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Abstract

The increasing gap between available donor organs and the number of patients on the

waiting list leads to the transplantation of so-called expanded criteria donor (ECD) organs.
Advanced donor age is one of the main characteristics of ECD kidneys being associated

with a higher risk of unfavorable outcome. So far, the underlying cellular mechanisms
leading to restricted graft survival of older transplants as well as the recipi ent sd | mmu
response towards aged transplants remain largely unknown. In order to unravel the
cellular composition of young versus aged grafts, a comprehensive analysis of the
immunome of naive murine kidneys was performed. Compared with young kidneys, older
kidneys were characterized by increased frequencies of effector/memory T cells and

group 2 innate lymphoid cells (ILC2s), whereas regulatory T cells (Treg) were decreased.

Aged kidney-derived CD4*and CD8*T cel |l s produced more | FNDO
degranulation capacity than their young counterparts indicating a subclinical inflammation

in senescent kidneys. This was further reflected by a significantly higher expression of

MHC class Il and the co-stimulatory molecules CD40 and CD80 on proximal tubular
epithelial cells (PTECs). Applying a fully MHC-mismatch murine kidney transplantation

model (C57BL/6 to BALB/c), an enhanced inflammatory, cytotoxic response towards the

aged graft was observed compared with young donor grafts. This was indicated by
significantly higher IFNo , granzyme B, dactiod bypezipidntederived T p r o
cells. The induced inflammatory immune response to-wards the older kidney graft was
successfully ameliorated by applying the senolytic drug ABT-263 to the donor prior to
transplantation, resulting i n -Biofgraft-iffiltratiagnt | vy
T cell subsets. Moreover, ABT-263 graft pre-treatment of the aged donor resulted in a
significant improvement of graft function on day 28 post kidney transplantation. In
conclusion, chronological donor age is also reflected by changes within renal tissue,
showing increased immunogenicity and provoking a stronger inflammatory response of

the recipient. Pre-treatment strategies of aged grafts with senolytic drugs offer the

potential to improve the outcome of ECD kidneys.



Zusammenfassung

Die steigende Diskrepanz zwischen verfligbaren Spenderorganen und Patienten auf der
Warteliste resultiert in der zunehmenden Transplantation von Organen mit erweiterten
Spenderkriterien, sogenannten expanded criteria donor (ECD) Organen. Ein hdheres
Spenderalter ist charakteristisch fur ECD Organe, welche mit einem schlechteren
Transplantatiiberleben assoziiert sind. Bislang sind die zellularen Mechanismen fir das
schlechte Outcome é&lterer Spenderorgane als auch die zellulare Antwort des
Organempfangers gegen das alte Organ weitestgehend unbekannt. Um die zellulare
Komposition junger gegenuber alten Organen besser zu verstehen, wurde eine
umfassende Analyse der Iymphozytaren Zusammensetzung muriner Nieren
durchgeflhrt. Im Vergleich zu jungen Nieren wiesen altere Organe hdohere Frequenzen
von effector/memory-Typ T-Zellen und sogenannten Gruppe 2 innate lymphoid cells
(ILC2s) auf, wohingegen regulatorische T-Zellen deutlich reduziert waren. CD4"* als auch
CD8* T-Zel | en alterer Ni eren produzierten
Degranulationskapazitat - Charakteristika, die auf eine subklinische Inflammation in
seneszenten Nieren hinweisen. Dies wurde auch durch die signifikant hohere Expression
von MHC Klasse II-, als auch von kostimulatorischen Molekulen wie CD40 sowie CD80
auf proximalen tubularen Epithelzellen (PTECs) verdeutlicht. Unter Verwendung eines
kompletten MHC-inkompatiblen murinen Nierentransplantationsmodells der Maus
(C57BL/6 auf BALB/c) konnte eine erhohte Inflammation und Zytotoxizitat in &lteren im
Vergleich zu jungen Transplantaten dokumentiert werden, basierend auf hoheren
Frequenzen ei nwaGrahzym B dnal Perforif-ékprimierender Empfanger-
T-Zellen. Die inflammatorische Immunantwort gegen ein alteres Organ konnte durch die

Vorbehandlung des Spenders mit dem Senolytikum ABT-263 erfolgreich begrenzt

me h

werden. Diese f¢ihrte zu ei nefsovdellglO-Produktiannt e n

der infiltrierenden T-Zellen sowie zu einer verbesserten Nierenfunktion an Tag 28 post
transplantationem. Zusammenfassend betrachtet fuhrt das fortgeschrittene
chronologische Alter potentieller Organspender zu einer Veranderung der lymphozitaren
Komposition residenter Immunzellen sowie zu einer erhfhten Immunogenitét des renalen
Spenderorgans. Dies fuihrt zu einer erhéhten Immunantwort des Rezipienten gegen das
Transplantat. Strategien zur Vorbehandlung alterer Organspender mit Senolytika sind
daher vielversprechende Ansétze, um ein verbessertes Transplantatiberleben von ECD

Organen zu erzielen.



1. Introduction

1.1 Renal transplantation, past and present

The first successful living-related kidney transplantation (KTx) was already carried out in
1954 between twins (Murray 2011). Since then, over the past seven decades, KTx was
further developed into clinical practice in more than 80 countries as a treatment option for
end-stage renal disease. Multiple studies have demonstrated that kidney transplant
recipients experience better rates of life participation compared to dialysis patients (Sayin,
Mutluay, and Sindel 2007; van den Ham et al. 2005). Advances in organ procurement
and surgical techniques, development of immunosuppression regimens targeting early
rejection, and prophylactic antibiotic therapies have led to major improvements in allograft
outcomes during the past decades, reflected by an increase of the median survival for
deceased donor transplants from 8.2 years in the era 19951 1999 to 11.7 years in the era
2014-2017 (Poggio et al. 2021). Out of all solid organs, kidney and liver were the most
frequently transplanted organs, whilst small bowel transplants were the least frequent. In
Europe, 5.687 and 1.183 kidney transplants were performed from deceased and living
donors in 2022, respectively, while 13.276 patients were still on the waiting list
(http://statistics.eurotransplant.org/). Thus, there is a great discrepancy between organ
demand and supply, a circumstance that is further challenged by demographic changes
in modern societies. For instance, the number of individuals with an advanced age >65
years is steadily increasing worldwide. Thus, an aging population and a higher incidence
of patients diagnosed with e.g. progressive chronic kidney disease (CKD) constitutes a
higher number of potential kidney transplant recipients. On the other hand, chronological
donor age is also a major risk factor for allograft dysfunction, as grafts from older donors
are more susceptible to ischemic injury and prone to develop delayed graft function (DGF)
post-kidney transplantation, thus having an additional risk of unfavorable outcome
(Perez-Saez et al. 2019).

1.2 Expanded criteria donors

The increasing gap between available donor organs and the increasing number of
patients on the waiting list led to the usage of so-called expanded criteria donor organs

(ECD). Expanded criteria donors were defined by the Organ Procurement and



Transplantation Network (OPTN) for marginal kidneys in 2002 (Metzger et al. 2003),
referring to individuals aged 60 years or older or subjects aged 50-59 years with at least
two of three additional risk factors: stroke, history of hypertension, or serum creatinine

above 1.5 mg/dl before transplantation (Argani 2022).

Recipients of ECD kidneys are characterized by a higher incidence of DGF rates, more
acute rejection episodes and decreased long-term graft survival. A retrospective study
from Hariharan et al. showed that transplant recipients who received a kidney graft with
a donor age over 60 years had a significantly lower 5-year graft survival rate compared
with recipients who received a kidney graft with a chronological age below 60 years
(42.7% vs 61.4%) (Hariharan et al. 1997). Furthermore, at a 10-year follow-up, younger
recipients (20 to 35 years) benefit from younger donor kidneys compared with older donor
kidneys (Pippias et al. 2020). Several factors may explain these findings, including
prolonged cold ischemia time (CIT), increased immunogenicity of aged grafts, and the
impaired ability for kidney regeneration post-transplantation (Fang et al. 2022; Argani
2022). Even though ample evidence shows that ECD kidneys have a worse survival rate
compared with standard criteria donor (SCD) kidneys (Querard et al. 2016), the usage of
ECD kidneys has strongly increased during the last decade and accounts for nearly 50%
of all deceased kidney donors in recent years. In 2022, 47% of all deceased donor kidney
transplants performed in the Eurotransplant (ET) region were derived from donors >55
years (http://statistics.eurotransplant.org/). Therefore, a comprehensive understanding of
the molecular mechanisms of ECD kidneys is of urgent need and instrumental for
developing therapeutic strategies to improve renal allograft survival of these vulnerable

organs.

1.3 Renal senescence

In general, an aging kidney is accompanied by a series of histological changes, including
a decrease in total nephron size and number, glomerular basement membrane thickening,
tubule interstitial changes, and increased glomerulosclerosis (Newbold, Sandison, and
Howie 1992). At the immunological level, renal aging is characterized by the expression
of senescence-a s s 0 c i agélactdsidabe (SA-b-gal) and cyclin-dependent kinase
inhibitor p16'NkK4a (Valieva et al. 2022; He and Sharpless 2017), and is associated with

chronic, sterile, low-grade inflammation, defined as inflamm-aging. The term inflamm-



ageing represents a novel concept originally proposed by Claudio Franceschi at the
beginning of this century which refers to an accumulation of unrepaired random molecular
damage over time causing cellular defects and tissue dysfunction (Franceschi et al. 2000).
Inflamm-aging is thought to be driven by immunosenescence (Walford 1964),
characterizing cellular phenotypic and functional changes in the immune system reflected
by two conflicting aspects: greater vulnerability to infectious disease and persistent
systemic inflammation (Walford 1964). In principle, the number of senescent cells
increases during immunosenescence; these cells are viable but exhibit altered
morphology, greater heterogeneity, accumulation of lipofuscin granules, and SA-b-gal
expression (Hayflick and Moorhead 1961). A substantial part of the senescent cells
acquires a senescence-associated secretory phenotype (SASP) (Kuilman and Peeper
2009), mirrored by pro-apoptotic features and secretion of proinflammatory cytokines
such as T NF,UL-6, IL-8 and C-reactive protein (CRP) (Howcroft et al. 2013).
Consequently, SASP™ cells are believed to negatively influence the local tissue milieu by
causing inflamm-aging. While it is considered that senescent cells are involved in the
occurrence and progression of acute kidney injury (AKI), chronic renal disease and
transplant rejection (Kooman et al. 2017; Infante et al. 2020; Valentijn et al. 2018), direct

mechanistic data supporting this hypothesis are limited.

1.4 Immune cells and aging

The immune system is counteracted by intrinsic and extrinsic factors and changes
accordingly start from early life while the onset of immunosenescence for healthy
individuals commences around the age of 50 years (Rubelt et al. 2012). Age-associated
changes in the immune system not only affect innate immunity, but also adaptive immune
cells, resulting in impaired vaccine responses, increased susceptibility to infection and
chronic kidney disease (Davis, Tato, and Furman 2017; Franceschi et al. 2017). Dendritic
cells (DCs) are key components of innate immunity with a high potency of antigen
presentation, but their ability of antigen retention and presentation is declining with age
indicated by the downregulation of F ¢ 9 RAydar et al. 2003). In line with this, aged
macrophages display reduced expression of pattern recognition receptors such as toll-
like receptors (TLR); interestingly, this feature is accompanied by an enhanced capacity
for inflammatory cytokine production, including TNF U a 6d(Chil et al. 2022).
Phenotypic changes were also observed within the Natural Killer (NK) cell compartment



from the elderly with reduced expression of the natural cytotoxicity-associated receptors
NKp46 and NKp30 (Almeida-Oliveira et al. 2011). Of note, enhanced expression of the
activating cytotoxicity marker NKG2D in zero-hour biopsies of kidney transplants aged >
55 years has been associated with impaired graft function (Gunther et al. 2017),

suggesting this marker being indicative for renal senescence.

T cells and B cells represent the main players in the adaptive immune system. For
individuals with an age above 60 years, naive T cell and B cell output is reduced, whereas
memory T cells accumulate with loss of costimulatory molecule CD28 expression and
upregulation of senescence signature molecules, including CD57 and killer cell lectin-like
receptor G1 (KLRG1) (Frasca et al. 2016; Rodriguez et al. 2020). Whereas these features
are collectively considered detrimental to host defense, immunosenescence might be
beneficial in situations when immune cell activation is undesired. In that context,
increased quantities of senescent CD4*CD28 T cells in aged recipients correlate with
superior acceptance of kidney allografts (Trzonkowski et al. 2010).

