alloantigen recognition and one of microvascular
injury in the allograft. Indeed, our data show a considerable
renoprotective effect of genetic Par2 deficiency in the allograft.
This genetic approach overcomes some of the concerns
related to small molecule inhibitors such as exposure, dosing,
dosing intervals, and specificity. Nevertheless, we found
similar renoprotective effects as compared to the Cat-S
inhibitor, indicating that the renoprotective effects of the
Cat-S inhibitor largely relate to its activity at PAR-2. However,
Par2 deficiency also abrogates the activity of other serum
proteases such as thrombin, which can have similar biological
effects (Mihara et al, 2016). Although specific targeting of
PAR-2 with drugs would be feasible, in the setting of solid
organ transplantation targeting the dual activity of Cat-S
appears more promising, potentially in combination with
an immunosuppressive drug that also controls MHC class
I-mediated alloimmunity.

Obviously, our study presents with some limitations. First,
we could not ultimately prove that the Par2-dependent
effects relate to Cat-S activity. Also, other proteases such
as thrombin induce PAR-2 signaling on endothelium and
tubular epithelial cells (Vesey et al, 2013; Mihara et al,
2016). Second, because of the robust nature of the acute
rejection, it was difficult to quantify immune cell infiltrates
and endothelial integrity properly and the life-non-sustaining
transplantation technique did not allow testing for renal
function. Finally, it would have been desirable to validate
the experiments with Cats-deficient mice but such mice
fulfilling the microbial requirements of our animal facility could
not be obtained.

Together, Cat-S and PAR-2 are potential molecular targets in
acute renal allograft rejection. Further studies will evaluate its
potential in models that mimic more closely the clinical scenario
of acute (and chronic) human allograft rejection.
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