Studies on age-associated alterations within the recently described family of innate
lymphoid cells (ILCs) are limited. ILCs are functionally related, innate counterparts of T
helper cell subsets lacking a clonotypic antigen receptor and serving important roles in
tissue homeostasis, maintenance, remodeling and antimicrobial immunity (Vivier et al.
2018). ILCs are defined by the absence of typical T-, B- or myeloid lineage markers and
divided into three groups according to their different transcription factor- and cytokine
profiles. Group 1 ILCs characteristically express Tbet and secrete IFN9, whereas group
2 ILCs are GATA3* and express the signature cytokines IL-5 and IL-13. Group 3 innate
lymphoid cells are ROR 3 tand predominantly produce IL-17 and IL-22. In human
peripheral blood, ILC1 frequencies are stable throughout life, whereas ILC2 and ILC3
frequencies decline with age (Darboe et al. 2020). As ILC2s have been proposed to play
an important role in tissue regeneration, the adoptive transfer of activated ILC2s has been
successfully shown to revitalize the aged mouse brain by enhancing cognitive functions
(Fung et al. 2020). The abundance of ILCs in multiple tissues, including the kidney
(Cameron et al. 2019) and their emerging role in inflammatory and regenerative
processes (Chen et al. 2020) emphasize the importance of a detailed investigation of this

novel class of lymphocytes during aging.



1.5 Targeting senescence in potential renal grafts

The efficacy of immune surveillance diminishes with age, resulting in an accumulation
and increase in the number of senescent cells (Munoz-Espin and Serrano 2014),
particularly in transplant recipients under immunosuppressive medication to avoid
allograft rejection (Hoffmann et al. 2015). These cells are associated with age-related
pathologies such as glomerular disease and chronic allograft nephropathy (Sturmlechner
et al. 2017; Childs et al. 2015). Furthermore, because senescent cells are unable to
replace other damaged cells during wound healing, senescence reduces the ability of
tissue regeneration as already shown for renal tubular injury (Bonventre and Yang 2011).
Increased levels of MRNA expression of various potential senescence markers including
p21¢Prt and p16'NK42 have been observed in pre-transplant biopsies and were correlated
with unfavorable outcomes in renal transplantation (Koppelstaetter et al. 2008; Melk et al.
2009). Therefore, it might be beneficial to implement methods to modify vulnerable aged
donor kidneys to enhance their resistance to ischemia-reperfusion injury (IRI) in order to
improve their outcome. In this context, several potential therapeutic targets have been
reported. Statins, for example, can upregulate the expression of telomere repeat-binding
factor, a key protein for telomere capping, therefore preventing senescence in cells
(Spyridopoulos et al. 2004). PPAR-0 a g o n i sbees shbvan Yoereduce proteinuria,
improvement of glomerular filtration rate (GFR) and decrease renal oxidative stress, thus
alleviating cell senescence in the aging kidney (Yang et al. 2009). Reducing the number
of renal senescent cells by senolytic drugs can also decrease aging-related diseases.
ABT-263 (a specific inhibitor of the anti-apoptotic proteins BCL-2 and BCL-xL), is a potent
senolytic drug that can selectively kill senescent cells in aged mice and promote
rejuvenation of stem cells of several tissues, allowing tissue regeneration (Chang et al.
2016).

Despite these findings and insights into the effects of aging on the kidney, the precise
mechanisms behind age-related changes that affect the long-term survival of renal
allografts remain unknown. Hence, for this study, we employed an experimental mouse
kidney transplantation model to investigate how kidney-resident lymphocytes are affected
by aging, and to examine how aged kidneys influence the alloimmune response of the
recipient. Our findings may have important implications for the development of targeted

therapeutic approaches.



2. Aim of the study

The application of aged donor kidneys in clinical transplantation is growing rapidly, but
the immunological factors leading to the compromised long-term survival of these organs
have not been fully addressed. Kidney-resident immune cells and parenchymal cells
induce an alloimmune response after transplantation, but so far little is known about the
difference between these cells in young as compared to aged organs, especially with
respect to the impact on the inflammatory response and graft function after
transplantation. The same applies to potential therapeutic interventions to rejuvenate
organs from old donors. Hence, the following objectives have been addressed in this

study:

1. Determining the Ai mMmmunomeo in young VS.

organs) by comprehensive characterization of key lymphocyte subsets.

2. Impact of young vs. aged renal transplants on the alloimmune response and resulting

graft function in a murine kidney transplantation model.
3. Characterization of age-dependent changes in murine renal parenchymal cells.

4. Evaluating the effects of the senolyticagent ABT-2 6 3 on the renal

parenchymal cells in aged mice.

5. Impact of ABT-263 donor pre-treatment on renal function in context with murine

kidney transplantation.

N



3. Material and Methods

3.1 Material

3.1.1 Mice

C57BL/6 (CD45.2, H-2KP), C57BL/6.SJL-Ptprca Pepcb/BoyJ (CD45.1, H-2KP) and
BALB/c (CD45.2, H-2K9Y mice, were purchased from Charles River Laboratory (Sulzfeld,
Germany). Young C57BL/6 (C57BL/6JRj; CD45.2, H-2KP), and old C57BL/6 (C57BL/6JR;j;
CD45.2, H-2KP), 20 months, were purchased from Janvier-Labs (les Soriniéres, France).
For all experiments, only male mice, 8-12 weeks (if not otherwise indicated), weighing 24-
35 g were used. Animals were kept under standard conditions and received human care
in compliance with the O6Princi pl leyghe Ndtiondl a b or
Academy of Sciences and published by the National Institutes of Health (NIH Publication
No. 8671 23, revised 1985). All animal experiments were approved and in accordance with
guidelines from the Landesamt f¢r Gesundheit und Soziales Berlin, Germany.

3.1.2 Chemicals and reagents

Chemicals and reagents are summarized in Table 1.

3.1.3 Equipment

Equipment used for experiments is summarized in Table 2.

3.2 Methods

3.2.1 Murine kidney transplantation

Murine kidney transplantations were performed as previously described with a slightly
modified technique (Ashraf et al. 2019). After induction of anesthesia with isoflurane
inhalation, an abdominal midline cross-incision was performed to fully expose the left
urinary system. The left adrenal vein, lumbar vein, and gonadal vessels were carefully
cauterized and cut to mobilize the left kidney, aorta, and inferior vena cava. The kidney
was flushed in situ with HTK solution (CUSTODIOL, Dr. Franz Kdhler Chemie GmbH,
Germany) and procured en-bloc including the renal vein, the renal artery along with a
small aortic cuff, and the ureter. Following the left nephrectomy of the recipient, the
donor's kidney was implanted below the level of native renal vessels. End-to-side
anastomoses between the donor and recipient vessels were performed using 10-0 nylon

sutures (ETHILON, Johnson & Johnson Medical, Belgium). The last stitches were tied to
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the short ends of the proximal or distal tie gently without tension. The ureter was directly

anastomosed into the bladder using a pull-through technique for urinary tract

reconstruction (He/Sarwar et al. 2022).

Table 1: Used chemicals and reagents (He/Sarwar et al, AJT. 2022)

Chemicals and reagents

Manufacturer

4% Histofix

Carl Roth, Karlsruhe, Germany

Albumin Fraction V

Carl Roth, Karlsruhe, Germany

Bepanthen eye ointment

Bayer, Leverkusen, Germany

Brefeldin A

Cayman, Michigan, USA

Bovine serum albumin (BSA)

Carl Roth, Karlsruhe, Germany

Buprenovet sine (Buprenorphine)

Bayer, Leverkusen, Germany

CASY Clean OLS, Bremen, Germany
CASY Ton OLS, Bremen, Germany
Corn Oll Merck, Darmstadt, Germany

CD45 Micro Beads

Miltenyi, Bergisch Gladbach, Germany

Collagenase I

Gibco, Thermo Fisher, Darmstadt, Germany

Collagenase IV

Gibco, Thermo Fisher, Darmstadt, Germany

Dimethylsulfoxid (DMSO)

Honeywell, Seelze, Germany

DMEM F12 Advanced Medium

Corning, Falcon, Kaiserslautern, Germany

DNase | Sigma Aldrich, Merck, Darmstadt, Germany
FACS Clean Thermo Fisher, Darmstadt, Germany
FACS Flow Thermo Fisher, Darmstadt, Germany
FACS Rinse Thermo Fisher, Darmstadt, Germany

FcR blocking Reageant mouse

Miltenyi, Bergisch Gladbach, Germany

Fetal calf serum (FCS)

Gibco, Thermo Fisher, Darmstadt, Germany

Fix/Perm kit

BD, Heidelberg, Germany

Interleukin-33, carrier-free

Biolegend, San Diego, USA

lonomycin Sigma Aldrich, Darmstadt, Germany
Isoflurane FEM Apotheke, Berlin, Germany
Isopentane AppliChem, Darmstadt, Germany

Heparin-Natrium

B. Braun Melsungen AG, Melsungen, Germany

Histopaque 1083

Sigma Aldrich, Darmstadt, Germany

Monensin

Biolegend, San Diego, USA

Navitoclax (ABT-263)

Hycultec, Passau, Germany

Oligo (dT) primer

Thermo Fisher Scientific, Schwerte, Germany

Paraformaldehyde 2% (methanol- and RNAse-free)

Electron Microscopy Sciences, Hatfield, PA,USA

Penicillin/Streptomycin (P/S)

Sigma Aldrich, Merck, Darmstadt, Germany

Phorbol myristat acetat (PMA)

Sigma Aldrich, Darmstadt, Germany

Phosphate buffered saline (PBS)

Biochrom, Berlin, Germany

RPMI-1640 medium

Corning, Falcon, Kaiserslautern, Germany

Sodium chloride (NaCl) 0.9 %

B. Braun Melsungen AG, Melsungen, Germany
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Table 2: Used equipment (He/Sarwar et al, AJT. 2022)

Equipment

Manufacturer

10-0 Nylon suture ETHILON

Johnson & Johnson, New Jersey, United States

5-0 Polypropylene suture PROLENE

Johnson & Johnson, New Jersey, United States

7-0 Braided silk suture

FST, Vancouver, Canada

2 ml Plastic pipet

VWR, Darmstadt, Germany

5 ml Plastic pipet

Sarstedt, Nirnbrecht, Germany

10 ml Plastic pipet

Fisher Scientific, Schwerte, Germany

25 ml Plastic pipet

Fisher Scientific, Schwerte, Germany

1.5 ml Reaction tube

Brand, Wertheim, Germany

5 ml Reaction tube

Sarstedt, Nurnbrecht, Germany

15 ml Reaction tube

Corning, Falcon, Kaiserslautern, Germany

50 ml Reaction tube

Corning, Falcon, Kaiserslautern, Germany

Bench EnvairEco Safe basic Plus

Envair, Emmendingen, Germany

Bench HeraSafe

Kendro, Langenselbold, Germany

CASY Cell counter & analyzer

OLS, Bremen, Germany

CASY Cups

OLS, Bremen, Germany

Cauterizer Surtron

LED SpA, Munich, Germany

Centrifuge 5415 R

Eppendorf, Hamburg, Germany

Centrifuge Multifuge 3 S-R

Thermo Fisher Scientific, Schwerte, Germany

Centrifuge Megafuge ST Plus

Thermo Fisher Scientific, Schwerte, Germany

Clamp Applying Forcep

FST, Vancouver, Canada

FACS tubes

Corning, Falcon, Kaiserslautern, Germany

Fortessa X-20 cell analyzer

BD, Heidelberg, Germany

Forcep Curve

FST, Vancouver, Canada

Forcep Straight

FST, Vancouver, Canada

Freezer -80°C

Heraeus, Hanau, Germany

Incubator

Eppendorf, Hamburg, Germany

Isoflurane Diffuser

Norvap, Barrowford, UK

LS Column

Miltenyi, Bergisch Gladbach, Germany

Oxgen Generator EverFlo

Philips, Amsterdam, Netherland

Pipetboy Neolab, Heidelberg, Germany
Pipets ACURA 825 Socorex, Ecublens, Switzerland
Pump Novis Neolab, Heidelberg, Germany
Scissor Staight FST, Vancouver, Canada

Scissor Vannas spring

FST, Vancouver, Canada

Stero Microscope SZX10

Olympus Deutschland, Hamburg, Germany

Strainer 100um

Corning, Falcon, Kaiserslautern, Germany

Strainer 40um

Corning, Falcon, Kaiserslautern, Germany

Syringes 0.5 mi

BD, Heidelberg, Germany

Syringes 1 ml BD, Heidelberg, Germany
Syringes 2 ml BD, Heidelberg, Germany
Syringes 5 ml BD, Heidelberg, Germany

Syringes 10 ml

BD, Heidelberg, Germany

Vascular Clamp

Aesculap, Tuttlingen, Germany

Vortex Shaker VF2

Neolab, Heidelberg, Germany

Warm Plate

Labtect, Goéttingen, Germany
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Cold and warm ischemia of the graft was kept at 20 and 30 minutes, respectively. To
assess the effect of acute rejection (AR) on graft function, the contralateral naive kidney
was removed 24 hours before the harvest. For short-term survival groups, mice were
sacrificed and harvested 7 days after surgery. For long-term survival groups, mice were
sacrificed and harvest 28 days after surgery. For prolonged cold ischemia groups, the
donor kidneys were stored in HTK solution at 4 °C for 6 hours (He/Sarwar et al. 2022).

3.2.2 In vivo treatment

To induce senescent cells apoptosis, ABT-263 (50 mg/kg/day, Navitoclax, Hycultech
GmbH) was applied by oral gavage in two cycles, with a one-week interval in between.
Control animals received corn oil. Animals were sacrificed on either day 7 (short-term
survival) or day 28 (long-term survival). The contralateral kidney was removed 1 day
before the animals were euthanized in order to assess serum creatinine and urea, which
are indicators of graft function (He/Sarwar et al. 2022). For the in vivo expansion of kidney
ILC2s, carrier-free recombinant murine IL-33 (300 ng/mouse/day, Biolegend) was
administered to the mouse intraperitoneally (i.p) for 5 consecutive days prior

transplantation (He/Sarwar et al. 2022).

3.2.3 Tissue harvest

Whole animal perfusion was performed during tissue harvesting as described previously
(Gage, Kipke, and Shain 2012). Briefly, after induction of anesthesia, a big cross incision
was made to expose abdominal organs. Blood was collected through the vena cava. The
portal vein was cut for a perfusate outlet. The pleural cavity was exposed by cutting the
rib cage until the collarbone. The needle was inserted into the left ventricle through the
posterior end and perfusate was pumped into the heart until all organs were pale and the
perfusate from the outlet was clear. The kidney membrane was removed after harvesting
(He/Sarwar et al. 2022).

3.2.4 Graft function assessment

Serum was collected by centrifuge of the whole blood at 4 °C, 3000 rpm for 10 minutes.
Samples were stored in al i gu oahdureawereim@aSufed
using the CREP2 Creatinine Plus version 2 and Urea/BUN assays, respectively, on a
Roche/Hitachi Cobas C 701/702 system (Roche Diagnostics) (He/Sarwar et al. 2022).

unt i
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3.2.5 Cell isolation

For isolation of MNCs from kidneys, tissues were minced and digested in 10 ml of RPMI
medium supplemented with collagenases IV (Gibco/Invitrogen, Worthington) and DNase
I (Roche Diagnostics) for 45 min at 37°C. Following digestion, recovered kidney
leukocytes were enriched by CD45 microbeads over MACS LS columns (Miltenyi Biotec,
Inc.). Leukocytes from lymph nodes and spleen were isolated by density gradient

centrifugation. For isolation and culture of PTECs, kidneys were minced into pieces,

processed through a 180 em stai nl/EBl2medmrh.e el S

Flow-t hr ough was applied to a 100 em cell
and glomeruli were recovered by reverse flushing with the medium. After centrifugation,
tubular segments were digested using collagenase Il for 20 min at 37°C in a shaking
water bath. Thereafter, cells were either immediately analyzed by FACS or transferred to
6 well plates for outgrow cultures; 80% confluence of PTECs was reached after 51 6 days.
Glomerular endothelial cells (JECs) were isolated as already published (Dumas et al.
2021). Briefly, glomeruli were digested using Trypsini EDTA 0.25% (Life Technologies)
for 23 min at 37°C in a shaking water bath, with pellet resuspension every 5 min. geCs
were harvested by filtering tnéreellswesepeeondsd
by FACS LSR Fortessa X-20 and analyzed by FlowJo software 10.0 (He/Sarwar et al.
2022).

3.2.6 Cell counting
To count cell numbers, 10 ¢ | of cell suspension was
measured in a CASY cell counter (Omni Life Science, Bremen, Germany). The given

counts of living cells were used for further calculations (He/Sarwar et al. 2022).

3.2.7 Cell staining

To phenotype isolated MNCs, following a 10 mins Fc receptor block, 1 x 108 freshly
isolated leukocytes were stained extracellularly with a mixture of various antibodies (see
table 3) for 20 min at RT in the dark. Afterward, cells were washed at 500 xg for 6 min at
4°C. For intracellular antibody staining, cells were fixed and permeabilized by a Fix/Perm
kit (Thermo Fisher). After washing at 500 xg for 6 min at 4 °C, cells were stained with a
mixture of intracellular antibodies (Table 3) for 30 min at RT in the dark. Stained cells
were washed at 500 xg for 6 min at 4 °C and measured on a BD Fortessa X-20 flow

cytometer (Becton Dickinson). For functional analysis, 2.5 x 108 cells were stimulated with

stra

on t

adde



phorbol 12-myristate 13-acetate (PMA, 50 ng), ionomycin calcium salt (1

presence of brefeldin A (5

e 0,/amd monensin (2 € M for retaining intracellular

molecules for 4 hrs at 37°C and 5% CO:2 before staining (He/Sarwar et al. 2022).

Table 3: Antibodies used for phenotyping (He/Sarwar et al, AJT. 2022)

Antibody Clone Fluorochrome Manufacturer
B220 RA3-6B2 APCCy7 Biolegend, San Diego, USA
B220 RA3-6B2 BV510 Biolegend, San Diego, USA
CD103 2E7 PE Biolegend, San Diego, USA
CD107a 1D4B PE Biolegend, San Diego, USA
CD11b M1/70 BV785 Biolegend, San Diego, USA
CD11c N418 APCCy7 Biolegend, San Diego, USA
CD127 A7R34 BV785 Biolegend, San Diego, USA
CD25 PC61 BV605 BD, Heidelberg, Germany
CD25 PC61 PE Biolegend, San Diego, USA
CD3 REA641 PerCP-Vio700 Miltenyi, Bergisch Gladbach, Germany
CDh4 RM4-5 BV711 Biolegend, San Diego, USA
CD44 IM7 APC-eFluor 780 ThermoFisher,Darmstadt, Germany
CD45 30-F11 BV-510 Biolegend, San Diego, USA
CD45 30-F11 UV395 BD, Heidelberg, Germany
CD49a Ha31/8 BV711 BD, Heidelberg, Germany
CD62L MEL-14 BVv421 Biolegend, San Diego, USA
CD69 H1.2F3 PE-Cy7 Biolegend, San Diego, USA
CD69 H1.2F3 BVv421 Biolegend, San Diego, USA
CD8 53-6.7 BV605 Biolegend, San Diego, USA
CXCR6 SA051D1 PE-Dazzle Biolegend, San Diego, USA
EOMES Danllmag Alexa488 ThermoFisher,Darmstadt, Germany
FoxP3 MF-14 AF 647 Biolegend, San Diego, USA
GATA3 REA174 PE Miltenyi, Bergisch Gladbach, Germany
Granzyme B NGZB PE-Cy7 eBioscience, ThermoFisher, Germany
I FNo XMG1.2 BV650 Biolegend, San Diego, USA
IL-5 REA1009 APC Miltenyi, Bergisch Gladbach, Germany
IL-10 JES5-16E3 PE Biolegend, San Diego, USA
IL-13 eBiol3A PE-Cy7 ThermoFisher,Darmstadt, Germany
IL-17 TC11-18H10.1 BVv421 Biolegend, San Diego, USA
Ki67 SolAl15 PE-Cy7 eBioscience, ThermoFisher, Germany
KLRG1 2F1 PE-Dazzle Biolegend, San Diego, USA
KLRG1 2F1 BV711 BD, Heidelberg, Germany
L/D - BV510 Biolegend, San Diego, USA
MHCII M5/114.15.2 BV650 Biolegend, San Diego, USA
NKp46 29A1.4 A700 BD, Heidelberg, Germany
NKp46 29A1.4 APC Biolegend, San Diego, USA
RORO t Q31-378 Bv421 BD, Heidelberg, Germany
ST2 DIH9 PE-Dazzle Biolegend, San Diego, USA
T-bet 4B10 PerCP-Cy5.5 Biolegend, San Diego, USA
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3.2.8 Flow cytometry

Flow cytometric (FACS) analysis allows for the examination of single cells. Cells were
labeled with fluorescently labeled antibodies against surface and intracellular markers of
interest, allowing expression analysis using a flow cytometer. Single cells pass a light ray
at fast speed, and depending on their structure, size, and staining, the cells exhibit a
specific signal that may be examined (Cossarizza et al., 2017). An exemplary gating
strategy for analysis of CD4*, CD8*, NK cells and subsets, DN T cells, effector memory
T cells, regulatory T cells is depicted in He/Sarwar et al. 2022, Supplemental Figure 1;
exemplary gating for PTECs and ECs is depicted in He/Sarwar et al. 2022, Supplemental
Figure 2 and Figure 3. Innate lymphoid cell analysis was performed according to the

gating strategy shown in Figure 1, below.
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Figure 1. Gating strategy for flow cytometric analysis of innate lymphoid cells. Cell subsets were
detected by FACS. Lymphocytes were gated, followed by single cells and Lineage-CD45* (DUMP-) TCR-
cells. Within the TCR- subset, NKp46-CD127* and NKp46*CD127- cells were identified. Within NKp46-
CD127* cells, ILC2s are gated as GATA3" cells, ILC3s are gated as RORo *t cells. ROR9 tcells were
identified within NKp46-CD127* cells, ILC1s are gated as EOMES-, NK cells are gated as EOMES*.

3.2.9 Histology and immunofluorescence microscopy
Formalin-fixed and paraffin-embedded kidney allograft tissues were cutinto1l e m t hi cl
sections. Following preparation, sections were stained with periodic acid schiff (PAS) and

counterstained with hematoxylin. Samples were under evaluation for necrosis, acute
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tubular damage, and glomerulitis. Semiquantitative scores in alignment with the Banff
criteria were adapted and designed for each lesion. The following scores were used
(Table 4). Scoring was performed in a blinded fashion based on the whole slide of each
sample. Staining of R-galactosidase was performed according to the manufacturer's

instructions (Abcam).

Table 4: Evaluation and scoring criteria of kidney allografts

Scoring

Evaluation 0 1 2 3
Acute tubular damage non mild moderate | severe
Necrosis non 171 10% of tissue 117 20% more than 20%

of tissue of tissue
Interstitial inflammation in | d 10% | 111 25% 261 50% more than 50%
non-fibrotic cortex
Glomerulitis non present in at least one

glomerulus

Immunofluorescence microscopy (IF) was done as previously published (Stamatiades et
al. 2016). Briefly, kidney allografts were excised and a % of each kidney was fixed in PLP
fixative overnight at 4°C on a rotating mixer. Following extensive washing with PBS,
kidneys were dehydrated were in 30% sucrose in PBS overnight at 4°C, followed by snap
frozen in OCT and sindidneydcryaséctions 8verd @ountetl ®n
Superfrost Plus microscope slides (Fisher) and dried overnight at room temperature (RT).
Sections were blocked and stained in a humidified box in the dark at RT overnight with
purified or directly conjugated antibodies (Table 3). The next morning, following washes
with PBS, sections were stained with the respective secondary antibody for 1h at RT,
counterstained with Hoechst and mounted with Fluoromount-G (eBiosciences). Samples
were scanned on a Zeiss LSM780 confocal microscope using a dry 20x 0.8 N.A.
objective. Tiled, z-stacks were acquired at 1024 x 1024 pixels, with line averaging of 4
and pinhole size 1, and were stitched together using Zen Blue software (Zeiss). Fuji
(version 1.53r) was used to process the acquired images and generate maximal intensity

projection snapshots (He/Sarwar et al. 2022).

3.2.10 Analysis and statistics
Data generated by flow cytometry were analyzed using FlowJo Version 10. Statistical

analysis was performed using GraphPad Prism 8. Cytobank software was used for further
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analyses, including viSNE, heatmaps, or FlowSOM. T-test or Mann Whitney U-test (two
groups) or Kruskali Wallis test (multiple groups) based on the normality test results of the
data, was used for calculating statistical significance. All present bar graphs show means.

Statistical significance was considered for the following p-values: ns=p >0.05,*p d 0.05,

*pd 0.01,**pd 0.001, **pd 0.0001 (He/Sarwar et al. 2022).
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4. Results

4.1 Aged lymphoid and non-lymphoid organs display a distinct composition of key
immune cell subsets

To assess differences in immune cell composition between young (3 months) and aged
(20 months) mice, fresh mononuclear cells (MNCs) from lymphoid (lymph nodes, spleen)
and non-lymphoid (kidney) organs were isolated, fluorescently labelled for typical cell-
lineage determining markers and analyzed by flow cytometry. Lymphocyte subsets were
identified by manual gating using FlowJo software (exemplified in He/Sarwar et al. 2022,
Supplemental Figure 1), revealing that CD3*CD8" T cell frequencies were significantly
increased in all aged organs, whereas those of CD3*CD4* T cells were decreased in old
kidneys and lymph nodes (Figure 2A). Furthermore, significantly lower frequencies of
CD3*CD4CD8 double-negative (DN) T cells together with NKp46* NK cells were
observed in aged kidneys and spleens compared to their young counterparts.
Interestingly, DN T cells and NK cell frequencies were both increased in mLNs
(He/Sarwar et al. 2022. Figure 1C). In addition, aged kidneys and lymph nodes were also
characterized by significantly higher CD11c*MHC II* dendritic cell (DC) frequencies
(exemplary gating strategy in He/Sarwar et al. 2022, Supplemental Figure 2) than young
organs, whereas aged spleens harbored fewer DCs (He/Sarwar et al. 2022, Figure 1C).
Further characterization of T cell subsets revealed increased frequencies of the effector

memory subset (CD44*CD62L") within aged renal CD8* and CD4* T cells (Figure 2B).
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Figure 2. Aging leads to lymphocyte re-composition in various organs. (A) Frequencies of CD3*CD8*
and CD3*CD4* T cells from young (3 months) and aged (20 months) naive C57BL/6 murine kidneys,
spleens, and mesentery lymph nodes (6 mice per group) as examined by FACS. (B) Frequencies of T cell
subpopulations within the total CD8* and CD4* T cell populations as indicated and isolated from young (3
months) and aged (20 months) kidneys: CD44+*CD62L- effector memory T cells, CD44*CD62L* central
memory T cells and CD44-CD62L* naive T cells (6 mice per group). Statistically significant differences were
tested with Manni Whitney U test and presented as means, *p <.05; **p <.01; n.s. = not significant. Source:

He/Sarwar et al. 2022.

On the contrary, natural regulatory T cells (Treg), defined as CD4*CD25*FoxP3*, were
significantly reduced in aged kidneys, showing less proliferation as indicated by lower
portions of Ki67* cells (He/Sarwar et al. 2022. Figure 1E). Of note, we also found that
group 1 innate lymphoid cell (ILC1s) frequencies were reduced, whereas group 2 innate
lymphoid cells (ILC2s) and group 3 innate lymphoid cells (ILC3s) were significantly
increased, in aged kidneys with all ILC subsets showing less proliferative capacity based
on Ki67 analysis (Figure 3). In summary, aging leads to a re-composition of the
immunome in aged Kkidneys, shifting towards an effector memory phenotype,
accompanied by a loss of regulatory T cells and an enrichment of the kidney-dominating

ILC2 population.
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Figure 3. Aging leads to innate lymphoid cell re-composition in the kidney. Frequencies of
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aged (20 months) kidneys (6-7 mice per group). Statistically significant differences were tested with Manni
Whitney U test and presented as means, *p < .05; **p < .01, ****p < .001; n.s. = not significant. Unpublished
own data.

4.2 Aged renal lymphocytes acquire an inflammatory effector function profile

To study functional alterations induced by aging, MNC were activated ex vivo with PMA
and ionomycin in the presence of the protein transport inhibitor Brefeldin A, allowing to
assess of cytokine expression and cytotoxic capacity intracellularly by FACS (gating
strategy depicted in He/Sarwar et al. 2022, Supplementary Figure 4). Within aged kidney-
derived CD8" and CD4* T cells, we observed significantly higher portions of CD107a*and
| F Ncells, but lower portions of granzyme B producers. An increase in frequencies of
IL-10" cells was only detectable for the renal CD4* population isolated from aged mice.
(Figure 3). Frequencies of perforin*and IL-17* CD8* and CD4* T cells were comparable
between young and aged kidneys (He/Sarwar et al. 2022. Figure 3A). However, IL-17
producers were enriched inthe DN T cells from aged kidneys, along with reduced portions
of | F Nproducers. Aged kidney derived NK cells showed similar frequencies of
degranulating CD107a* cells as compared to young organs but contained fewer portions
of I F N &ranB*, and perforin* cells, indicating an impairment of classical NK effector
functions, along with higher frequencies of IL-17* and IL-10* cells (for data on DN T cells
and NK cells, refer to He/Sarwar et al. 2022, Figure 3A). To conclude, intra-renal
lymphocytes showed multiple functional shifts of their effector molecule profiles in aged

organs (Figure 4).
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Figure 4. Aged kidney-resident lymphocytes show an inflammatory effector profile. (A) Frequencies
of CD107a-, | -FQ¥anzyme B- and IL-10-expressing cells within the total CD8* or CD4* T cell populations
isolated from young (3 months) and aged (20 months) naive kidneys. Statistically significant differences
were tested with Manni Whitney U test and presented as means, *p < .05; **p <.01; n.s. = not significant.

Source: He/Sarwar et al. 2022.

4.3 Aged renal proximal tubular epithelial cells and glomerular endothelial cells
upregulate MHC class Il and co-stimulatory molecules

Enhanced age-dependent, glomerular inflammation might be principally associated with
altered activatory states of endothelial cell (EC) subsets. We therefore isolated glomerular
endothelial cells (JECs) and parenchymal endothelial cells (pECs) from naive young and
aged kidneys. Strikingly, aged kidneys contained significantly higher portions of MHC
class II* geCs, whereas upregulation of CD40, and CD80 less pronounced (Figure 5A,
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Figure 5. Aged kidney gECs are characterized by augmented expression of activating and co-
stimulatory molecules. (A) Frequencies of MHCII*, CD40*, and CD80* cells within freshly isolated gECs
and (B) pECs from naive young and old C57BL/6 kidneys as determined by FACS. Statistically significant
differences were tested with Manni Whitney U test and presented as means, **p < .001; n.s. = not
significant. Source: He/Sarwar et al. 2022.
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gating strategy depicted in He/Sarwar et al. 2022, Supplemental Figure 3). No differences
between young and old organs were observed for pECs (Figure 5B).

Next, we examined whether the phenotype of proximal tubular epithelial cells (PTECs)
was influenced by aging. Similar to gECs, isolated PTECs from aged naive kidneys
showed higher frequencies of MHC 11", CD40*, and CD80* cells with only the latter

comparison not reaching significance (Figure 6).
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In summary, these experiments demonstrate that aging is associated with enhanced
immunogenicity/costimulation capacity of renal endothelial and epithelial cells from

distinct micro-anatomical locations.

4.4 Aged kidney allografts trigger a more inflammatory immune response

As a prerequisite for studying the impact of young vs. aged donor organs in a fully MHC-
mismatched model of murine kidney transplantation, lymphocyte infiltration kinetics of the
graft post-transplantation were analyzed. BALB/c derived donor lymphocytes could be
identified based on expression of the congenic marker CD45.2, while C57BL/6 recipient
cells express CD45.1. The composition of intra-renal leukocytes showed that, while
donor-derived leukocytes were still detectable on day 3 post-transplantation, the kidney
was almost completely repopulated by CD45.1" recipient-derived cells on day 7 (Figure
7). Since the recipients” immune response was in the focus of this study, most cellular
readouts were consequently conducted at day 7. In addition, in some experiments, kidney
function was assessed on day 28, based on previous experience in this experimental
model (Dangi et al. 2020).

In the next step, kidneys from either young (3 months) or aged (20 months) C57BL/6

donor mice were transplanted into young (3 months) BALB/c recipients (Figure 8). This
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Figure 7. Early infiltration of recipient-derived leukocytes into the graft post-transplantation. Kidney
transplantation was performed using CD45.2* BALB/c as donors and CD45.1* C57BL/6 mice as recipients.
Representative FACS dot plots depict leukocyte distribution in the graft on day 3 and day 7 post-

transplantation. Source: He/Sarwar et al. 2022.

strain combination was chosen due to the fact that only aged C57BL/6, but not BALB/c
mice are commercially available. On day 7 post-transplantation, significantly higher
frequencies of CD4* T cells infiltrated into the graft (He/Sarwar et al. 2022, Figure 5A)
which was not observed in the spleen or lymph nodes (He/Sarwar et al. 2022,
Supplemental Figure 7). CD4* T cells were enriched for CD44*CD62L" effector memory

cells in aged over young grafts (Figure 8).
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Figure 8. Aged kidneys are infiltrated by higher frequencies of effector memory CD4* T cells.
Experimental setup (left). Frequencies of effector memory CD8* and CD4* T cells isolated from young or
old kidney grafts on day 7 post-transplantation (right) (n=8-9). Statistically significant differences were
tested with Manni Whitney U test and presented as means, *p <.05; **p <.01; n.s. = not significant. Source:
He/Sarwar et al. 2022.

Further characterization of recipient-derived T cells in the aged kidney graft revealed
elevated frequencies of CD107a, GranB, and perforin expressing cells within the CD8*
compartment, whereas portions IFNo* and IL-10" cells were upregulated in both CD8*
and CD4* T cells (Figure 9). Some of the aforementioned features also applied to graft-
derived DN T- and NK cells (He/Sarwar et al. 2022, Figure 5C). In summary, infiltrating
recipient-derived T cells isolated from aged kidney grafts were characterized by an

augmented proinflammatory, cytotoxic immune response.
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Figure 9. Aged kidneys trigger an inflammatory intra-renal milieu post-transplantation. Functional
profile of CD8* and CD4 T+ cells isolated from young or old kidney grafts on day 7 after transplantation with
the cytokines and cytotoxic features as indicated (n = 5-8). Statistically significant differences were tested
with Manni Whitney U test and presented as means, *p < .05; **p < .01, ***p < .001; n.s. = not significant.
Source: He/Sarwar et al. 2022.

Classical histological analysis of kidney allografts from aged donors revealed a higher
incidence of glomerulitis compared with young counterparts, but no difference for tubular

damage, necrosis, and interstitial inflammation was observed (Figure 10A, 10B).
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Figure 10. Aged kidney allografts exhibit more glomerulitis post-transplantation. (A) Representative
histological images of tubular damage, necrosis (black arrow), glomerulitis (black arrow), and interstitial
inflammation (red arrows) in young and old kidney allografts on day 7 post-transplantation. 400x
magnification, bar represents 20 um. (B) Statistical analysis of tubular damage, necrosis and glomerulitis
scores of young and old kidney allografts on day 7 post-transplantation. Statistically significant differences
were tested with Manni Whitney U test and presented as means, *p < .05; n.s. = not significant. Source:
He/Sarwar et al. 2022.



25

4.5 Senolytic drugs reduce inflammation of aged kidneys and improve allograft
function

The application of senolytics represents a potent strategy to modify aged organs. ABT-
263 (Navitoclax), a specific inhibitor of the anti-apoptotic proteins BCL-2 and BCL-xL, can
selectively induce apoptosis in senescent cells (Mylonas et al. 2021), bearing the potential
to counteract age-related renal inflammation. Therefore, we first examined ABT-263-
induced effects on senescent gEC cells after systemically treating naive aged C57BL/6
mice (representing the donor in our kidney transplantation model). ABT-263 was
dissolved in corn oil and administered in two cycles by oral gavage with a 1-week interval
in-between. Corn oil alone was administered to control animals (Figure 11).

Figure 11. Diagram of the

ABT-263 or com oil no treatment  ABT-263 or com oil
7 days T days 7 days

> > >

experimental setup of ABT-263
treatment. ABT-263 (50 mg/kg/day)

CETBLIG was ad- ministered in two cycles by oral

(20 months) gavage with a 1-week interval in-

between (own illustration).

Importantly, pretreatment of ABT-263 resulted in a lower number of MHC class II* geCs
in the aged kidney as compared to untreated aged organs (Figure 12A). This difference
was significant for the two-group comparison (old ABT-263 treated vs. old untreated), but
not in the three-group comparison including young mice. In line with the aforementioned,
kidney CD4* and CD8* T cells produced | e s s ahdriNpbdayed lower cytotoxic capacity
based on the degranulation marker CD107a (Figure 12B), indicating a less

inflammatory/cytotoxic phenotype.

Next, we examined the impact of ABT-263 donor pre-treatment in the context of kidney
transplantation. Therefore, aged C57BL/6 donor mice were ABT-263 pre-treated or not
as before; kidneys from both groups were transplanted into BALB/c recipients,
respectively (Figure 13A). Mice were sacrificed on day 7 for cellular analysis and graft
function, the contralateral kidney was removed 1 day before animals were sacrificed in
order to analyze serum creatinine and urea being indicative of graft function; in some

experiments, functional parameters were also assessed on day 28.
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Figure 12. ABT-263 modulates the immunogenicity of the old kidney. (A) Ex vivo surface expression

of MHCII, CD40, and CD80 on glomerular endothelial cells isolated from naive young (n = 6), or aged corn

oil (n = 7) versus ABT-236 treated aged C57BL/6 mice (n = 6). (B) Frequencies of CD107a* a n d

FFND

CD8* and CD4* T cells isolated from aged corn oil (n = 7) versus ABT-236 treated aged C57BL/6 mice (n

= 7). Statistically significant differences were tested with Manni Whitney U where ## indicates p < .01 in a

two-group comparison or, alternatively by Kruskali Wallis-test in a multiple-group comparison and

presented as means. *p <.05; **p <.01; ***p <.001; n.s. = not significant. Source: He/Sarwar et al. 2022.

Of note, ABT-263 treatment resulted in lower frequencies of MHCII, CD40, and CD80

expressing cells as compared to the untreated group, although not statistically significant

due to the small sample size (Figure 13B). Functional characterization of graft infiltrating
CD4*, CD8*, and DN T showed significantly less frequencies of I F Nand IL-10

producers. With respect to IFN9, this observation also applied to NK cells (Figure 13C).
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Figure 13. ABT-263 treatment ameliorates intra-graft inflammation of senescent kidneys post-
transplantation. (A) Diagram of the experimental setup of ABT-263 treatment. (B) Frequencies of cells
expressing the indicated molecules within total glomerular endothelial cells directly isolated from young (n
= 3) and aged control (n = 3) versus ABT-263 treated aged C57BL/6 grafts (n = 4) transplanted into BALB/c
recipients. Analysis was conducted on day 7 post-transplantation. (C) Frequencies of | F Nand IL-10
expressing CD8* and CD4* T, DN T cells and NK cells isolated from aged control or ABT-263 pre-treated
grafts. Statistically significant differences were tested with Manni Whitney U test or unpaired t-test and
presented as means. *p < .05, **p < .01; ***p < .001; n.s. = not significant. Source: He/Sarwar et al. 2022.

We only noted a minor impact of ABT-263 treatment on graft function on day 7 post-
transplantation as reflected by similar creatinine and urea levels compare to controls
(Figure 14, left), potentially owing to small sample size. To further address the long-term
effect of ABT-263 on kidney function, experiments were conducted as before with readout
of kidney function at day 28. Importantly, the ABT-263 treated group showed significantly
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better graft function indicated by reduced serum creatinine and urea compared with the
untreated group (Figure 14, right).
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Figure 14. ABT-263 treatment improves graft function of senescent kidneys post-transplantation.
Analysis of graft function according to serum creatinine and urea on day 7 and (left panel) or day 28 post
kidney transplantation (right panel) with n = 4 -10 animals/group. Statistically significant differences were

tested with Manni Whitney U test or unpaired t-test and presented as means. *p <.05; n.s. = not significant.
Source: He/Sarwar et al. 2022.

4.6 Enriched group 2 innate lymphoid cells were depleted following the allogeneic
response

ILC2s have been identified as reno-protective cells in experimental models of IRl and
glomerulosclerosis (Cao et al. 2018; Riedel et al. 2017). Our analysis revealed that
relative frequencies of ILC2s within the total ILC compartment were strongly enriched in
aged compared with young kidneys from naive C57BL/6 mice (Figure 15A and 15B).
Interestingly, ILC2s from aged animals showed significantly reduced ex vivo proliferation
as reflected by Ki67 expression (Figure 15B, right panel). In order to evaluate whether
the enrichment of intra-renal ILC2s in the donor graft shows persistence post kidney
transplantation, thus having a potential reno-protective effect, we transplanted kidneys

from either young (3 months) or aged (20 months) C57BL/6 donor mice into young (3
months) BALB/c recipients.
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Figure 15. Enriched ILC2s in aged kidneys were depleted following allogeneic kidney
transplantation. (A) Representative FACS dot plots of ILC subset composition from kidneys of young (3
months) vs. old (20 months) C57BL/6J mice. ILC2s were gated as CD45*Lin"CD127*GATA3*, ILC3s as
CD45*Lin'CD127*R OR ». t(B) Statistical analysis of renal ILC2 frequencies within the CDA45*Lin
compartment and those expressing Ki67 from young and old mice. (C) Representative FACS dot plots of
ILC subset composition from graft of young (3 months) donor vs. old (20 months) donor C57BL/6J mice
transplanted into BALB/c recipients. (D) Statistical analysis of ILC2s from graft of young (3 months) donor
vs. old (20 months) donor C57BL/6J mice transplanted into BALB/c recipients and those expressing Ki67.
Statistically significant differences were tested with Manni Whitney U test or unpaired t-test and presented

as means. **p < .01; *p < .05; n.s. = not significant.

Interestingly, the readout on day 7 post-transplantation revealed that even though the
ILC2 number was significantly increased in old donor kidneys, they were depleted post-
transplantation, showing comparable cell numbers with the young allograft (Figure 14C).
The remaining ILC2s showed strongly upregulated, albeit comparable levels of
proliferation in old vs. young grafts as indicated by Ki67 (Figure 14D). In summary, these
preliminary experiments demonstrated that potentially reno-protective ILC2s were equally
depleted upon the allogeneic immune response, regardless of their frequencies before

transplantation.
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5. Discussion

Associations between advanced organ donor age and inferior transplantation outcomes
in humans have been identified in a plethora of studies, dating back to the 1990ies
(Alexander, Bennett, and Breen 1994). However, comprehensive information on cellular
changes that characterize a senescent organ and might mechanistically explain clinical
observations is still limited. In this study, we have identified a profound age-related re-
composition of key immune cell subsets within the naive murine kidney, affecting
dendritic-, innate lymphoid-, NK- and T cells, with the latter showing an enhanced
proinflammatory, cytotoxic programming. Moreover, being particularly relevant in the
context of allotransplantation, we noted senescent parenchymal cells, including PTECs
and gECs, to be more immunogenic as reflected by upregulation of MHC class Il and/or

costimulatory molecules.

Enhanced immunogenicity of aged murine organs has recently been described by Iske et
al., focusing on dendritic cells isolated from spleen and lymph nodes. Of note, in coculture
assays, senescent DCs augmented inflammatory cytokine production by T cells (Iske et
al. 2020), a feature that we verified for both aged renal CD4* and CD8* subsets after
polyclonal stimulation and that equally applied to cytotoxic capacity. Interestingly,
although not exhibiting similar levels of (co-) stimulatory molecule levels as DCs, renal
PTECs bear the potential to activate CD4* T cells and induce an inflammatory phenotype
(Breda et al. 2019), thereby principally supporting the idea that an age-enhanced
costimulatory capacity of parenchymal cells could augment proinflammatory cytokine
production by T cells. We further observed age-dependent shifts in the relative
guantitative contribution of subpopulations to the overall T cell compartment, reflected by
an increase of the CD8* subset in both naive kidneys and lymphoid organs. These data
are consistent with reports on altered CD4:CD8 ratios associated with age or chronic low-
grade inflammatory conditions such as obesity in human peripheral blood (Zanni et al.
2003). An aging immune system is further characterized by the progressive expansion of
the memory and/or effector T cell compartment (Nikolich-Zugich 2014). The enrichment
of renal effector memory-type cells at the expense of the naive T cell population therefore
extends findings based on human peripheral blood (Moro-Garcia, Alonso-Arias, and
Lopez-Larrea 2013) and is principally in line with the observation that tissues, including

human kidneys, are enriched for memory-type T cells (Dornieden et al. 2021).
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It initially remained tempting to speculate which of the aforementioned features of a
senescent kidney might contribute to altered outcomes in a fully mismatched model of
kidney transplantation. In this context, Starzl and others demonstrated that passenger
leukocytes from the allograft may shape the recipients” immune response (Starzl and
Zinkernagel 1998). Analysis of passenger leucocytes indicated that donor-derived T cells
and ILCs can persist for years in human small intestinal transplants (Bartolome-Casado
et al. 2021; Weiner et al. 2017). Similar findings were made for natural regulatory T cells
in human lung transplants that ameliorated vasculopathy in a murine cardiac allograft
model (Harper et al. 2019). Importantly, however, direct analysis of donor vs. recipient-
derived cells in our kidney model revealed that on d7 post transplantation, organs were
almost completely re-populated by recipient’s leukocytes. Together with related results
on rapid depletion of donor T cells in experimental murine liver transplantation (Tay et al.
2013), these data suggest that the impact of senescent kidney-derived donor leukocytes
on transplantation outcomes in the fully mismatched setting is likely small. At the same
time, it appears more likely that age-related changes within parenchymal cells might
influence the recipients” alloimmune response towards the graft and, thereby, graft
function. Indeed, although not consistently showing significance due to sample size,
PTECs and gECs isolated from old compared to young kidney transplants showed strong
upregulation of MHC class Il and/or the costimulatory molecules CD40 and CD80. In favor
of an undesirable role for intra-graft MHC-II expression, donor kidneys from MHC class I
knockout mice exhibit lower histopathological scores along with reduced CD4* T cell
infiltration and cytokine expression, leading to improved graft function (Mannon et al.
2002). For sustained upregulation of MHC class Il expression, PTECs depend on
stimulation with | F N\Wuthrich et al. 1990). Since we could show that T cell infiltrates in
aged kidney grafts are biased towards higher production of this prototypical Thl
associated cytokine, it appears conceivable that senescent parenchymal cells form an
inflammatory feedback loop with T cells, thereby creating an intra-renal microenvironment
boosting allo-immunity. Direct visualization of this crosstalk in in vitro experiments was

not feasible due to the rapid loss of MHC class Il expression on PTECs in culture.

Our classical histological analysis identified glomerulitis scores to be significantly
upregulated in aged transplants. Of note, Baker et al demonstrated that depletion of
senescent cells in naive mice delays glomerulosclerosis, being a key characteristic of
age-related kidney diseases (Baker et al. 2016). Murine studies have further shown that
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the application of senolytic drugs to deplete senescent cells alleviates multiple disorders
in experimental models, including acute kidney injury, obesity-induced metabolic
dysfunction, Al zhei mer 6s di(Schadesetal 2014 Musiletr oni ¢
al. 2018; Palmer et al. 2019; Mylonas et al. 2021). These results prompted us to treat
aged kidney donors before transplantation by oral gavage with Navitoclax (ABT-263), a
potent and broad-spectrum Bcl-2 family protein inhibitor to induce apoptosis of senescent
cells (Cooley et al. 2023). Analysis of the non-transplanted, contralateral kidney already
revealed a reduction in frequencies of MHC-II* gECs, along with significantly lower
portions of IFNo* and cytotoxic CD4* and CD8* T cells. Enhanced immunogenicity of
gECs was not significantly downregulated in allografts of aged ABT-263 treated vs.
untreated donors due the small sample size; however, a trend towards lower frequencies
of MHC 1I*, CD40* and CD80* cells was observed. More importantly, grafts of pretreated
donors showed a clear reduction of IFN2* T- and NK cells and improved graft function at
day 28 as reflected by reduced serum creatinine and urea levels. Together, these findings
suggest an overall reduction of the allo-inflammatory state, thus supporting the concept
to deplete senescent cells for graft optimization as an attractive therapeutic option that
warrants further study. So far, a similar approach has only been applied in experimental
cardiac transplantation, leading to prolonged allograft survival. Mechanistically, the
authors found mitochondrial DNA, released from senescent cells, to trigger toll-like
receptor 9, thereby boosting inflammation, a phenomenon also characterized by
upregulation of MHC class Il levels (Iske et al. 2020). A more detailed knowledge of
possible short-term effects of senolytics (e.g. taking effect within hours) might enable their
application in graft preconditioning regimens in context with organ perfusion systems that
are progressively entering clinical routine (Franzin et al. 2021). Related fields for
therapeutical application of senolytic drugs encompass certain complications associated
with chronic graft versus host disease after hematopoietic stem cell transplantation that
has been shown to be fueled by senescent cells (Yamane et al. 2020). Overall, ongoing
studies with ABT-263 and related therapeutics in human hematopoietic malignancies will

provide important information on pharmacokinetics and safety profiles (Joly et al. 2022).

The influence of senescence on innate lymphoid cells (ILCs) is rarely studied. Our data
demonstrate that compared with young kidney ILCs, aged kidneys harbor a higher
frequency of ILC2s and ILC3s, but lower portions of NK cells and ILC1s. Among all ILC
subsets, ILC2 is the dominant population in the kidney, and enriched ILC2s in the kidney
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have been reported to be reno-protective during ischemia-reperfusion injury and
glomerulosclerosis (Cao et al. 2018; Riedel et al. 2017). Although ILC2s are dominating
aged organs, their numerical increase pre-transplantation is obviously not preventing
graft inflammation and function as compared to young organs. This is likely due to the
broad depletion of all donor-derived leukocytes by day 7 post transplantation, preventing
potential anti-inflammatory effects. Furthermore, kidney grafts, within the time frame of
our analyses, are not considerably re-populated by recipient-derived ILC2s. In summary,
these preliminary experiments demonstrated that potentially reno-protective ILC2s were
equally depleted upon the allogeneic immune response, regardless of their frequencies
before transplantation. Further experiments should address whether maintaining a
sufficient number of ILC2s in the aged allograft could result in better graft function post-

transplantation.

We are aware that our study has several limitations. First, we were unable to show in
coculture experiments that senescent parenchymal cells (PTECs or/and gECs) are
sufficiently promoting inflammatory cytokine production and cytotoxicity in allo-sensitized
T cells due to rapid MHC class Il downregulation of PTECs in vitro. Novel techniques
such as multiplexed fluorescence microscopy (Dornieden et al. 2021) might not only allow
us to visualize such interactions directly in renal allografts but also to better characterize
subtle changes in the cellular architecture with higher accuracy. Second, although ABT-
263 has been shown effective in our study, alternative senolytics, such as Dasatinib and
Quercetin have been proven effective in murine models and first clinical (Xu et al. 2018;
Hickson et al. 2019). Therefore, screening of other available drugs for optimal depletion
efficiency within the kidney, along with an acceptable safety profile, is required.
Furthermore, in this study, we were mainly interested in how organ age impacts the acute
inflammatory phase following kidney transplantation. Thus, no immunosuppressive
medication was applied. Further investigation of the efficiency of ABT-263 or other
senolytics in a more clinically relevant long-term setting is required that involves the

administration of immunosuppressive medication.

In summary, our comprehensive analyses identify key phenotypic and functional changes
in the aging kidney that impact transplantation outcomes. More importantly, our strategy
to deplete senescent renal cells paves the way for innovative therapeutical modulation
concepts, bearing the potential to extend the progressively limited organ donor pool in
the future.
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6. Further work

SARS-CoV2 mRNA Vaccine-Specific B-, T-and Humoral Responses in Adolescents
After Kidney Transplantation

Sattler A*, Thumfart J*, Toth L, Schrezenmeier E, ProR3 V, Stahl C, Siegle J, He A, Thole
LML, Ludwig C, Straub-Hohenbleicher H, Friedersdorff F, Jahrsdérfer B, Schrezenmeier
H, Bufler P, Kotsch K. Transpl Int. 2022 Aug 4;35:10677; * equally contributing first

authors

Summary

Due to the low reactogenicity of available vaccines, protection of adult kidney transplant
recipients against SARS-CoV2 was shown to be severely compromised. In addition, the
late approval of vaccination for this group led to limited data on their vaccination outcomes.
In this study, we recruited kidney transplanted adolescents aged 12-18 years and healthy
controls 6 weeks after standard two-dose BNT162b2 ("Comirnaty"; Pfizer/BioNTech)
vaccination, and performed comprehensive analysis on their vaccination-specific
humoral-, T- and B-cell responses. Although 75% (15/20) of transplanted adolescents
developed neutralizing titers, and 90% (18/20) of them displayed IgG seroconversion.
However, compared to controls, both features were significantly diminished in magnitude.
In line with this, patients had a quantitative reduction in spike-specific B cells and an
enrichment of non-isotype-class-switched IgD*27* memory cells. While the frequencies
of spike-specific CD4* T cells were comparable in both groups, transplant recipients had
significantly reduced cytokine production and memory differentiation.

In summary, our data reveal limitation in all arms of vaccine-specific immunity in
adolescents patients, but the majority demonstrated strong humoral responses despite
the fact that antimetabolite-based therapy was linked to poor vaccination results in adults.
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Abstract

Donor age is a major risk factor for allograft outcome in kidney transplantation. The
underlying cellular mechanisms and the recipient's immune response within an aged
allograft have yet not been analyzed. A comprehensive immunophenotyping of naive
and transplanted young versus aged kidneys revealed that naive aged murine kidneys
harbor significantly higher frequencies of effector/memory T cells, whereas regula-
tory T cells were reduced. Aged kidney-derived CD8" T cells produced more IFNy
than their young counterparts. Senescent renal CD8" T and NK cells upregulated the
cytotoxicity receptor NKG2D and the enrichment of memory-like CD49atCXCR6™
NK cells was documented in aged naive kidneys. In the C57BL/6 to BALB/c kidney
transplantation model, recipient-derived T cells infiltrating an aged graft produced sig-
nificantly more IFNy, granzyme B and perforin on day 7 post-transplantation, indicat-
ing an enhanced inflammatory, cytotoxic response towards the graft. Pre-treatment
of aged kidney donors with the senolytic drug ABT-263 changed the recipient-derived
effector molecule profile to significantly reduced levels of IFNy and IL-10 compared
to controls. Graft function after ABT-263 pre-treatment was significantly improved
28days post kidney transplantation. In conclusion, renal senescence also occurs at
the immunological level (inflamm-aging} and aged organs provoke an altered recipient-
dominated immune response in the graft.

KEYWORDS
inflamm-aging, kidney transplantation, senescence, senolytic drug

Abbreviations: CKD, chronic kidney disease; DC, dendritic cell; DGF, delayed graft function; GBM, glomerular basement membrane; PTECs, proximal tubule epithelial cells; SASP,
senescence-associated secretory phenotype; Trm, tissue-resident memory T cells.
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1 | INTRODUCTION

Worldwide, the number of individuals with an advanced age > 65 years
is steadily increasing. This results in a higher number of patients di-
agnosed with progressive chronic kidney disease (CKD) constituting
a potential kidney transplant recipient group.» Chronological donor
age is also a major risk factor for allograft dysfunction, as grafts from
older donors are more susceptible to ischemic injury and prone to
develop delayed graft function (DGF) post kidney tran:;planta1:ic>n.3'5
Aged donor kidneys are characterized by structural changes, includ-
ing glomerular hasement membrane (GBM) permeability, changes in
podocyte morphology and nephron loss, resulting in reduced glomer-
ular filtration rate and altered homeostasis.® ™2

Renal aging alsc entails chronic, sterile low-grade inflammation
paralleled with the development of fibrosis occurring at different
molecular and cellular levels including DNA damage, dysfunctional
telomeres, and protein aggregation.13 One major mechanism is
mediated via cyclin-dependent kinase inhibitor pl6INK4a resulting
in growth arrest of viable cells and changes in the cell's secretory
phenotype, called senescence-associated secretory phenotype
(SASP).}% |n addition, the reduced regenerative capacity of stem
cells and their progeny accelerates cellular senescence.”

Despite these findings, the exact mechanisms of age-dependent
alterations in the kidney impacting long-term overall graft survival
still remain unclear. Although it has been speculated that the SASP
present in older allografts creates a pre-inflammatery milieu, litera-
ture on this topic is scarce. Some experimental data suggested that
parenchymal changes seen in older allografts are associated with en-
hanced immunogenicity, therefore accelerating rejection, whereas
other studies failed to detect such differences.'®'” The process of
progressive, multidimensional, physiclogical degeneration of the
immune system resulting in a low-grade chronic inflammation has

been described as inflamm-aging.””?! However, it has not been

addressed as to how kidney-resident lymphocytes may undergo se-
nescence. In this context we recently demonstrated that frequencies
of tissue-resident memory CD8 T cells (Trm) residing in human kid-
neys correlate with chronological age and that CD4* T, correlate
with kidney function.? Here, using experimental mouse models, we
show how age impacts immunity in the naive kidney, but also assess
how aged organs shape the recipients” allo-response, with possible

implications for therapeutic targeting.

2 | MATERIALS AND METHODS

2.1 | Animals

Young BALB/c and C57BL/6 mice (8-12weeks) and C57BL/6
mice (20 months) were purchased from Charles River Lahoratories
(Charles River). Male mice weighing 24-30g were used. Animals
were housed under standard conditions and received human care
in compliance with the ‘Principles of Laboratory Animal Care’ pre-
pared by the National Academy of Sciences and published by the
National Institutes of Health (NIH Publication No. 86-23, revised
1985). All animal experiments were approved by the Landesamt flir
Gesundheit und Soziales Berlin, Germany.

2.2 | Kidney and heart transplantation

Renal transplantations were performed as previously described.?
Briefly, after procurement of the left donor kidney, end-to-side
anastomoses hetween the donor renal vessels and the recipient's
abdominal acrta and inferior vena cava were performed follow-
ing a knotless technique. Animals were either sacrificed on day 7

or on day 28 without receiving immunosuppression. For long-term

FIGURE 1 Aging affects the lymphocyte composition in various organs. (A) Visualization of t-distributed stochastic neighbor embedding
(VISNE, left panel) considering the markers CD4, CD8, CD44, CD62L, CD103, CD69 and KLRG1 indicates the clustering of viable CD3* T
cell subsets in C57BL/6 kidneys according to age; ViSNE plots were generated on concatenated FCS files (n = 5-6) using an equal amount of
17.674 CD3%events per file and Cytobank default parameters (1000 iterations, perplexity of 30, 0.5 Theta). Subsequent FlowSOM analysis
of T cell subsets (right panel) performed on viSNE map using CD4, CD8, CD44, and CD62L for hierarchical clustering. (B) Representative
images depicting kidney histology of young and old naive (i.e., not transplanted) kidney showing slightly more acute tubular injury in kidneys
of old mice. Bar represents 50 um. (C) Frequencies of manually gated CD8%, CD4™, double negative (DN), NK cells from kidney and lymphoid
organs (spleen, lymph nodes) derived from young (3 months) and aged (20 months) C57BL/6 mice (5-6 animals/group). (D, E) Frequencies

of manually gated CD8%, CD4™" naive, memory T cells and Tregs derived from young (3 months) and aged (20 months) C57BL/6 mice (5-6
animals/group). Statistically significant differences were tested with Mann-Whitney U test and presented as means, *p <.05; **p <.01;
n.s. = not significant.
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FIGURE 2 NKp46* NK cells upregulating NKG2D, CD49a and CXCRé accumulate in the senescent murine kidney. (A) Representative
FACS dot plots (left panel) and frequencies (right panel) of NKG2D" NK and CD8™ T cells derived from young and aged C57BL/6 kidneys.

(B) VISNE plots of viahle NKp46* CD3™ NK cells showing increased expression of NKG2D*, CXCR6" and CD49a™ in NK cells isolated from
aged compared to young kidneys. Expression is shown by color coding in relative intensity. ViISNE plots were generated on concatenated

FCS files (n = 5-6) considering NKG2D, CXCR6, CD49a, DX5, CD69, MHC Il, CD11b, CD103, CD27, an equal amount of 25 111 events

were sampled per file. (C) Heatmap plot of flow cytometric analysis for NK cell populations illustrating log 2 transformed median of relative
expression levels of measured markers. (D) Exemplary dot plots of CD49a and CXCR6 C57BL/6 expression on NK cells and (E) frequencies
of CD49a*CXCR6" kidney-derived senescent NK cells and their expression of perforin and IFNy. (F) Frequencies of NK cell subtypes in
young and aged C57BL/6 kidneys according to CD27 and CD11b expression, n = 5-8 animals/group. Statistically significant differences were
tested with Mann-Whitney U test or unpaired t-test and presented as means, **p<.01; n.s. = not significant.

survival experiments, the contralateral kidney was removed 1day
before animals were sacrificed, allowing determination of graft
function after 24 h of observation. For sensitization of recipients,
fully allogeneic BALB/c- (donor) derived hearts were transplanted
into C57BL/6 recipients using a heterotopic cardiac transplantation

model as described elsewhere.?*

2.3 | Invivotreatment

ABT-263 (50 mg/kg/day Navitoclax, Hycultech GmbH) was ad-
ministered in two cycles by oral gavage with a 1-week interval
in-between. Control animals received corn oil. Animals were sac-
rificed either on day 7 (short-term survival) or on day 28 (long-
term survival). In the long term group, the contralateral kidney
was removed 1day before animals were sacrificed in order to
analyze serum creatinine and urea being indicative for graft

function.

24 | Serum analysis of kidney function parameters

Serum samples were stored in aliquots at -20°C until serum cre-
atinine and urea were measured using the CREP2 Creatinine Plus

version 2 and Urea/BUN assays, respectively, on a Roche/Hitachi
Cobas C 701/702 system (Roche Diagnostics).

2.5 | Isolation of cells

For isolating renal MNCs, tissues were mechanically dissociated
and digested in 10 ml of RPMI medium supplemented with col-
lagenases Il and IV (Gibco/Invitrogen, Worthington) and DNase
| (Roche Diagnostics) for 45 min at 37°C. Following digestion, re-
covered leukocytes were enriched using CD45 Microbeads over
MACS LS columns (Miltenyi Biotec, Inc.). Leukocytes from spleen
and lymph nodes were isolated by density gradient centrifuga-
tion. For analysis and culture of PTECs, kidneys were minced into
2mm° pieces, processed through a 180um stainless steel sieve
and collected in DMEM/F12 medium. Flow-through was applied
to a 100um cell strainer from which renal tubular segments and
glomeruli were recovered by reverse flushing with medium. After

centrifugation, tubular segments were digested using cellagenase

Il for 20 min at 37°C in a shaking waterbath. Thereafter, cells were
either immediately analyzed by FACS or transferred to 6 well plates
for outgrow cultures; 80% confluence of PTECs was reached after
5-6days. Glomerular endothelial cells (gECs) were isolated as al-
ready published.?® Briefly, glomeruli were digested using Trypsin-
EDTA 0.25% (Life Technologies) for 23 min at 37°C in a shaking
waterbath, with pellet resuspension every 5 min. gECs were har-
vested by filtering the suspension through a 40 um strainer for im-
mediate FACS analysis.

2.6 | Flow cytometry

Typically 1x10°% cells were stained with antibodies listed in
Table S1. Cells were measured using a FACS Fortessa X20 (BD
Bioscience). FACS data analysis was conducted using FlowJo soft-
ware 10.0 (Tree Star Inc.). A gating strategy for identification of
the various lymphocyte subsets is illustrated in Figures S1 and S2.
Polyfunctionality was assessed via Boolean gating. Generation
of t-Distributed Stochastic Neighbor Embedding (t-SNE) plots,
FlowSOM analysis and heatmaps was conducted using Cytobank
(Beckman Coulter).

2.7 | Invitro assays

Functional analysis of T and NK was performed as previously de-
scribed.?® Cells were rested in 200U/ml murine IL-2 (Miltenyi Biotec)
over night, followed by stimulation with 50 ng phorbol 12-myristate
13-acetate (PMA) and 1 ug ionomycin (Sigma-Aldrich) for 4 h in the
presence of 10 ug/ml brefeldin A and 2 uM monensin (Biclegend).
CD107a expression was used as a correlate for degranulation.
Following activation, cells were surface stained, fixed and permea-
bilized (Transcription Factor Staining Buffer Set; Thermofisher), fol-
lowed by intracellular staining (representative raw data shown in
Figure S3). To assess alloreactivity, DCs were isclated from young
and old BALB/c kidneys by magnetic purification using the MojoSort
panDC kit (Biolegend) in combination with MACS LD-type columns
for depletion of unwanted cells (Miltenyi Biotec). SplenicCD3" T cells
were equally enriched using the MojoSort T cell kit (Biclegend) from
C57BL/6 mice sensitized with a BALB/c heart on day 7 post trans-
plantation, followed by staining with the proliferation dye cell trace

violet (CTV, 1 uM, Thermofisher). Allo-induced T cell proliferation
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FIGURE 3 Kidney-resident lymphocytes derived from aged kidneys show an inflammatory effector profile. (A) Effector profile (CD107a,
IFNy, granzyme B, IL-17, IL-10, and perforin) of CD8*, CD4", double negative (DN) T cells and NK cells isolated from young or aged C57BL/6
kidneys. (B) Analysis of CD8, CD4" T, and NK cell polyfuncticnality was perfoermed by boolean gating, including all of the ahove listed
effector molecules. Shown are cells expressing four, three, two, one, or ne molecule(s) at atime. Respective mean frequencies from n = 5-6
animals/group were used. (C) Statistical analysis of individual data sets as depicted in (B). Statistically significant differences were tested
with Mann-Whitney U test and presented as means, *p<.05; *p <.01; n.s. = not significant.

was monitored by FACS based cn loss of CTV after 4days of co-
culture of 10% DCs with 10°T cells.

2.8 | Real-TimeRT-PCR

Real-Time PCR was performed as previously described.?® Total
RMNA was extracted from snap-frozen samples using RNeasy Mini
Kit {Qiagen). RT-PCR was performed for gene expression analysis
on ABI 7500 Fast Real-Time PCR System {Applied Biosystems, Life
Technologies) using Tagman® gene expression assays (Table 52).
Gene expression was normalized (2% formula) to hypoxanthine-
guanine phosphoribosyltransferase (HPRT).

2.9 | Histology

Kidney tissues were formalin-fixed and paraffin-embedded; 1 pm
thick sections were prepared, processed and stained with periodic
acid schiff (PAS) and counterstained with hematoxilin as previously
described.275amples were assessed for necrosis, acute tubular dam-
age, and glemerulitis. Semiquantitative scores in alignment to the
Banff criteria were adapted and designed for each lesion. Following
scores were used: acute tubular damage: O = non, 1 = mild, 2 = mod-
erate, 3 = severe; necrosis: 0 = non, 1 = 1-10% of tissue, 2 = 11-20%
of tissue, 3 = more than 20% of tissue; interstitial inflammation in
non-fibrotic cortex: 0 = < 10%, 1 = 11-25%, 2 = 26-50%, 2 = more
than 50%; glomerulitis: 0 = non, 1 = present in at least one glomeru-
lus. Scoring was performed in a blinded fashion based on the whele
slide of each sample. Staining of B-galactosidase was perfermed ac-

cording to the manufacturer's instructions (Abcam).

2.10 | Immunofluorescence microscopy

Immunoflucrescence microscopy (IF) was done as previously pub-
lished.?® Briefly, transplanted kidneys were excised and a % of each
kidney was fixed overnight at 4°C with PLP fixative. Following ex-
tensive wash with PBS, kidneys were dehydrated in 30% sucrose
in PBS overnight at 4°C, snap frozen in OCT and stored at -80°C.
16 um kidney cryosections were meunted en Superfrost Plus mi-
croscope slides (Fisher) and dried overnight at reom temperature.
Sections were blocked and stained in a humidified box in the dark
at room temperature overnight with purified or directly cenjugated
antibodies (Table S3). Next morning, following washes with PBS sec-
tions were stained with the respective secondary antibody for 1 h

at room temperature, counterstained with Hoechst and mounted

with Flucromount-G (eBiosciences). Samples were scanned on a
Zeiss LSM780 confecal microscope using a dry 20 0.8 N.A. objec-
tive. Tiled, z-stacks were acquired at 1024 % 1024 pixels, with line
averaging of 4 and pinhcle size 1, and were stitched together using
Zen Blue software (Zeiss). Fuji (version 1.53r) was used to process
the acquired images and generate maximal intensity projection

shapshots.

2.11 | Statistics

Statistical analysis was performed using GraphPad Prism 8
(GraphPad Software). Significant differences between groups were
calculated applying either T- or Mann-Whitney U test (two groups)
or Kruskal-Wallis test {multiple groups) after testing for normality
distribution using the D'Agestine & Pearson test. Statistical signifi-
cance was considered for the following p values: ns = p:».05, "p<.05,
**p <01, **p< 001, ***p<_0001.

3 | RESULTS

3.1 | Sclidand lymphoid organs are differentially
affected by inflamm-aging

Applying a viSNE algorithm approach to assess FACS derived
data for T cell diversity, we chserved no clear differences be-
tween young and aged kidneys (Figure 1A, top). Next, we applied
FlowSOM, a technique for unsupervised clustering of FACS data.
Generated viSNE maps were overlayed with metaclusters identified
in FlowSOM, allewing the identification of multiple T cell subpepu-
lations based en their memory markers present in both young and
aged kidneys (Figure 1A, bottom). Based on the annotated clusters,
manual gating of FACS data for T cells revealed that frequencies of
CD8' T cells were significantly increased in aged kidneys, spleen and
lymph nodes whereas frequencies of CD4* T cells were decreased.
Histology of young and old naive kidneys did not reveal histopatho-
logical changes regarding necrosis, edema or interstitial inflamma-
tion (Figure S5A), however aged Kidneys showed slightly more acute
tubular injury (Figure 1B).

We further observed significantly reduced frequencies of
double-negative (DN) T cells as well as NKp4&'T NK cells in aged
kidneys and spleens compared to young organs, whereas both sub-
sets were significantly increased in lymph nodes. Aged kidneys and
lymph nodes were also characterized by significantly higher fre-
quencies of CD11ctMHC-IIT dendritic cells (DCs) than their young
counterparts (Figure 1C).
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Both, FlowSOM and manual gating demonstrate that kidney,
spleen and lymph nodes harbor significantly higher frequencies of
effector memory CD4* and CD8* T cells (Figure 1A,D, Figure S5). In
contrast, frequencies of natural CD4*CD25"FoxP3* regulatory T (T _ )
cells were significantly reduced in the aged kidney, being characterized
by diminished portions of proliferating Kié7* cells; both features also
applied to CD122+ CD8* regulatory T cells (Figure 1E). As opposed
to the kidney, CDS* Treg frequencies were significantly higher in aged
spleens and lymph nodes, but showing less proliferative capacity com-
pared to their young counterparts (Figure $6). Thus, aging results in
a change of the intra-renal lymphocyte compartment towards an ef-
fector memory phenotype paralleled with a loss of regulatory T cells.

3.2 | Adistinct subset of NKp4é' NK cells expressing
CD49%a and CXCRS6 resides in senescent kidneys

We previously described increased mRNA expression of the ac-
tivating cytotoxicity receptor NKG2D in human renal zero-hour

day 7 post kidney transplantation. {B)

Gy a7 Representative FACS dot plots showing
= ggg: the increase of CD69*CD103* CDA*

and CD8* T cells (left panel). Bar

graph represents frequencies of CD4+
and CD8* T cells (right panel, n = 4).
Statistically significant differences were
tested with Mann-Whitney U test and
presented as means, n.s. = not significant.
{C) Maximal intensity projection of
confocal immunofluorescence snapshots
from young or aged transplanted kidney
cryosections (C57BL/é into BALB/c,

as depicted) stained for the indicated
markers. Bars = 50pm.

biopsies as being indicative for biological donor age.?” Here,
we identified higher frequencies of NKG2D* NK and CD8* T
cells in relation to age, confirming that NKG2D is upregulated
on senescent renal lymphocytes (Figure 2A). This observation
was also corroborated by viSNE analysis for NKp4é+t NK cells
and equally applied to the chemokine receptor C-X-C chemokine
receptor type 6 (CXCR®) and the alpha 1 subunit of 141 integrin
{CDA49a) (Figure 2B). Heatmap analysis confirmed this induction,
whereas other NK cell markers including DX5 and CD11b were
downregulated (Figure 2C). Interestingly, CXCR&*CD4%a* NK
cells have already been identified as tissue-resident NK cells in
the human liver,?? a feature that we confirm for murine kidneys
and that quantitatively increases with age (Figure 2D,E). Aged
CXCR&*CD49a* NK cells contain significantly higher portions of
perforin*, but not IFNy* cells {Figure 2E). Finally, despite lower
overall frequencies of NK cells in aged kidneys (Figure 1B), we
detected increased frequencies of differentiated CD27+*CD11b~
NK cells (Figure 2F), being associated with greater effector
function and responsiveness to chemokines.®*
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FIGURE 5 Aged kidney grafts provoke an intra-renal inflammatory profile. (A) Frequencies of CD8%, CD4* T cells, DN, and NK cells
isolated from either young or aged C57BL/6 derived grafts, transplanted into BALB/c recipients on day 7 post transplantation (n = 8-10). (B}
Frequencies of CD49a*CXCRé6" NK cells isolated from either young or aged grafts and their production of perforin and IFNy on day 7 post
kidney transplantation. (C) Effector profile (CD107a, IFNy, granzyme B, I1L-17, IL-10, and perforin} of CD8*, CD4* DN T cells, and NK cells
isclated from young or aged renal allografts on day 7 post transplantation (n = 5-9). Statistically significant differences were tested with
Mann-Whitney U test or unpaired t-test and presented as means, *p <.05; **p<.01; "“p<.001; n.s. = not significant.
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FIGURE 6 Aged PTECs and renal-derived DCs are characterized by induced expression of MHC class Il and ce-stimulatory molecules.
(A) Representative histological images and (B) statistical analysis of tubular damage, necrosis (black arrow), glomerulitis (black arrows),

and interstitial inflammation (red arrows) in young versus old C57BL/6 kidney grafts on day 7 post transplantation. 400 magnification,

har represents 20 um. (C) Confecal immunofluorescence snapshots from young or aged transplanted kidney cryosections stained for

CD31 (white) and CD3 (green), bars = 50um. (D) Surface expression of MHCII, CD40, and CD80 on freshly isolated PTECs from naive
C57BL/6 kidneys and (E) after 1week of cell culture followed by IFNy stimulation. (F) Ex vivo surface expression of CD40 and CD30

on CD11c*MHCIT DCs isolated from naive young or aged C57BL/6 kidneys and spleen. Data from n = 6-8 mice/group, respectively.
Statistically significant differences were tested with Mann-Whitney U test with # indicating p<.05 and ## indicating p<.01 in a two-group
comparison or, alternatively with Kruskal-Wallis in a multiple group comparison and presented as means and *p <.05; **p <.01; n.s. = not

significant.

3.3 | Intra-renal lymphocytes display a distinct
inflammatory effector function profile according
to age

Both aged renal CD8™ and CD4* populations contained significantly
higher frequencies of degranulating CD107a" as well as IFNy* cells,
whereas portions of granzyme B producers were reduced (Figure 3A).
Senescent NK cells less frequently expressed the cytetoxic media-
ters granzyme B and perferin, aleng with reduced propertions of
IFNy™ cells, indicating an impairment of classical NK effector func-
tions. Increased frequencies of IL-17' cells were confined to the
senescent CD4 CD8 DN T and NK cell compartment {Figure 3A).
Aged kidney-derived CD8" and CD4™ T cells further demonstrated
an increase in pelyfunctionality reflected by higher portions of cells
secreting two or three effector molecules at a time, whereas senes-
cent NK cells lost that ability (Figure 3B,C). In summary, our pheno-
typic analysis revealed a re-composition and altered effector profile
of intra-graft lymphocytes in aged kidneys, which needs to be con-

sidered for their potential role as passenger leukocytes.

34 | The senescent kidney graft provokes an
inflammatory immune response

In order tc gain knowledge into the kinetics of graft infiltraticn,
using cengenic strains, we transplanted CD45.2 BALB/c kidneys into
CD45.1 C57BL/6 recipients. Analysis of the intra-renal leukocyte
composition revealed that whereas on day 3 post-transplantation
donor-derived leukocytes were still detectable, the kidney was com-
pletely re-populated on day 7 by recipient-derived cells (Figure 4A).
Thus, the majority of cells isolated from the graft in subsequent ex-
periments are derived from the kidney recipient. Already on day 3,
hoth recipient-derived, graft-infiltrating CD45.1" CD4* and CD8™ T
cells express the integrin «E (CD103) as well as the activation/reten-
tien marker CD69 heing indicative for tissue-residency (Trm). This
expression increased for CD8™ T cells until day 7, demonstrating
that graft-infiltrating CD4* and CD8&™ T cells acquire a T, pheno-
type after entering the graft (Figure 4B). We hypothesized that aged
grafts provoke the formation of higher intra-renal T, frequencies.
However, whereas no differences between yeung and aged grafts
were observed for CD8* T,
cantly decreased in aged kidney grafts on day 7 post-transplantation
(Figure S7A).

frequencies of CD47* T, were signifi-

Finally, we transplanted kidneys derived from either young
(3 months) or aged (20 months) C57BL/é mice into young (3 months)
BALB/c recipients. Although we used in previcus experiments
BALB/c mice as donors,?? this was not possible in this experimental
set-up, as only aged C57BL/6 mice were available. On day 7 post-
transplantation, CD4* and CD8" T cells were identified in young
and aged organs. Both cell types were located in close proximity to
CD317 (endothelial) cells and, although not exclusively, in close prox-
imity to VCAM-17 tubuli in the cortex of kidney grafts (Figure 4C).
Higher graft-infiltrating CD4" T cell frequencies were chserved in
aged organs, which was not ohserved for the spleen or lymph nodes
(Figure 5A, Figure S7B). On the contrary, frequencies of total NK
cells and CD49aTCXCR6TNKp46™ NK cells were significantly de-
creased in aged kidneys cempared with young grafts, but contained
higher portions of IFNv* cells (Figure 5B). Furthermore, we chserved
higher infiltration of effector memory CD4* T (Tg,,) cells in aged kid-
neys (Figure S7C). Recipient-derived CD8™ T cells infiltrating an aged
kidney graft showed enhanced degranulation capacity reflected by
CD107a, granzyme B, perforin and IFNy expression with the lat-
ter feature also accounting for CD4% and DN T cells. Surprisingly,
recipient-derived CD4* and CD8" T cell subsets isclated from a se-
nescent Kidney engrafted into a young recipient proeduced signifi-
cantly more 1L-10 than cells from a young graft (Figure 5C). Taken
together, although frequencies of graft infiltrating cells are not dra-
matically different between young and aged kidneys, cld grafts pro-
voke a significantly higher inflammatory immune response mediated
by graft-infiltrating recipient-derived T cells.

3.5 | Senescent proximal tubular epithelial cells
upregulate MHC class Il and co-stimulatory molecules

Aged allografts exhibited a higher incidence of glomerulitis, but
net necrosis or tubular damage compared with young grafts
(Figure 6A,B). Both young and aged grafts showed the presence of
CD3' T cells in glomeruli (Figure 6C).

We further addressed whether preximal tubule epithelial cells
(PTECs) might also contribute to age-related local alloinflamma-
tion. Freshly isolated PTECs from naive aged kidneys contained
significantly higher portions of MHC class 117, CD40™" and CD80*
cells than their young counterparts (Figure 6D). To gain sufficient
cells for allo-stimulatory assays with T cells, we expanded PTECs

from young versus old naive mice for 5days in vitro. As shown in
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FIGURE 7 Treatment with the senclytic drug ABT-263 modulates graft immunogenicity. (A) Representative histological figures for
B-galactosidase kidney staining for cornoil versus ABT-263 treated cld C57BL/S mice, magnification 200x, bar represents 50um. (B) Gene
expression analysis for the candidate genes CDKNZ2a, HYCR?, and CCL2 analyzed in kidneys derived from naive young (n = é), or aged cornoil
(n = B) versus ABT-236 treated aged C57BL/é mice (n = 11). (C) Ex vivo surface expression of MHCII, CD40, and CD80 on glomerular
endothelial cells isolated from naive young (n = 8), or aged cornail (n = 7) versus ABT-236 treated aged C57BL/6 mice (n = &). (D) Frequencies
of CD107a" and IFNy* CD8™ and CD47 T cells isolated from aged cornoil (n = 7) versus ABT-236 treated aged C57BL/6 mice (h = 7).
Statistically significant differences were tested with Mann-Whitney U where ## indicates p <.01 in a two-group comparison or, alternatively
by Kruskal-Wallis-test in a multiple group comparison and presented as means. *p<.05; **p<.01; ***p <.001; ****p < .0001; n.s. = not

significant.

Figure 6E, however, PTECs lose MHC class Il and CD40 during cul-
ture as compared to ex vive expressicn (Figure D). To re-induce
costimulatery melecules, the expansion culture medium was sup-
plemented with [FNv, resulting in significant MHC class Il upregula-
tien; however, no differences between young and aged PTECs could
be ohserved under these conditions (Figure 6E). CD80 expression
was upregulated following IFNy treatment sclely on young kidney-
derived PTECs but did not democnstrate higher expression levels
than aged kidney-derived PTECs (Figure 6E). As an alternative cell-
type fer stimulation of alle-specific T cells, DCs were isolated. In line
with data from PTECs, aged renal DCs showed significantly higher
expression of CD40 and CD80 (Figure 6F), a feature not accounting
for splenic DCs. However, the allo-stimulatory capacity of aged ver-
sus young kidney-derived DCs by adding allo-sensitized T cells was
comparable (Figure S8).

3.6 | ABT-263 pre-treatment reduces inflammation
in the aged graft

ABT-263 (Navitoclax) is a Bcl-2/w/xL inhibitor targeting the
Bcl-2 pathway in senescent cells, resulting in cellular apo ptosis.*
Currently, ABT-263 is used in phase 1/2 clinical trials for both
hematologic and solid organ malignancies, suggesting additicnal
potential in other conditions requiring depletion of senescent
cells, such as kidney transplantation.’® We therefore treated
naive aged C57BL/6 mice with ABT-263 desages. To examine po-
tential effects of ABT-263 cn renal senescent cells, we analyzed
the contralateral kidney for classical markers indicative fer renal
senescence, tubular injury and inflammation.®%%%% Staining with
RB-galactosidase, a classical senescence marker, demonstrated a
reduction of senescent PTECs in ABT-263 pre-treated animals
confirming recent data (Figure 7A).%4 Both aged mice treated with
ABT-263 and untreated controls demonstrated a significantly
higher mRNA expression of CDKNZ2a (pl6INK4a), HAVCR1 (kidney
injury molecule 1, KIM 1) and CCL2 (Monecyte Chemoattractant
Protein-1, MCP-1) compared to untreated vyoung kidneys
{Figure 7B). Intriguingly, p16INK4a was induced, whereas KIM-1
and MCP-1 showed a reduced mRNA expression in ABT-263 kid-
neys. In order to evaluate the impact of ABT-236 treatment of
renal endothelial cells, we isclated glomerular endothelial cells
{gECs) from naive young, old untreated and old ABT-263 treated
mice. Comparahle with PTECs, aged renal gECs demonstrated a

significantly higher expression of MHCII compared with young

gECs, which was partially chserved for CD40 and CD80. This
expressicn was downregulated in kidneys from ABT-263 pre-
treated mice, although not statistically significant (Figure 7C).
Interestingly, CD4" and CD8™ T cells isolated from ABT-263 pre-
treated untransplanted kidneys showed significantly less degran-
ulation capacity and IFNy production (Figure 7D).

On day 7 post kidney transplantation, higher frequencies
of DN T cells and NK cells infiltrated ABT-263 pre-treated al-
lografts. Despite the overall increase of NK cells, frequencies of
CD49a"CXCR&T NKp46+ NK cells were significantly lower in grafts
from ABT-263 treated mice (Figure 8A). Moreover, gECs isolated on
day 7 post kidney transplantation from ABT-263 pre-treated mice
showed still reduced levels of MHCII, CD40 and CD80 cempared
with aged untreated contrels although not statistically significant
(Figure BB). Although no difference for graft function was detected
on day 7 post transplantation (Figure 8C), recipient-derived, graft-
infiltrating cells demonstrated a significant reduction of IFNy and
IL-10 for all T cell subsets (Figure 8D). We did not detect any his-
telogical changes between the ABT-263 treated and non-treated
groups (Figure 8E). To prove a long-term effect of ABT-263 treat-
ment, we repeated the aforementioned experiments, sacrificing
the animals on day 28. Again, no dramatic changes for the vari-
ous intra-renal lymphocyte pepulations analyzed were detected
{Figure 9A), but creatinine and urea levels were significantly lower
in the ABT-263 treated versus non- treated group, indicating an
improvement of graft function after ABT-263 pre-treatment de-
spite of unaltered histology (Figure ?A-C). Figure 10 summarizes
the main findings of the study.

4 | DISCUSSION

Strategies to address the current organ shortage request a criti-
cal re-examination of donor eligibility, especially including the
elderly.3%” Immune activation within a renal allograft may be me-
diated via the vasculature and/or passenger immune cells, yet no
experimental studies have determined the impact of aging on any
of these compartments. As molecular mechanisms ef senescence

d,%%*% we aimed to understand the

have already been documente
immunclegical component first, by assessing the intra-renal cel-
lular composition according to kidney senescence. A shift of the
CD4:CD8 ratio has already been described in association with
aging and obesity in humans,*! however, our analysis confirms

higher frequencies of CD8* T cells, paralleled by a reduction of
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